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Abstract

High radiolabeling efficiency, preferably to high specific activity, and good stability of the
radioimmunoconjugate are essential features for a successful immunoconjugate for imaging or
therapy. In this study, the radiolabeling efficiency, in vitro stability and biodistribution of
immunoconjugates with eight different bifunctional chelators labeled with 84Cu were compared.
The anti-CD20 antibody, rituximab, was conjugated to four macrocyclic bifunctional chelators (p-
SCN-Bn-DOTA, p-SCN-Bn-Ox0-DO3A, p-SCN-NOTA and p-SCN-PCTA), three DTPA
derivatives (p-SCN-Bn-DTPA, p-SCN-CHX-A”-DTPA and ITC-2B3M-DTPA) and a
macrobicyclic hexamine (“sarcophagine™) chelator (sar-CO,H) = (1-NH,-8-
NHCO(CH;)3CO,H)sar where sar = sarcophagine = 3,6,10,13,16,19-
hexaazabicyclo[6.6.6]icosane). Radiolabeling efficiency under various conditions, in vitro stability
in serum at 37°C and in vivo biodistribution and imaging in normal mice over 48 h were studied.
All chelators except sar-CO2H were conjugated to rituximab by thiourea bond formation with an
average of 4.9 +/- 0.9 chelators per antibody molecule. Sar-CO,H was conjugated to rituximab by
amide bond formation with 0.5 chelators per antibody molecule. Efficiencies of 64Cu radiolabeling
were dependent on the concentration of immunoconjugate. Notably, the 84Cu-NOTA-rituximab
conjugate demonstrated highest radiochemical yield (95%) under very dilute conditions (31 nM
NOTA-rituximab conjugate). Similarly, sar-CO-rituximab, containing 1/10t" the number of
chelators per antibody compared to other conjugates retained high labeling efficiency (98 %) at an
antibody concentration of 250 nM. In contrast to the radioimmunoconjugates containing DTPA
derivatives, which demonstrated poor serum stability, all macrocyclic radioimmunoconjugates
were very stable in serum with <6 % dissociation of 84Cu over 48 h. In vivo biodistribution
profiles in normal female Balb/C mice were similar for all the macrocyclic
radioimmunoconjugates with most of the activity remaining in the blood pool up to 48 h. Whilst

"Corresponding Author: King’s College London Division of Imaging Sciences and Biomedical Engineering 4 Floor Lambeth Wing
St. Thomas’ Hospital London, UK SE1 7EH Phone: +44 (0)20 7188 8376 Margaret.s.cooper@Kkcl.ac.uk.

Supporting Information Available: Experimental data regarding radiolabeling efficiencies of each immunoconjugate under
increasingly dilute conditions, bifunctional chelator to antibody ratio determination, PET images for all radioimmunoconjugates and
HPLC radiochromatograms of radioimmunoconjguates. This material is available free of charge via the Internet at http://pubs.acs.org.


http://pubs.acs.org

s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Cooper et al. Page 2

all the macrocyclic bifunctional chelators are suitable for molecular imaging using 54Cu-labeled
antibody conjugates, NOTA and sar-CO,H show significant advantages over the others in that
they can be radiolabeled rapidly at room temperature, under dilute conditions resulting in high
specific activity.

Introduction

Radioimmunoconjugates comprising antibodies attached to a bifunctional chelator (BFC)
and radiolabeled with a metallic radioisotope provide an excellent way of delivering
radioactivity selectively to a tumor target. An appropriate choice of both antibody and
radioisotope is essential whether the purpose is imaging or therapy?.

64Cu (ty» = 12.7h), with both f* and B~ emissions, allows for both PET imaging and
radionuclide therapy, and 84Cu labeled antibodies have attracted considerable interest in the
field of targeted radionuclide therapy and diagnosis. In addition, copper has several other
medically relevant isotopes (8°Cu, 61Cu, 62Cu and 67Cu) that are potentially useful for either
diagnosis or therapy?: 3. Although direct labeling approaches for labeling antibodies

with 84Cu have been proposed?, indirect labeling using a BFC is the preferred method to
control stability of the $4Cu-antibody complex formed. Improvements in chelators and
radiolabeling methods will provide radioimmunoconjugates that are better able to target
these copper isotopes to the tumor site.

Numerous chelators have been reported for complexing copper®16 and several of these have
been functionalized to allow attachment to antibodies’-34 and are now commercially
available. The choice of antibody/BFC combination will affect efficacy as an imaging or
therapy agent. Whilst some side-by-side standardized comparisons of chelators conjugated
to antibodies have previously been described8-23 a comparative investigation of
radiolabeling efficiencies for the most readily available bifunctional chelators has not been
reported. Moreover, many of the reported chelators have been evaluated under labeling
conditions that are not sufficiently exacting to demonstrate superiority over others or real
practical utility as high quality radiopharmaceutical components.

Several key factors must be considered when optimizing an immunoconjugate for its
designed purpose. The method of conjugation must not result in degradation of the antibody,
and radiolabeling should be rapid and result in high specific activity. In vivo, the
radioimmunoconjugate must provide sufficient ‘target-to-background’ ratio to provide high
quality diagnostic images or target-selective therapy, in turn requiring high in vivo integrity
as loss of copper from the BFC will cause accumulation in non-target tissues, such as the
liver. The radiolabeling should be rapid and easily performed at low antibody concentration
to achieve high specific activity.

The choice of BFC can influence the biodistribution of radioactivity in vivol8-24. 35-41 ith
biodistribution related to the in vivo stability of the $4Cu2*-BFC complex. Generally high
liver activity is assumed to be indicative of instability of the 84Cu2*-BFC complex in vivo.
Transchelation of 4Cu to serum components (e.g. albumini8: 42) or in the liver to
ceruloplasmin®3, metallothionein or superoxide dismutase, may occur?4.
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In this study, we compared six commercially available isothiocyanatobenzyl BFCs (see Fig.
1): S-2-(4-isothiocyanatobenzyl)-1,4,7-triazacyclononane-1,4,7-triacetic acid (p-SCN-Bn-
NOTA); 2-(4-isothiocyanatobenzyl)-1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic
acid (p-SCN-Bn-DOTA); 1-oxa-4,7,1-tetraazacyclododecane-5-S-(4-
isothiocyanatobenzyl)-4,7,10-triacetic acid (p-SCN-Bn-oxo-DO3A); 3,6,9,15-
tetraazabicyclo[9.3.1]- pentadeca-1(15),11,13-triene-4-S-(4-isothiocyanatobenzyl)-3,6,9-
triacetic acid (p-SCN-Bn-PCTA); 2-(4-isothiocyanatobenzyl)-diethylenetriaminepentaacetic
acid (p-SCN-Bn-DTPA); N-[R-2-amino-3-(p-isothiocyanato-phenyl)propyl]-trans-(S,S)-
cyclohexane-1,2-diamine-N,N,N’,N”*,N"’-pentaacetic acid (CHX-A"-DTPA). We also
included 2-benzyl-3-methylisothiocyanato-diethylenetriaminepentaaceticacid (2B3M-ITC-
DTPA) and a sarcophagine ligand, (1-NH»-8-NHCO(CH>)3CO,H)sar where sar =
sarcophagine = 3,6,10,13,16,19-hexaazabicyclo[6.6.6]icosane (sar-CO,H)*2: 46,
Encapsulating hexaamine sarcophagine ligands, first prepared by Sargeson and co-
workers#7-51 form extraordinary stable complexes with copper(l1) and benefit from rapid
complexation rates®2 53, Methods have been developed to introduce reactive functional
groups to the ligand framework®4-%8, to allow the ligands to be conjugated to peptides and
antibodies with a goal of synthesizing copper radiopharmaceuticals that benefit from the
special properties of sarcophagine ligands?L: 45 46.57-61 Each BFC was conjugated to the
anti-CD20 antibody, rituximab, as a model antibody with clinical utility. We assessed
radiolabeling efficiency under increasing dilution, stability in serum and in vivo
biodistribution in normal female Balb/C mice to identify the best BFC for
radioimmunotherapy and diagnostic studies with copper radioisotopes.

Materials and methods

General

Chemicals and reagents were obtained from Sigma-Aldrich (Dorset, UK) unless otherwise
specified. The highest available purity (lowest metal ion-containing) chemicals were used.
Sterile water for injection, used to prepare buffers, was obtained from Baxter Healthcare
(Newbury, UK). G-25 (Sephadex) size exclusion columns were purchased from GE
Healthcare (Chalfont St. Giles, UK) and washed with 0.1 M ammonium acetate solution, pH
6. Vivaspin 2 ultracentrifugation tubes were purchased from Sartorius (Epsom, UK). BFCs
were purchased from Macrocyclics, Inc. (Dallas, TX) except for 2B3M-ITC-DTPA, which
was a gift from Dr. Kim Orchard (Haematology Department, Southampton General
Hospital) and sar-CO,H, which was prepared as previously described?® 46, Rituximab
(MabThera, Roche) was obtained as a 10 mg/ml solution from the Pharmacy Department at
Guy’s and St. Thomas’ NHS Trust, London. Male AB type human serum was obtained from
Sigma (product H4522, this serum contains sodium citrate which is added as part of the
preparation process). High-performance liquid chromatography (HPLC) analysis was carried
out on an Agilent 1200 series system with in-line UV (280 nm) and gamma detector (Flow-
Count, LabLogic). Instant thin layer chromatography strips (ITLC-SA) were obtained from
Varian Medical Systems UK, Ltd. (Crawley, UK).
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Antibody conjugation of p-SCN-Bn-derivatised BFCs

To rituximab (10 mg, 1 mL) was added 50 mM EDTA (50 L) to complex any free trace
metal ion. The antibody was buffer exchanged and concentrated to approximately 10 mg/mL
in 0.1 M HEPES buffer, pH 8.9 in Vivaspin 2 ultracentrifugation tubes. The antibody was
transferred to a cryovial (Nalgene) and conjugation to the BFCs was carried out as
previously described with slight modification®2. A 40-fold molar excess of each BFC over
antibody in DMSO (40 pL) was added to the antibody in 0.1 M HEPES buffer, pH 8.9.
Conjugation was allowed to proceed at room temperature for 2 h and continued overnight at
2 - 8°C. Excess chelator was removed initially by G25 Sephadex size exclusion purification
(PD-10 column). The immunoconjugate was eluted with 0.1 M ammonium acetate solution,
pH 6. Fractions containing the immunoconjugate were combined and then further purified
by centrifugal ultrafiltration (Vivaspin 2). The volume was reduced to approximately 0.5 mL
during centrifugation. After each centrifugation step, the immunoconjugate was resuspended
and diluted to 2 mL with 0.1 M ammonium acetate solution, pH 6. The immunoconjugate
was finally concentrated to 2 mg/mL in 0.1 M ammonium acetate solution, pH 6.

Antibody conjugation of sar-CO,H

To rituximab (10 mg, 1 mL) was added 50 mM EDTA (50 L) to complex any free trace
metal ion. The antibody was buffer exchanged and concentrated to approximately 10 mg/mL
in 0.1 M phosphate buffer, pH 7, in Vivaspin 2 ultracentrifugation tubes. The antibody was
transferred to a cryovial (Nalgene).

The NHS ester of sar-CO, was prepared by first mixing sulfo-N-hydroxysuccinimide (4 mg)
in 0.1 M phosphate buffer, pH 7 (40 pL) with sar-CO» (4.7 mg) in 0.1 M phosphate buffer,
pH 7 (80 pL) and then adding 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (1.5 mg) in
0.1 M phosphate buffer, pH 7 (15 pL). This solution (32 pL) was added to the antibody and
the mixture left at room temperature (21 °C) for 90 min. The immunoconjugate was purified
as detailed above.

64Cu production

64Cu was prepared by ®4Ni(p,n)84Cu nuclear reaction on a CTI RDS 112 11 MeV cyclotron.
The irradiated 4Ni (10 mg) was dissolved from the gold target on which it was electroplated
in minimal concentrated hydrochloric acid (100-150 pl) and 84Cu purified to yield $4CuCl,
by loading onto an anion exchange column (Biorad AG1-X8 resin). Excess %4Ni was
removed by elution in 9 M HCI. 6 M HCI was then used to reduce the pH before elution of
the 54Cu?* in 0.1 M HCI (see Figure 2). Fraction 9 (the fraction after the main %4Cu elution)
was used because fraction 8 consistently gave poorer labeling and more aggregation and
precipitation of the antibody even when the pH of the 4Cu solution was adjusted
adequately. Fraction 9 was diluted with an equal volume of 1 M ammonium acetate solution
bringing the pH to 6. This solution contains approx. 0.5 M chloride and 0.5 M acetate.

Radiolabeling

Typically 84Cu solution prepared as above (37 MBq, 120 uL) was added to 240 pg (120 pL)
immunoconjugate solution prepared as above and the resulting solution incubated at room
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temperature for 20 min. In the case of DOTA-rituximab, the solution was heated at 37°C for
90 min in light of literature precedent, however, it was subsequently found that the
radiolabeling proceeded adequately at room temperature in 20 min (see below). Analysis
was performed by instant thin layer chromatography using ITLC-SA (Varian) with a mobile
phase of 0.1M citrate buffer (pH 5) and by size exclusion HPLC using a BioSep SEC-
S-2000 column (Phenomenex, Macclesfield, UK) with an isocratic mobile phase of 0.1M
phosphate buffer containing 2 mM EDTA, pH 7 and a flow rate of 1 mL/min. The retention
time of the immunoconjugate was typically 7 min and that of the unbound 54Cu impurities
was approximately 11 min.

Radiolabeling of DOTA-Rituximab under different conditions

To each of three samples of DOTA-rituximab (20 pL, 40 ug) was added 54Cu solution (15
MBq, 20 pL). One sample was incubated at 4-8°C for 20 min, another at ambient
temperature (25°C) for 20 min and a third at 37°C for 20 min. Following incubation, a 20 pL
sample was analysed by HPLC and a 2000-fold molar excess of EDTA (50 mM, 5 L) was
added to the remaining solution. The samples were left at room temperature for 40 min then
analyzed by HPLC.

BFC to antibody ratio

The average number of chelators per antibody was assessed using a modification of the
method of Meares et al.63 64 using a mixture of ®4Cu and cold copper rather than cobalt. A
small amount of 4Cu solution was added to a known concentration of copper(l1) chloride
solution to give a 0.25 mM Cu2* solution. To the immunoconjugate (1.25 x 10710 moles)
were added increasing ratios of copper (1.25 x 1072 - 1.25 x 108 moles) and the total
volume of the reaction was adjusted to 100 pL by addition of 0.1 M ammonium acetate
solution, pH 6. The solution was incubated at room temperature for 20 min (or at 37°C for
90 min in the case of DOTA-rituximab) after which time a solution of 50 mM EDTA (2 pL,
approximately 1000:1 molar ratio of EDTA:immunonconjugate) was added to complex any
unbound copper. Five min after addition of EDTA, the reaction solution was analyzed on
ITLC-SA (0.75 x 9 cm) with the origin at 1 cm from the bottom of the strip and the solvent
front at 8 cm. 1.5 pL of the radiolabeled immunoconjugate was spotted at the origin and the
strip was allowed to air dry and then developed in 0.1 M citrate buffer, pH 5. The strip was
cut in half and the radioactivity in each half counted using a gamma counter. It had
previously been determined from visualizing the strip on a Phosphorimager that EDTA-
complexed copper moved to the upper half of the TLC strip and the radiolabeled antibody
remained at the origin. The labeling efficiency at different copper to immunoconjugate ratios
was calculated and from this the number of moles of copper specifically bound at each ratio
was determined for each immunoconjugate. Knowing the moles of immunoconjugate used
initially, the number of chelators per antibody was determined (see supplementary data).

Radiolabeling dilution assay

Serial dilutions of immunoconjugates were prepared in 0.1 M ammonium acetate solution,
pH 6, and 84Cu solution (~1.3 MBgq, approx 1 — 5 pL) added to give immunoconjugate
concentrations of 500 nM — 15.6 nM in 100 pL. Mixtures were incubated at room
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temperature for 20 min (or at 37°C for 90 min in the case of DOTA-rituximab) and 50 mM
EDTA solution (2 L, a 2000-fold excess over immunoconjugate at the highest antibody
concentration) added. After incubation for 5 min at room temperature, the radiolabeling
efficiency was assessed by ITLC as described above. The complete assay was carried out in
triplicate and each ITLC was also run in triplicate.

Serum stability assay

To 50 ug (25 pL) of each immunoconjugate was added $4Cu solution (12.5 MBg, 25 uL).
Reactions were incubated at room temperature for 20 min (or at 37°C for 90 min in the case
of DOTA-rituximab). The radioimmunoconjugates were added to 450 pL of male AB type
human serum and incubated at 37°C for 48 h. Samples were analyzed by size exclusion
HPLC at 0, 24 and 48 h using a BioSep SEC-S-2000 column (Phenomenex, Macclesfield,
UK) with an isocratic mobile phase of 0.1 M phosphate buffer containing 2 mM EDTA, pH
7 and a flow rate of 1 mL/min. For the later time points when the signal from the HPLC in-
line radionuclide detector was low, fractions from the HPLC were collected and counted in a
gamma counter to measure the radioactivity. The amount of radioactivity associated with the
antibody was assessed based on the retention time.

Biodistribution study

Animal studies were carried out in accordance with UK Research Councils’ and Medical
Research Charities’ guidelines on Responsibility in the Use of Animals in Bioscience
Research, under a UK Home Office licence. Female BALB/c mice (n = 3 per group, aged 9
weeks, 20.6 + 1.1 g) were purchased from Harlan Laboratories, UK. Each group received
i.v. (tail vein) injections of approximately 6 MBq, 35 pL) of a $4Cu-labeled
immunoconjugate. The feces and urine of each set of 3 mice were pooled due to logistic
issues of housing the animals separately over 48 h. Animals were culled at 48 h post-
injection and tissues explanted, weighed (except thyroid, vide infra) and counted on a
gamma counter. The whole body activity (excluding tail) was measured with an ionization
chamber cross-calibrated with the gamma counter, prior to dissection. Due to the small size
and intimate attachment to trachea, normal thyroid glands were explanted along with a small
piece of trachea and counted on the gamma counter. A small piece of trachea was also
counted as a control. For all biodistribution calculations, a standard thyroid tissue mass of
0.0169 g (+/-0.0052) previously obtained from age-matched BALB/c mice (n = 14) was
used. A separate piece of thyroid-free trachea was taken and weighed to confirm that activity
in trachea tissue did not significantly affect the thyroid activity measurement. Uptake in
each tissue was expressed as the percentage injected dose per gram of tissue (%I1D/g).
Excreted radioactivity, radioactivity in the tail, and mass of the tail were excluded from the
calculation.

Imaging study

BALB/c mouse (age and weight as above) received i.v. (tail vein) injections of 12 or 6 MBq
of each radioimmunoconjugate (70 pL). With the mice under isofluorane anaesthesia in a
Minerve imaging chamber, PET/CT scans were acquired 4 h, 24 h and 48 h post injection
using a NanoPET/CT scanner (Bioscan, Paris, France) with PET acquisition time 1800 s,
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1800 s and 3600 s respectively, coincidence relation: 1-3. Image reconstruction: OSEM with
SSRB 2D LOR, energy window: 400-600 keV, filter: Ramlak cutoff 1, number of iterations/
subsets: 8/6. The biodistribution of the tracer in the imaged mice was then determined by
dissection and organ counting after sacrificing at 48 h p.i.

Conjugation and Radiolabeling

Immunoconjugates were prepared by conjugation of the BFCs through free amine groups on
lysine residues within the antibody, either via a thiourea linkage (isothiocyanato derivatised
chelators) or, in the case of sar-CO,H, by amide formation (active N-hydroxysuccinimide
ester-derived chelator). The average number of BFCs per antibody was 4.9 + 0.9 (x SD, n =
4) for the isothiocyanato-derivatized chelators and 0.5 = 0.1 (+ SD, n = 4) for sar-CO,H
(Table 1).

At a radioimmunoconjugate concentration of 13 uM, all immunoconjugates were labeled
with 84Cu2* with high efficiency (see Figure 3 for example HPLC chromatograms). Size
exclusion HPLC was able to resolve radiolabeled antibody from radiolabeled antibody
aggregates and low molecular weight radiolabeled impurities. Radiochemical purity of all
unpurified $4Cu-labeled immunoconjugates was 99.5% + 0.5% except in the case of DTPA-
rituximab where radiochemical purity was 96.8% +1.8%. It is reported in the literature that
DOTA-rituximab does not label well at room temperature?: 65 sg in this case the
radiolabeling mixture was heated at 37°C but all other immunoconjugates were efficiently
labeled at room temperature in 20 min.

However, further investigations into the radiolabeling of DOTA-rituximab under different
conditions showed that, in our hands, there was no difference in the radiolabeling efficiency
at the three temperatures studied (4-8°C, 25°C and 37°C). Labeling efficiency was 98.9% at
all temperatures. There was also no difference in the amount of activity still associated with
the immunoconjugate following challenge with EDTA (2000-fold molar excess), with 98.1
% still associated with DOTA-rituximab that had been labeled at 4-8°C and 98.2 % still
associated with DOTA-rituximab that had been labeled at 25°C or 37°C.

To determine the relative efficacy of radiolabeling of the conjugates, increasingly dilute
samples of the conjugates were studied. The most efficacious chelators were taken to be
those that resulted in comparatively high radiochemical yields at lowest concentration of
conjugate. Since the BFC-to-antibody ratio varied among the chelators, the concentrations
were standardised on the effective BFC concentration rather than antibody concentration (by
multiplying antibody concentration by the appropriate measured BFC-to-antibody-ratio). All
immunoconjugates, with the exception of DTPA-rituximab (74.5%), labeled with >97%
efficiency at an effective BFC concentration of 2500 nM (174 MBg/mg immunoconjugate).
On reducing the immunoconjugate concentration to give an effective BFC concentration of
1250 nM, the radiolabeling efficiency after 20 min remained >90% for all immunconjugates,
except DTPA-rituximab. At further reduced BFC concentrations, however, only NOTA-
Rituximab, sar-CO-Rituximab, CHX-A”-DTPA-Rituximab and 2B3M-ITC-DTPA-
Rituximab had labeling efficiency >90% (Figure 4). NOTA-Rituximab and sar-CO-
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Rituximab achieved high radiolabeling efficiency under the most dilute conditions with 95.2
% (+ 0.2%) and 97.7% (£ 0.7%) labeling at approx. 120-150 nM effective BFC
concentration (2775 MBg/mg or 416 MBg/nmol immunoconjugate in the case of NOTA-
Rituximab).

Serum Stability

Serum stability of all 54Cu-rituximab immunoconjugates was measured at 37°C over 48 h
(Figure 5). A control using unconjugated rituximab subjected to the same labeling procedure
as the conjugated rituximab showed minimal labeling (<2%) and “free” $4Cu eluted after the
antibody peak on HPLC at approximately 11 min. $4Cu-rituximab immunoconjugates
containing a macrocyclic BFC (p-SCN-Bn-DOTA, p-SCN-Bn-NOTA, p-SCN-Bn-oxo-
DO3A, p-SCN-Bn-PCTA or sar-CO,H) demonstrated greater radiochemical stability than
immunoconjugates containing DTPA BFC derivatives. All macrocyclic conjugated
immunoconjugates showed high stability in serum over 48 h with 84Cu-NOTA-rituximab
showing the greatest stability (97.5% = 0.3%) at 48 h. Stability of DTPA-based conjugates
was much lower: 38.2% and 37.8% for 84Cu-CHX-A”-DTPA-rituximab and 64Cu-2B3M-
DTPA-rituximab respectively. The most unstable radioimmunoconjugate was the
unsubstituted $4Cu-DTPA-rituximab with only 14.0% of the radioactivity associated with
the antibody at 48 h.

Biodistribution and Imaging

Biodistribution and PET imaging studies were done on normal female Balb/c mice. Images
were taken at 4, 24 and 48 h post-injection and biodistribution analyzed at 48 h. The results
of the biodistribution (48 h) and imaging (24 h) studies are presented in Figures 6 and 7. For
the immunoconjugates containing macrocycles, the activity was predominantly seen in the
blood pool at all time points (4 h, 24 h and 48 h post-injection) with little difference seen in
the biodistribution between the different macrocycles. Importantly, there is no difference
between the macrocycle conjugates in the uptake in the kidneys and liver suggesting that all
the macrocyclic radioimmunoconjugates show good stability in vivo. The clearance of the
immunoconjugates containing DTPA derivatives from the blood pool was much faster
compared with the immunoconjugates containing macrocycles, giving rise to higher liver to
blood ratios and images dominated by liver and gut activity.

There was a higher level of excretion into the feces for the immunoconjugates containing
DTPA derivatives (mean 29.8 %ID) compared to the macrocyclic immunoconjugates (mean
3.0 %ID) over 48 h. In addition, 4Cu-Oxo-DO3A-rituximab and 84Cu-PCTA-rituximab
showed higher levels of excretion into the feces (3.7 % ID and 4.6% ID respectively)

than 84Cu-DOTA-rituximab, 64Cu-NOTA-rituximab and 84Cu-sar-CO-rituximab over 48 h
(2.2% ID, 2.9% ID and 1.6% ID, see Figure 8).

Discussion

For the purposes of this study, rituximab was used as a model antibody to study the
radiolabeling and stability of $4Cu-immunoconjugates. It is envisaged that the most
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propitious conjugation and radiolabeling conditions elucidated here for rituximab can be
translated to other antibodies, proteins and peptides.

Conjugation to each of the isothiocyanate-derivatised BFCs yielded approximately 5
chelators per antibody using identical conjugation conditions for each BFC. Where a
different conjugation method was used (i.e. active ester, in the case of sar-CO,H) the
number of chelators per antibody was markedly reduced (0.5 chelator per antibody) but no
attempt was made at this stage to optimize the conjugation to increase the number of
chelators per antibody. It is possible that increasing the number of chelators bound to each
antibody can lead to a decrease in immunoreactivity.

All of the rituximab immunoconjugates studied showed good radiolabeling efficiency at
concentrations that are not kinetically or thermodynamically exacting (13 pM).
Radiolabeling was carried out over 20 min at room temperature, except in the case of
DOTA-rituximab. The slower radiolabeling for DOTA-metal ion complexes is well-
documented!’. Efficient radiolabeling of DOTA-peptides in short incubation periods is
reported at high temperatures, but antibodies will not tolerate these conditions therefore
radiolabeling of DOTA-immunoconjugates has usually been carried out at 40-43°C over a
longer period of time %6-72 in order to achieve satisfactory labeling efficiency. In view of
this, in this study, DOTA-rituximab radiolabeling was carried out at 37°C over 90 min.

To discriminate between the performance of the different BFC’s under investigation the
immunoconjugate concentration was reduced to determine radiolabeling efficiency under
progressively more challenging conditions. It was found that whereas the labeling efficiency
of several chelators (including the widely-used DOTA) dropped significantly when the
chelator concentration dropped below 1uM, NOTA-rituximab and Sar-CO-rituximab could
be radiolabeled efficiently under very dilute conditions (>90% radiolabeling efficiency at
125 nM chelator concentration in 20 min at room temperature when radiolabeled with 1.3
MBq %4Cu). This suggests that complex formation with NOTA and Sar-CO,H conjugates is
faster than the other BFC’s investigated in this study although it does not imply that they
form the most kinetically or thermodynamically stable complexes. Even in the cases of
NOTA-rituximab and Sar-CO-rituximab, where the specific activity achieved under these
mild conditions is significantly higher than for the other chelators, the specific activities
equate to roughly 1% of chelator molecules being occupied by a $4Cu ion. It is possible that
yields and specific activities might be increased further by prolonging the incubation time or
raising the temperature, and by introducing further steps to remove trace metals during the
purification of 4Cu from the target material.

During the course of this work, it was observed that in our hands radiolabeling of DOTA-
rituximab could be achieved in high yields (98.9 %) in 20 min at temperatures as low as
4-8°C, despite literature consensus that elevated temperatures are required for labeling
DOTA-conjugated biomolecules with copper isotopes. Although neither we nor other groups
working with 84Cu can provide analytical data to explain the contrasting experience, we note
that in the work described here we used fraction 9 from the ion exchange purification

of 64Cu, rather than fraction 8 which contains the most 54Cu, because fraction 9 consistently
gave better labeling yields and less antibody aggregation and precipitation. Fraction 8 is
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more acidic before buffering (as determined with a pH elecetrode), has higher chloride
concentration, and may have a different trace metal content, than fraction 9; one or more of
these factors may contribute to the less efficient labeling using this fraction. Further
investigation is required to identify the cause of inefficient labeling with fraction 8 and to
improve the purification procedure accordingly, since fraction 8 contains the majority of
the 4Cu radioactivity.

The stability of the radioimmunoconjugates was assessed in serum and in vivo. In the
control, there was no evidence of 84Cu transchelation to serum proteins that was not in turn
transchelated to EDTA during the HPLC analysis, therefore it is reasonable to assume that
radioactivity eluting in the high molecular weight fraction is antibody-bound. All the
macrocyclic chelated immunoconjugates were very stable in serum but the
immunoconjugates containing DTPA derivatives were unstable with released copper which
appeared at an elution time corresponding to the copper EDTA complex. Ferreira et al.”2
observed a difference in the stability of three 84Cu-trastuzumab radioimmunoconjugates: the
immunoconjugates 84Cu-PCTA-trastuzumab and 84Cu-Oxo-DO3A-trastuzumab (>95%
intact at 24 h and ~80% intact at 48 h) were more stable in serum than 54Cu-DOTA-
trastuzumab (54% intact at 24 h and 26% intact at 48 h). In contrast, we found little
difference between the macrocyclic immunoconjugates with all showing high labeling
efficiency and >95% stability at 24 h and >94.9% at 48 h. The labeled conjugates could be
used without additional purification. We speculate that the comparatively high labeling
efficiency and stability we find compared to others 21 72: 73 may be related to our use of
fraction 9 from the 84Cu purification.

It is interesting to note that while the efficiency of labeling for 84Cu-2B3M-DTPA-rituximab
and %4Cu-CHX-A”-DTPA-rituximab is favorable, the resulting radiolabeled
immunoconjugates do not demonstrate adequate serum stability. In contrast, $*Cu-NOTA-
rituximab and ®4Cu-sar-CO-rituximab were both found to offer both favorable rapid labeling
and very high complex stability in serum. In the biodistribution study, $4Cu-

DTPA-, 4Cu-2B3M-DTPA- and 54Cu-CHX-A"-DTPA-rituximab, which all showed poor
serum stability, were rapidly cleared from the blood pool and the activity was predominantly
excreted into the feces (approximately 30% of the injected dose) by 48 h. In contrast, the
macrocycle-containing immunoconjugates showed predominantly blood pool activity and
there was no difference in the biodistribution of these immunoconjugates at 48 h. Most
notably, there was no difference in the liver and kidney uptake among the
radioimmunoconjugates. It has been reported that 4Cu-DOTA conjugates can lose 84Cu to
proteins such as superoxide dismutase, possibly via bioreductive mechanisms, with the 84Cu
being retained in the liver**. There was no evidence of a higher liver retention of 4Cu in
these studies. It was noted, however, that there was slightly higher activity in the feces of
animals injected with 84Cu-Oxo0-DO3A-rituximab and $4Cu-PCTA-rituximab over the
course of the study. Ferreira et al.”? showed similar biodistribution results for %4Cu-DOTA-
trastuzumab, 54Cu-Oxo-DO3A-trastuzumab and 84Cu-PCTA-trastuzumab but noted higher
uptake in the tumors of tumor-bearing animals for $4Cu-Oxo0-DO3A-trastuzumab and 84Cu-
PCTA-trastuzumab.
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The biodistribution of $4Cu-complex conjugates has previously been shown to be influenced
by the charge and lipophilicity of the complexes23: 35 but these studies were carried out on
antibody fragments rather than intact antibodies. The smaller size of these fragments will
make their biodistribution more susceptible to the influence of the nature of the BFC,
compared to intact antibodies. For intact antibodies, the performance of the BFC itself in
terms of the stability of the $4Cu-complex, the stability of the chelate-antibody conjugate,
the radiolabeling efficiency and convenience of radiolabeling are much more important
factors. From the in vivo study presented here, where the different immunoconjugates were
labeled to the same specific activity and achieved the same radiolabeling efficiency, we
found little difference in the stability of the complexes and the physical characteristics of the
chelators did not influence the biodistribution.

Quadri and Vriesendorf’4 demonstrated that the linker could be crucial determinant of
biodistribution. Labile linkers can be cleaved from the antibody by enzymes in the serum
and liver giving rise to low molecular weight radioactive metabolites which will tend to be
cleared via the kidneys. Isothiocyanatobenzyl (p-SCN-Bn) derivatives form a stable thiourea
bond with the amino side chain of lysine residues and are therefore a good choice of linker
for connecting the chelator to the antibody. However, we found no difference in the in vivo
stability of the thiourea conjugated immunoconjugates and the amide conjugated sar-CO-
rituximab.

It is intuitively clear that thermodynamic stability alone (as expressed, for example, by low
metal-ligand dissociation constants) is not a sound basis on which to select a chelator to
make immunoconjugates with the best in vivo stability, since under biological conditions at
tracer levels, if allowed to come to equilibrium, even complexes with very high stability
constants (such as the NOTA and DTPA complexes of copper) would not withstand
challenge from endogenous metal-binding proteins, endogenous metal ions, metabolism and
extreme dilution. Our results show no correlation between Cu?* complex stability constants
and serum stability. Indeed, reported stability constants for Cu?* complexes of NOTA and
DTPA are comparable (logK values of 21.6 and 21.4 respectively®) yet the serum stability of
the 64Cu-labeled conjugates is markedly different (97.5 + 3.0% vs 14.0 + 12.9% antibody-
bound 84Cu after 48 h respectively). Dearling et al.2! also recently showed that differences
in the thermodynamic stability of 84Cu-BFC complexes were not associated with significant
differences in uptake of radioimmunoconjugates by tumors; indeed, the least
thermodynamically stable copper complex that they studied, 4Cu-NOTA, produced the
lowest concentration of 84Cu in the liver. Similarly, Cole et al.18 found that thermodynamic
equilibrium constants of 7Cu-, 111In- and 5’Co-radiometal complexes bore little relation to
the serum stability of the complexes. In particular, the published thermodynamic equilibrium
constants suggest that $’Cu-TETA would be less stable than 8’Cu-DTPA or 8’Cu-EDTA
whereas 87Cu-TETA was the only complex of the three to show any stability in serum. Such
macrocyclic or macrobicyclic Cu* complexes possess sufficiently high thermodynamic
stability to allow efficient radiolabeling, as well as relatively rigid geometries that enhance
their kinetic stability® 10. 75. 76 |ndividual bond dissociation is rapidly followed by re-
coordination, as the coordinating ligand remains spatially close to the metal centre. A
sufficiently low reduction potential of the bound Cu?* metal centre is also desirable, as
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intracellular endogenous reductants, such as thiol-rich proteins, are capable of reducing
Cu?* to Cu*’> 77 cut, with a d1° configuration, possesses markedly different coordination
preferences to Cu?* and is more kinetically labile, and can dissociate from the chelate in the
presence of in vivo endogenous cuprous-binding ligands.

To achieve the required in vivo stability requires that equilibration is delayed as long as
possible, maximizing kinetic stability by imposing high activation free energy barriers to
dissociation. However, these same free-energy barriers have to be overcome in order to
perform the radiolabeling, therefore the optimal chelator design will require balancing both
efficiency of labeling (requiring a low free energy barrier between complexed and
dissociated states) and resistance to dissociation in vivo (requiring a high free energy
barrier). Identifying chelators with the appropriate compromise is at present largely an
empirical matter, and side-by-side comparison of chelators in the context of a bioconjugate
is necessary. Assessing the in vivo stability and biodistribution combined with the stability
in serum and the ability of the ligand to complex radiometal under increasingly dilute
conditions, as described here, provides a discriminating and systematic approach for
assessing which BFC is appropriate for any given radiometal.

Conclusion

The results presented here suggest that p-SCN-NOTA and sar-CO,H stand out from the
other chelators, including the commonly used DOTA, as the most promising BFCs for
radiolabeling antibodies with 54Cu. Dearling et al.2! report good efficacy for p-SCN-NOTA
and Liu et al.”8 found that employing the NOTA chelator in studies using 84Cu-labeled heat-
stable enterotoxin analogues for detecting colorectal cancer gave superior tumor/liver and
tumor/kidney ratios relative to DOTA- and TETA-functionalized peptides. The prolonged
retention in blood pool and the low amount of activity in the feces and urine in our study
suggest that 54Cu-NOTA-rituximab and 84Cu-sar-CO-rituximab are extremely stable in vivo,
while labeling is rapid and easy under mild conditions and achieves high specific activity
under very dilute conditions. These properties make them very attractive as 84Cu-
complexing BFCs for radiolabeling antibodies.
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Figure 2.
Elution profile for 84Cu purification. Initial elution is with 5 mL 9M HCI (fraction 1),

followed by 2 fractions of 3 mL and 2 mL 6M HCI respectively (fractions 2-3), then 1 mL
0.1M HCI (fraction 4) with all other fractions (5-12) being eluted with 0.5 mL 0.1M HCI.
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Figure 3.
Exemplar HPLC radiochromatograms of 84Cu labeled Rituximab conjugated with different

bifunctional chelators (A) p-SCN-Bn-NOTA (B) p-SCN-Bn-PCTA (C) p-SCN-Bn-DTPA.
NOTA- and PCTA-Rituximab show very high radiolabeling efficiency while DTPA-
Rituximab shows a significant level of $4Cu impurities. The level of antibody aggregates
(the peak eluting at 6 min, prior to the antibody peak) was higher for PCTA-Rituximab
compared with the other immunoconjugates. Similar data acquired for the other three
bifunctional chelator conjugates are shown in supplementary data.
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Figure4.
Radiolabeling efficiency of immunoconjugates under increasingly dilute conditions
expressed as % labeling efficiency against effective concentration of bifunctional chelator
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Figureb5.
Serum stability of 64Cu-Rituximab immunoconjugates at 37°C over 48 h (mean + SD, n = 3)

determined by size exclusion radiochromatography.
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Figure®6.
Biodistribution of 84Cu-Rituximab-immunoconjugates in normal female Balb/C mice at 48 h

post injection. The biodistribution patterns fall into two distinct groups, those containing
macrocyclic chelators (A) and those containing DTPA derivatives (B).
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Figure7.
PET/CT images (maximum intensity projection) of Balb/C mice 24 h post injection

with 4Cu-Rituximab-immunoconjugates. (A) $4Cu-Sar-CO-Rituximab and (B) 4Cu-
DTPA-Rituximab given as examples of macrocycle containing immunoconjugates (A,
showing predominantly blood pool activity) and ,immunoconjugates containing DTPA
derivatives (B, showing predominantly liver and gut activity). Corresponding images for the
other chelators tested are presented in supplementary data.
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Figure8.
Radioactivity (%1D) in the feces of normal female Balb/C mice at 4, 24 and 48 h post
injection with 84Cu-Rituximab-immunoconjugates.
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Table 1

Average number of bifunctional chelators per antibody molecule (+SD, n=4)

Bifunctional chelator | Average number of chelators per
antibody

p-SCN-Bn-DOTA 5003

p-SCN-Bn-NOTA 52+0.2

p-SCN-Bn-oxo-DO3A | 45+0.6

p-SCN-Bn-PCTA 49+12

Sar-CO,H 05+0.1

p-SCN-Bn-DTPA 36+1.0

CHX-A"-DTPA 56+0.5

2B3M-ITC-DTPA 54+05
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