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Methods that provide rapid access to radiolabeled antibodies are
vital in the development of diagnostic and radiotherapeutic agents
for PET or radioimmunotherapy. The human hepatocyte growth
factor receptor (c-MET) signaling pathway is dysregulated in several
malignancies, including gastric cancer, and is an important bio-
marker in drug discovery. Here, we used a photoradiochemical
approach to produce 89Zr-radiolabeled onartuzumab (a monova-
lent, antihuman c-MET antibody), starting directly from the fully for-
mulated drug (MetMAb). Methods: Simultaneous 89Zr-radiolabeling
and protein conjugation was performed in one-pot reactions containing
897Zr-oxalate, the photoactive chelate desferrioxamine B (DFO)-aryl
azide (DFO-ArN3), and MetMAD to give 89Zr-DFO-azepin-onartuzumab.
As a control, 8Zr-DFO-benzyl Bn-isothiocyanate Bn-NCS-onartu-
zumab was prepared via a conventional two-step process using
prepurified onartuzumab and DFO-Bn-NCS. Radiotracers were
purified by using size-exclusion methods and evaluated by radio-
chromatography. Radiochemical stability was studied in human
serum, and immunoreactivity was determined by cellular binding as-
says using MKN-45 gastric carcinoma cells. PET imaging at multiple
time points (0-72 h) was performed on female athymic nude mice
bearing subcutaneous MKN-45 xenografts. Biodistribution exper-
iments were performed after the final image was obtained. The
tumor specificity of 89Zr-DFO-azepin-onartuzumab was assessed
in vivo by competitive inhibition (blocking) studies. Results: Initial
photoradiosynthesis experiments produced 89Zr-DFO-azepin-
onartuzumab in less than 15 min, with an isolated decay-cor-
rected radiochemical yield (RCY) of 24.8%, a radiochemical pu-
rity of approximately 90%, and a molar activity of approximately
1.5 MBg nmol~". Reaction optimization improved the radiochem-
ical conversion of 89Zr-DFO-azepin-onartuzumab to 56.9% +
4.1% (n = 3), with isolated RCYs of 41.2% + 10.6% (n = 3) and
radiochemical purity of more than 90%. Conventional methods
produced 89Zr-DFO-Bn-NCS-onartuzumab with an isolated RCY
of more than 97%, radiochemical purity of more than 97% and
molar activity of approximately 14.0 MBq nmol~". Both radiotracers
were immunoreactive and stable in human serum. PET imaging and
biodistribution studies showed high tumor uptake for both radio-
tracers. By 72 h, tumor and liver uptake (percentage injected
dose [%ID]) reached 15.37 + 5.21 %ID g~' and 6.56 + 4.03 %
ID g7", respectively, for 89Zr-DFO-azepin-onartuzumab (n = 4)
and 21.38 + 11.57 %ID g~' and 18.84 + 6.03 %ID g™, respec-
tively, for 89Zr-DFO-Bn-NCS-onartuzumab (n = 4). Blocking ex-
periments gave a statistically significant reduction in tumor uptake
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(6.34 + 0.47 %ID g~") of 89Zr-DFO-azepin-onartuzumab (n = 4). Con-
clusion: The experiments demonstrated that photoradiosynthesis is
a viable alternative approach for producing 8%Zr-radiolabeled anti-
bodies directly in protein formulation buffer, reducing protein aggre-
gation and liver uptake.
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Monoclonal antibodies (mAbs) radiolabeled with 89Zr are
important tools for noninvasive immuno-PET of biomarker fluctu-
ations during cancer diagnosis, progression, and treatment. Existing
methods to produce clinical-grade 3°Zr-radiolabeled mAbs rely on
multiple-step processes. First, the protein is purified to remove formu-
lation components that can interfere with the subsequent chemistry.
Second, the mAb is functionalized with the chelate desferrioxamine B
(DFO) and then repurified to remove unreacted coupling reagents.
Functionalization typically occurs by reacting the &-NH, of lysine
residues forming an amide bond with the activated ester of DFO-
succinate (/,2) or by reacting thioureas with DFO-benzyl (Bn)-
isothiocyanate (NCS) (3). Importantly, the functionalized mAb is
then characterized and stored (typically in saline, phosphate-buftered
saline, or HEPES [4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid] buffer) before 8°Zr-radiolabeling.

Current #Zr-radiochemistry processes are highly successful,
and many 3°Zr-radiolabeled mAbs have been evaluated in the
clinic (4). However, the radiosynthesis and characterization of
897r-radiolabeled mAbs remain nontrivial, and production is re-
stricted to specialist facilities. Automated synthesis and purifica-
tion methods are likely to improve access to 3°Zr-radiolabeled
mAbs (5), but other physical and regulatory issues associated with
the isolation, characterization, and long-term storage of the func-
tionalized intermediate mAb are more challenging to address with
existing chemistry. Antibody functionalization may alter the bio-
physical properties of the protein, and storage leads to questions
over the long-term stability and viability of the radiolabeling pre-
cursor. These issues mean that some regulatory authorities require
absorption, distribution, metabolism, excretion, and toxicologic
profiling of the functionalized intermediate. Providing these
profiling data entails both technical and financial challenges—
producing enough functionalized protein is nontrivial and re-
quires a considerable, and often prohibitive, capital investment.
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Methods that avoid isolation of an intermediate are potentially
advantageous.

Cellular signaling by the human hepatocyte growth factor re-
ceptor (c-MET) pathway is dysregulated in various human cancers,
including gastric, breast, lung, ovarian, and pancreatic cancer (6).
Dysregulation can occur in the form of overexpression and ampli-
fication of the c-MET gene, which induces signaling cascades that
influence tumor proliferation via the PI3K/AKT and Ras/MAPK
pathways (7). Several MET inhibitors and anti-MET antibodies are
under evaluation, and imaging of c-MET expression has the poten-
tial to support the clinical trials of MET-targeted therapies (8—11).

Onartuzumab (MetMADb; Genentech Inc. [Roche Group]) is
a humanized, one-armed monovalent antihuman c-MET antibody
designed to bind the extracellular domain of c-MET and block
activation by the hepatocyte growth factor (also known as scatter
factor) (/2). The monovalent design of onartuzumab was used to
avoid dimerization and activation of the c-MET receptor, which leads
to proangiogenic signal transduction (/3). MetMAb has been inves-
tigated in phase III trials (/4) as a treatment for non—small cell lung
cancer, and onartuzumab has been used for immuno-PET with 3°Zr or
76Br radionuclides and for radioimmunotherapy with 7’Lu (8-11).

Our group has recently developed a one-pot photoradiosyn-
thesis approach for the simultaneous conjugation and 8°Zr-radio-
labeling of mAbs (/5-19). Here, we evaluated the photoradiosynthesis
of 39Zr-radiolabeled onartuzumab starting from fully formulated
MetMAD without prepurification of the protein or isolation of an
intermediate (Fig. 1).

MATERIALS AND METHODS

Full details are presented in the supplemental materials (supple-
mental materials are available at http://jnm.snmjournals.org) (20-23).

Antibody Samples

Onartuzumab (molecular weight, 99.16 kDa; 66 Lys; molar ab-
sorption coefficient at 280 nm, 161,465 M~! cm™') was supplied by
Genentech as the formulated drug (MetMADb). Stock solutions of
MetMAD contained a protein concentration of 60 mg mL~! formulated
in 10 mmol L~ histidine succinate, 106 mmol L~ trehalose dihydrate,
and 0.02% polysorbate 20 at pH 5.7. Protein samples were aliquoted
and stored at —70°C (24).

Synthesis, Photochemistry, and Radiochemistry
[89Zr][Zr(C504)4]* (aqueous) was obtained as a solution in approx-
imately 1.0 M oxalic acid from PerkinElmer and was used without
further purification. Conjugation and radiolabeling of DFO-Bn-NCS-
onartuzumab was performed in accordance with previously reported
methods (3). The photoactive chelate DFO-ArN; was synthesized
and characterized previously, and photoradiochemical conjugation

reactions were performed in accordance with methods reported by
Patra et al. (/7). The compound undergoes slow degradation over
approximately 4 mo at —20°C. Fresh samples should be isolated before
use.

Stability Studies

The stability of 39Zr-DFO-azepin-onartuzumab and 39Zr-DFO-Bn-
NCS-onartuzumab with respect to change in radiochemical purity, loss
of radioactivity from the mAb, or change in immunoreactivity was
investigated in vitro by incubation in solutions of human serum for
48 h at 37°C. The radiochemical purity was determined by radiochro-
matography using a size-exclusion column coupled to a high-performance
liquid chromatography (HPLC) system.

Cell-Binding Assays

For cell-binding assays, the human gastric cancer cell line MKN-45
was used (c-MET-overexpressing; Leibniz Institute DSMZ—-German
Collection of Microorganisms and Cell Cultures [ACC-409]). Immunore-
activity was determined by using a procedure adapted from Lindmo et al.
(25).

Animals and Xenograft Models

Animal experiments were conducted in accordance with an exper-
imentation license approved by the Zurich Canton Veterinary Office,
Switzerland. Female athymic nude mice (Crl:NU(NCr)-FoxnI™, 20—
25 g, 4-8 wk old) were obtained from Charles River Laboratories Inc.
Tumors were induced on the right shoulder or flank by subcutaneous
injection of approximately 2.5 X 10° cells suspended in 200 wL of a
1:1 v/v mixture of phosphate-buffered saline and reconstituted base-
ment membrane (Corning Matrigel Basement Membrane Matrix; VWR
International) (26).

Small-Animal PET Imaging

PET imaging experiments were conducted on a Genesis G4 PET/
x-ray scanner (Sofie Biosciences). Radiotracers were administered in
200 L of sterile phosphate-buffered saline by tail-vein injection (¢ =
0 h). Approximately 5 min before recording of the PET images, the
mice were anesthetized by inhalation of 2%-3% isoflurane (Baxter
Healthcare)/oxygen gas mixture (~5 L/min) and placed on the scanner
bed. PET images were recorded at various time points between 0 and
72 h after injection (the supplemental materials provide full details).

Biodistribution Studies

Tumor-bearing mice were randomized before the study. The animals
(n = 4 per group) were euthanized by exsanguination under anesthe-
sia. Tissue samples were removed, rinsed in water, dried in air for
about 2 min, weighed, and counted on a y-counter for accumulation
of 89Zr-radioactivity. Full details are presented in the supplemental
materials.
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FIGURE 1. Multiple-component photoradiosynthesis of monovalent (one-armed) 89Zr-DFO-azepin-onartuzumab starting from fully formulated
MetMADb, photoactive chelate DFO-ArNg, and [89Zr(C»04)4]* (B9Zr-oxalate). RCP = radiochemical purity.
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Statistical Analysis

Data were analyzed using the unpaired, 2-tailed Student ¢ test. Dif-
ferences at the 95% confidence level (P < 0.05) were considered to be
statistically significant.

RESULTS

Radiochemistry

The synthesis, characterization, and reactivity of the photoactive
chelate DFO-ArN; (1) were reported elsewhere (/7). Briefly, a neu-
tralized stock solution of [89Zr(C,04)4]* (89Zr-oxalate) was added to
an open glass vial containing a mixture of compound 1 and formu-
lated onartuzumab, with an initial chelate-to-mAb ratio of 6.15 to 1
and a final pH of about 8-9. The reaction was stirred gently at room
temperature and irradiated directly for 10 min using a light-emitting-
diode source (A pax, 364.5 nm; full width at half maximum, 9.1 nm;
power, 263 mW; Supplemental Fig. 1). Prior tests determined that this
experimental geometry was sufficient to effect a complete photo-
chemical reaction of DFO-ArNj; (/7). After quenching of the reaction
with excess diethylenetriaminepentaacetic acid to ensure that any free
897r** jons that might nonspecifically bind to proteins were solubi-
lized, crude aliquots were analyzed by radioactive instant thin-layer
chromatography (Supplemental Fig. 2), manual size-exclusion chro-
matography (SEC) using PD-10 gel filtration columns (Fig. 2A), and
HPLC coupled to a size-exclusion gel column (SEC-HPLC; Fig. 2B).
Chromatographic methods on the crude reaction samples confirmed
that 89Zr-activity was bound to the protein as evidenced by a peak in
the PD-10 chromatograms in the 0.0- to 1.6-mL fraction (radiochem-
ical conversion [RCC], ~25.0%; Fig. 2A, red trace) and by a radio-
active peak in the SEC-HPLC that coincided with the retention time
of onartuzumab at about 14.1 min (RCC, ~35.0%; Fig. 2B, red
trace). A fraction of the reaction mixture was purified manually
using preparative PD-10 SEC, and aliquots of the purified sample
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FIGURE 2. Chromatographic data on radiosynthesis of 89Zr-DFO-aze-
pin-onartuzumab and 89Zr-DFO-Bn-NCS-onartuzumab showing elution
profiles from analytic PD-10 size-exclusion columns (A) and SEC-HPLC
radiochromatograms (B), for crude and purified samples of each radio-
tracer. A indicates retention time of small-molecule impurities. Supple-
mental Figure 2 provides radioactive instant thin-layer chromatography
data. *Elution of high-molecular-weight protein aggregates.
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were reanalyzed using the same chromatographic methods (Fig.
2; Supplemental Fig. 2, green traces). After purification, the
photoradiochemically synthesized product, #°Zr-DFO-azepin-
onartuzumab, was isolated with a decay-corrected radiochemical
yield (RCY) of 24.8% and a radiochemical purity of about 90% as
measured by both analytic PD-10 SEC and SEC-HPLC. The final
molar activity was about 1.5 MBq nmol ~! of protein at an activity con-
centration of 3.87 MBq mL~!.

As a control for use in the biologic assays that followed, we also
prepared 8Zr-DFO-Bn-NCS-onartuzumab via a traditional multiple-
step procedure that involved prepurification of onartuzumab from
the formulation buffer, functionalization with the commercially
available DFO-Bn-NCS reagent, and subsequent 8Zr radio-
labeling of the purified intermediate using established methods
(3). For comparison, crude and purified aliquots of 8°Zr-DFO-Bn-
NCS-onartuzumab were tested using the same chromatographic
methods as described above (Fig. 2; Supplemental Fig. 2, crude
samples = black traces, purified samples = blue traces). 3°Zr-
DFO-Bn-NCS-onartuzumab was obtained with an isolated de-
cay-corrected RCY of more than 97%, a radiochemical purity of
more than 97% (measured by both analytic PD-10 SEC and
SEC-HPLC), a molar activity of about 14.0 MBq nmol ! of protein,
and an activity concentration of about 19.0 MBq mL~!. The radio-
chemical purity of 3°Zr-DFO-Bn-NCS-onartuzumab was higher
than that of the 8°Zr-DFO-azepin-onartuzumab produced by photo-
radiosynthesis, primarily because the efficiency of the PD-10 col-
umns decreased when separating a larger fraction of radioactive
small molecules from the labeled protein, and also because the pore
size and loading capacity of standard 2.5-mL PD-10 columns pro-
vide insufficient resolution. This issue can be readily resolved by
using larger gel filtration columns, alternative gels with finer particle
sizes, or spin-column SEC methods.

Purified samples of 3°Zr-DFO-Bn-NCS-onartuzumab produced
via the conventional multiple-step route contained approximately
24% aggregated protein, which increased from approximately 15% in
the crude mixtures (Fig. 2B, asterisk). In contrast, photoradio-
synthesis of 8°Zr-DFO-azepin-onartuzumab using formulated
MetMAD gave an aggregated protein fraction of less than 4%
in the final product.

Stability Studies

Isolated samples of #9Zr-DFO-azepin-onartuzumab and 39Zr-
DFO-Bn-NCS-onartuzumab were incubated in human serum at
37°C for up to 48 h. Radiochemical stability with respect to loss
of 89Zr activity from the protein fraction was analyzed by SEC-
HPLC (Supplemental Fig. 3). Both radiotracers were found to be sta-
ble under these conditions, with essentially no loss of 8Zr activity
from the mAbD.

Cellular Binding and Immunoreactivity

The binding and specificity of 3°Zr-DFO-azepin-onartuzumab
and #Zr-DFO-Bn-NCS-onartuzumab to the target protein were
evaluated in vitro using cellular association assays with c-MET-
positive and c-MET-overexpressing MKN-45 gastric adenocar-
cinoma cells (Supplemental Fig. 4). Blocking studies with excess
MetMAD confirmed the binding specificity, and standard Lindmo
transformations gave immunoreactive fractions of 38% for 8°Zr-
DFO-azepin-onartuzumab and 54% for 8°Zr-DFO-Bn-NCS-onar-
tuzumab (25). The relatively low immunoreactive fractions for
both radiotracers was consistent with our previous characteriza-
tion data using °®Ga-HBED-CC-azepin-onartuzumab (/8) and was
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FIGURE 3. RCCs (%) measured by SEC-HPLC methods for optimization of photoradiosynthesis
of 89Zr-DFO-azepin-onartuzumab with varying initial chelate-to-mAb ratios with fixed protein
concentration of 37.8 uM (A) and with varying protein concentrations (B). Supplemental Table 1

provides additional information.

likely due to the well-documented limitations of the Lindmo
assay (27-29).

Radiochemical Optimization

A series of photoradiolabeling experiments was performed to
optimize the reaction parameters and obtain higher isolated RCYs
of 8Zr-DFO-azepin-onartuzumab. The effects of changing the
initial chelate-to-mAb ratio and the initial protein concentration
are shown in Figures 3A and 3B, respectively (Supplemental Table
1). After optimization, the RCC to give 8Zr-DFO-azepin-onartu-
zumab was improved to an average of 58.1% * 3.4% (n = 10;
measured by SEC-HPLC), with an isolated decay-corrected RCY
of 36.6% * 10.3% (n = 9) and an average radiochemical purity of
91.2% = 1.1% (n = 9; measured by SEC-HPLC). The effect of
not stirring the reaction was also measured, and a RCY of 56.5%
was obtained, indicating that stirring the solutions had no influ-
ence on our radiolabeling efficiency. Experiments showed that
using initial chelate-to-mAb ratios ranging from 4.62 to 0.77
had no effect on the RCY. In contrast, the reaction was sensitive
to changes in protein concentration. When the initial protein con-
centrations were reduced to 12 puM or less, the measured RCYs
decreased dramatically to less than 30%, and for protein concen-
trations of 1 uM or less, RCYs ranged between 5.6% and 13.7%
(n = 4; Supplemental Table 1).

PET Imaging

Temporal immuno-PET imaging of #Zr-DFO-Bn-NCS-onartuzumab
and photoradiolabeled 3°Zr-DFO-azepin-onartuzumab was performed
on female athymic nude mice bearing subcutaneous MKN-45 xeno-
grafts on the right flank or shoulder (n = 4 mice per group). A third
group of animals (4 mice) received a low-molar-activity formulation
of the same batch of photoradiolabeled 3°Zr-DFO-azepin-onartuzu-
mab diluted with nonradioactive MetMAD as a control blocking group
to measure the specificity of tumor uptake in vivo. PET images
recorded at 6 and 72 h after radiotracer administration are shown in
Figure 4, and further tomographic and maximum-intensity projections
are shown in Supplemental Figures 5 and 6, respectively. Image quan-
tification based on volume-of-interest analysis, with data presented as
percentage injected dose per cubic centimeter (%D cm™3), are shown
in Figure 5 and Supplemental Figure 7. PET imaging revealed that
photoradiolabeled 3°Zr-DFO-azepin-onartuzumab is a viable radio-
tracer for quantifying c-MET expression in vivo. 3°Zr-DFO-aze-
pin-onartuzumab displayed a prolonged circulation time and
specific tumor uptake that increased from 8.8 = 0.5 %ID cm 3
at 6 h after administration to 13.7 = 2.9 %ID c¢cm~3 at 72 h. Tumor

PHOTORADIOSYNTHESIS OF 8°ZR-ANTIBODIES *

cm~3 by 72 h (P = 0.088). Notably, by
72 h no statistically significant difference
in tumor uptake was observed between the
two radiotracers.

Quantitative analysis of the PET images
also revealed a statistically significant lower accumulation of 8Zr
activity in the liver for 8°Zr-DFO-azepin-onartuzumab (7.5 =
2.8 %ID cm™3) versus 8°Zr-DFO-Bn-NCS-onartuzumab at 72 h
(17.8 £ 4.0 %ID cm~3; P = 0.007). For the 8°Zr-DFQ-azepin-
onartuzumab blocking group, the additional administered mass of
protein led to an increased accumulation and retention of 8°Zr
activity in the kidneys (18.9 = 7.5 %ID cm ™3 vs. 8.5 = 0.7 %ID
cm ™3 for the normal group at 72 h; P = 0.05). A similar dose-
dependent change in kidney uptake was observed for %8Ga-HBED-
CC-azepin-onartuzumab, confirming that this phenomenon is unre-
lated to the radionuclide or chelate (/8).

Effective Half-Life Measurements

Whole-body activity was measured in each mouse using a dose
calibrator to determine the effective (z;,,(eff)/h) and biologic
(t12(biol)/h) half-lives of the two radiotracers (Supplemental
Fig. 8). 89Zr-DFO-azepin-onartuzumab had a t,,(eff) of 21.8 *
4.3 h and a calculated #;,5(biol) of 30.2 = 10.8 h, compared with
31.9 + 5.6 h and 53.8 = 5.6 h, respectively, for 3°Zr-DFO-Bn-
NCS-onartuzumab. No difference was observed in the measured
values of t,,,(eff) for the normal and blocking groups of $Zr-
DFO-azepin-onartuzumab, thus confirming that even though kid-
ney uptake increased in animals that received a blocking dose of
MetMADb, whole-body radiotracer excretion did not change.

Conventional Photochemical Blocking

8°ZrDFO-Bn-| NCS mAb _ 89ZrDFO- azeim -mAb 3ZrDFO- azeim—mAb

0.0% 10/eme D

26.0% ID/cm?

FIGURE 4. Temporal PET images recorded in athymic nude mice
bearing MKN-45 tumors on right flank for 89Zr-DFO-Bn-NCS-onartuzumab
(left), 89Zr-DFO-azepin-onartuzumab (normal group) (middle), and
897r-DFO-azepin-onartuzumab (blocking group) (right). Planar images
are shown through tumor center. Supplemental Figures 5 and 6
provide additional information. H = heart; K = kidney; L = liver; Sp =
spleen; T = tumor.
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FIGURE 5. Time-activity bar chart showing mean activity (%ID cm™3)
associated with different tissues vs. time. Shown are #Zr-DFO-Bn-
NCS-onartuzumab (blue bars; n = 4), 89Zr-DFO-azepin-onartuzumab
(normal group; red-to-yellow bars; n = 4), and 8Zr-DFO-azepin-onartuzumab
(blocking group; gray-to-white bars; n = 4). Supplemental Figure 7 provides
additional information. VOI = volume of interest.

Biodistribution Studies

After the final imaging time point at 72 h, the animals were
euthanized by terminal exsanguination under anesthesia, and 15
tissues, including the tumors, were collected for quantification of
the accumulated 8°Zr activity (Fig. 6, Supplemental Table 2; Sup-
plemental Figs. 9 and 10). Biodistribution data were consistent
with the distribution patterns observed from the quantitative PET.
Measured accumulation of activity in the tumor and liver was 15.4 *+
5.2 %ID g ! and 6.6 * 4.0 %ID g~ ! for 8°Zr-DFQ-azepin-onar-
tuzumab, respectively, whereas for 8°Zr-DFO-Bn-NCS-onartuzu-
mab, uptake values were 21.4 * 11.6 %ID g~ ! and 18.8 = 6.0
%ID g1, respectively. With the exception of the activity accumu-
lation in the liver and spleen (P = 0.018 and 0.022, respectively), no
statistically significant differences were observed between the
897r-DFQ-azepin-onartuzumab and #Zr-DFO-Bn-NCS-onartuzu-
mab groups. Comparison of the tumor-associated activity for the
normal and blocking groups (6.3 = 1.0 %ID g~ !) that received
897r-DFQ-azepin-onartuzumab confirmed that tumor uptake for
the photoradiolabeled product was specific (P = 0.03). No

'S
o

e

Il #2zDFO-Bn-NCS-onartuzumab

S
b
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FIGURE 6. Bar chart showing ex vivo biodistribution data (%ID g~") for
uptake of 89Zr-DFO-Bn-NCS-onartuzumab (blue bars), 89Zr-DFO-azepin-
onartuzumab (normal group, white bars), and 89Zr-DFO-azepin-onartuzu-
mab (blocking group, red bars) in mice bearing MKN-45 tumors at 72 h
after injection. Supplemental Figures 9 and 10 provide additional infor-
mation. *P < 0.05, Student t test. ***P < 0.001, Student t test. ns = not
significant.
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statistically significant differences were observed in the measured
tumor-to-tissue contrast ratios between the conventional and photo-
radiolabeled products (Supplemental Fig. 10). Overall, the cellular
assays, PET imaging, and biodistribution data confirmed that both
89Zr-DFO-azepin-onartuzumab and 89Zr-DFO-Bn-NCS-onartuzu-
mab are viable radiotracers for measuring c-MET protein expres-
sion in gastric adenocarcinomas.

DISCUSSION

Extensive spectroscopic and computational studies have estab-
lished the mechanism of photochemical activation of the ArNj
group, and comprehensive details are given in our previous reports
(15-17,19). Briefly, light-induced activation of [3°Zr-DFO-ArN;]*
produces the highly reactive open-shell singlet nitrene (lifetime,
7 = ~1 ns). This nitrene species is likely too short-lived to undergo
efficient bimolecular chemistry with the protein (or indeed the
solvent). Instead, the singlet nitrene undergoes rapid intramolecular
rearrangement to give first a bicyclic benzazirene, which then ring-
opens to give a 7-membered ketenimine heterocycle, which acts as
the key electrophilic intermediate (30-33). Remarkably, this kete-
nimine intermediate reacts preferentially with primary (and second-
ary) amines over oxygen-based nucleophiles, with a low kinetic
barrier (~50 kJ mol™!) that is thermally accessible under ambient
conditions. This phenomenon favors bimolecular reactions with the
comparatively low levels of protein over background-quenching
reactions.

There are several advantages to using our photoradiosynthesis
approach to produce 39Zr-radiolabeled mAbs. One advantage is
rapid reaction kinetics, in which both the radiolabeling and the
protein conjugation steps occur at the same time and are complete
in less than 15 min (34). Another is chemoselective functionaliza-
tion of lysine side-chains by nucleophilic attack on the electro-
philic ketenimine intermediate (30,32). A third is tolerance of the
photochemical process to water, oxygen, salts, and clinical-grade
mAb formulation buffers (including histidine), which are essential
to maintain protein stability. Our experimental data recorded in
vitro and in vivo support this statement, with 3°Zr-DFO-azepin-
onartuzumab exhibiting a decreased degree of protein aggregation
and decreased accumulation of 89Zr activity in the liver compared
with 89Zr-DFO-Bn-NCS-onartuzumab. A fourth advantage is the
photoactivation of the ArNj group occurs at wavelengths at which
antibodies do not absorb. Hence, the photoreaction does not dam-
age the structure and function of the biologic vector (18). A fifth
advantage is that unlike conventional methods, photoradiosynthe-
sis is amenable to full automation, which may streamline the
efforts required to produce 3°Zr-mAbs. A final advantage is that
the one-pot photoradiosynthesis procedure produces formulated
897r-mAbs without the need to isolate, characterize, and store
the functionalized intermediates. This novel approach has the po-
tential to change the way in which 8°Zr-mAbs are produced in the
clinic, because it eliminates issues over the long-term stability of
the functionalized intermediates and circumvents the technical and
financial issues of performing absorption, distribution, metabo-
lism, excretion, and toxicologic studies on the intermediate.

Despite the many attractive features, photoradiosynthesis of
897r-mAbs has several limitations that require further research.
Prior experiments using different photoactive chelates, radionu-
clides, and proteins have revealed strong variations in the RCCs
and isolated RCYs. Photoradiosynthesis using [3°Zr-DFO-ArN;z]*
has (so far) afforded the highest RCCs, with values in this study
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peaking at 58.1% = 3.4%, and in previous work 8°Zr-DFO-azepin-
trastuzumab was obtained in RCCs of 67% to 88% (17). Studies
using %8Ga3* and '''In** radionuclides combined with either aza-
macrocyclic or acyclic chelates afforded lower photoinduced RCCs
in the range of 4% to approximately 25% (15,16,18,19). The light-
induced chemistry is highly dependent on the experimental geom-
etry. Although kinetic studies have shown that the photoinitiation
step is highly efficient, and linearly dependent on photon flux
(15,17), the photon beam shape, focal point, reaction volume, and
potential scattering or absorption of the incident light by the re-
action vessel or chemical components in the mixture can have a
dramatic impact on the observed RCCs. Experimental RCCs also
show a steep dependency on the initial protein concentration.

Another issue is the poor solubility of DFO-ArN; in aqueous
conditions. It dissolves at a high pH of more than 10 but precip-
itates readily when the pH is adjusted to the optimum window
(7.5-9.0) required for the photochemical reaction (/7). Higher pH
values cannot be used because many antibodies do not tolerate
highly basic conditions, and our experiments have found that at a
pH of about 9.0, the measured RCCs decrease because of hydro-
lysis of the ketenimine intermediate by hydroxide anions. The
solubility issues associated with DFO-ArN; can potentially be
addressed using the strategy of Richardson-Sanchez et al. (35),
who incorporated ether groups into the chelate backbone, or by
the addition of polyethylene glycol chains between the chelate and
the photoactive ArNj group (15,16). At present, variations in the
RCCs are also the main reason why it is more difficult to purify
the 3°Zr-mAb from the photochemical reaction mixture than from
conventional syntheses, which often show quantitative radiolabel-
ing. These purification issues are primarily technical and can be
solved by using alternative purification methods such as spin col-
umn centrifugation. Nevertheless, improving the reaction effi-
ciency remains our primary goal. Much work remains before
photoradiosynthetic methods can be standardized. However, the
results presented here demonstrate that photoradiosynthesis—
starting from formulated antibody stock solutions—yields viable
radiotracers, thus setting an important and encouraging precedent
for future use of this technology in nuclear medicine.

CONCLUSION

89Zr-radiolabeled onartuzumab was produced via two separate
synthesis routes involving traditional thermally mediated conjuga-
tion using NCS chemistry and an alternative light-induced photo-
chemical conjugation process using aryl azide (ArN3) chemistry.
These approaches yielded 3°Zr-DFO-Bn-NCS-onartuzumab and
897r-DFO-azepin-onartuzumab, which were both shown to be viable
radiotracers targeting the c-MET receptor in gastric adenocarcinoma.
Switching the synthesis to a simultaneous, one-pot photochemical
conjugation and #Zr-radiolabeling route has the advantage that is
the photochemistry is compatible with standard components of anti-
body formulation buffers. The photoradiosynthesis was also com-
pleted in less than 15 min and gave a final product that displayed a
decreased tendency toward protein aggregation, and consequently,
lower uptake in the liver and spleen. RCCs were systematically im-
proved by investigating different reaction parameters, including the
initial chelate-to-antibody ratio and the protein concentration. Further
studies are required to improve the isolated RCY, radiochemical pu-
rity, and molar activity of the final products, but these data encourage
the development of photoradiosynthesis as an alternative labeling
strategy for the production of clinical-grade 8Zr-radiolabeled proteins.
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KEY POINTS

QUESTION: Can photochemical methods be used to produce
viable radiopharmaceuticals for immuno-PET?

PERTINENT FINDINGS: Experiments demonstrated that a one-
pot, simultaneous light-induced chemical conjugation and radio-
labeling process can produce 89Zr-DFO-azepin-onartuzumab for
imaging c-MET receptors, starting directly from a fully formulated
solution of MetMADb.

IMPLICATIONS FOR PATIENT CARE: New methods to access
radiolabeled antibodies have the potential to increase the avail-
ability of radiotracers for immuno-PET and to improve the stability
of the final radiolabeled constructs.
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Erratum

In the article “Novel ‘Add-On’ Molecule Based on Evans Blue Confers Superior Pharmacokinetics and Transforms
Drugs to Theranostic Agents,” by Chen et al. (J Nucl Med. 2017;58:590-597), Figure 1, which displays the chemical
structure of NMEB-RGD, has chiral centers incorrectly drawn. The corrected figure appears below. The authors
regret the error.
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