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Antibodies, and engineered antibody fragments, labeled with radio-

isotopes are being developed as radiotracers for the detection and

phenotyping of diseases such as cancer. The development of
antibody-based radiotracers requires extensive characterization

of their in vitro and in vivo properties, including their ability to target

tumors in an antigen-selective manner. In this study, we investi-

gated the use of Cerenkov luminescence imaging (CLI) as com-
pared with PET as a modality for evaluating the in vivo behavior of

antibody-based radiotracers. Methods: The anti–prostate-specific

membrane antigen (PSMA) huJ591 antibody (IgG; 150 kDa) and its

minibody (Mb; 80 kDa) format were functionalized with the chelator
1,4,7-triazacyclononane-1-glutaric acid-4,7-diacetic acid (NODAGA)

and radiolabeled with the positron-emitting radionuclide 64Cu (half-

life, 12.7 h). Immunoreactive preparations of the radiolabeled anti-

bodies were injected into NCr nu/nu mice harboring PSMA-positive
CWR22Rv1 and PSMA-negative PC-3 tumor xenografts. Tumor tar-

geting was evaluated by both PET and CLI. Results: 64Cu-NODAGA-

PSMA-IgG and 64Cu-NODAGA-PSMA-Mb retained the ability to bind
cell surface PSMA, and both radiotracers exhibited selective uptake

into PSMA-positive tumors. Under the experimental conditions used,

PSMA-selective uptake of 64Cu-NODAGA-PSMA-IgG and 64Cu-

NODAGA-PSMA-Mb was observed by CLI as early as 3 h after in-
jection, with tumor-to-background ratios peaking at 24 (IgG) and 16

(Mb) h after injection. Targeting data generated by CLI correlated with

that generated by PET and necropsy. Conclusion: CLI provided a

rapid and simple assessment of the targeting specificity and pharma-
cokinetics of the antibody-based PET radiotracers that correlated

well with the behavior observed by standard PET imaging. Moreover,

CLI provided clear discrimination between uptake kinetics of an intact
IgG and its small-molecular-weight derivative Mb. These data support

the use of CLI for the evaluation of radiotracer performance.
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Targeted cancer therapies, such as monoclonal antibodies
(mAbs) and tyrosine kinase inhibitors, represent promising classes
of therapeutic agents whose development is driven by our growing

understanding of the molecular basis of diseases. The most effec-
tive use of current and future targeted agents will require robust
biomarker or imaging-based methods to stratify patients based on
their predicted responses to particular therapies, making molecular
imaging an indispensable tool in both drug development and clin-
ical oncology. In contrast to anatomic imaging modalities (e.g., CT,
ultrasound, or MRI) that exploit differences in the physical proper-
ties of tissue to generate image contrast, molecular imaging modal-
ities use exogenous probes to noninvasively visualize and measure
cellular processes. PET, in combination with the radiotracer
18F-FDG, monitors glucose uptake as a surrogate biomarker of
malignant activity and is currently the most widely used molecular
imaging probe in clinical oncology (1). Despite its broad applica-
bility, 18F-FDG PET has demonstrated limited utility in the setting
of prostate cancer (PCa) (2). Although PCa is a heterogeneous
disease with varied clinical phenotypes, tumor tissues in up to
81% of PCa patients are characterized by low glucose utilization
(3). In a retrospective study, 18F-FDG PET detected only 31% of
local or systemic lesions in relapsed patients (4). Although it may
be useful for selected populations of patients with aggressive disease
(5), 18F-FDG PET was unable to effectively detect primary organ–
confined disease (3,6) or local recurrence (7) and exhibited low de-
tection sensitivity for soft-tissue metastases (8). Sensitivity is further
decreased because of bladder activity associated with radiotracer
excretion and uptake in benign prostatic hyperplasia and acute
prostatitis, which limit specificity. Strategies that either image
tumors based on the expression of a protein biomarker (9–11) or
monitor a biomarker’s response to therapy (12–14) represent an
attractive alternative to 18F-FDG PET. This has led us, and others,
to exploit the binding specificity of antibodies for use as imaging
probes for the detection and characterization of prostate and other
cancers.
Developing an optimized antibody-based imaging probe re-

quires simultaneous consideration of multiple variables related to
both the intrinsic properties of the probe and the cancer it is targeting.
These include, but are not limited to, level and tumor enrichment of
target expression, antibody affinity, antibody format, and radionuclide
used for probe detection (15). Protein engineering strategies have
been used on a large variety of antibodies against a diverse set of
tumor antigens, to examine structure–function relationships with the
goal of optimizing the pharmacokinetic and tumor-targeting proper-
ties for use as immuno-PET radiotracers (16–19). Strategies to effi-
ciently measure the performance of different variants are crit-
ical components of any radiotracer development platform. Several
positron-emitting radionuclides (e.g., 64Cu, 124I, 86Y, 89Zr) have
chemical properties and physical half-lives that are compatible
with the half-lives of engineered antibody formats, which make
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them appropriate for use in immuno-PET (15). These positron-
emitting radionuclides decay, at least in part, through the release
of b-particles with sufficient energy to result in the emission of
Cerenkov radiation (20). Preclinical animal models have demon-
strated that PET radiotracers elicit sufficiently high levels of Cer-
enkov radiation that can be detected by standard small-animal
optical imaging systems (21,22). This has opened up the use of
Cerenkov luminescence imaging (CLI) to image PET radiotracer
biodistribution. Here, we exploit a preclinical PCa model and 2
64Cu-labeled immuno-PET radiotracers specific for prostate-specific
membrane antigen (PSMA) to compare the utility of CLI versus PET
as a means for rapid, semiquantitative estimation of radiotracer bio-
distribution, tumor uptake, and optimal imaging times.

MATERIALS AND METHODS

Generation, Radiolabeling, and Characterization of
64Cu-1,4,7-Triazacyclononane-1-Glutaric Acid-4,7-Diacetic

Acid (NODAGA)-PSMA-Mb and 64Cu-NODAGA-PSMA-IgG

Detailed methods describing the generation and in vitro quantifi-
cation of the radiotracers are outlined in the supplemental materials

(available at http://jnm.snmjournals.org).

Imaging-Based Characterization of Radiotracer

Performance

A detailed description of in vivo experimental set-up, imaging
parameters, and instrument settings are outlined in the supplemental

materials. Mice bearing dual tumors (n 5 5/cohort) derived from PC-3
and CWR22Rv1 cells were injected intravenously with 25 mg of 64Cu-

NODAGA-PSMA-minibody (Mb; 5.2 MBq) or 64Cu-NODAGA-PSMA-
huJ591 antibody (IgG; 3.7 MBq) in physiologic saline with 1% human

serum albumin. Animals were anesthetized with an inhalation of a 2%–

3% isoflurane–oxygen gas mixture, and CLI data were obtained at 0.15, 3,
16, 24, and 48 h after injection for both antibody formats, with an addi-

tional data point at 72 h for 64Cu-NODAGA-PSMA-IgG. Serial PET/CT
images were acquired on a Siemens Biograph Truepoint PET/CT scanner

at 1, 24, and 48 h for the 64Cu-NODAGA-PSMA-Mb and 1, 24, 48, and
72 h for the 64Cu-NODAGA-PSMA-IgG. PET images of phantoms were

recorded using the same methods and instrument settings.
After acquisition of the last imaging time point, the biodistribution

of radiotracers was quantified as previously described (23). Briefly,
mice were euthanized by CO2 asphyxiation, and selected tissues were

harvested and weighed. Radioactivity in the harvested tissues was
measured in a g-counter (Cobra Quantum; Packard Instruments),

and background and decay-corrected activities in tissues were used
to calculate the percentage injected dose per gram of tissue (%ID/g).

Statistical Analysis

Statistical analysis was performed using GraphPad Prism software

(version 6; GraphPad Software). Data from live cell assays, tumor uptake,
and biodistribution studies were obtained and results expressed as mean6
SEM. A P value of less than 0.05 was considered statistically significant
as estimated by a 2-tailed Student t test.

RESULTS

In Vitro Characterization of 64Cu-NODAGA-PSMA-IgG

and 64Cu-NODAGA-PSMA-Mb

The purity and molecular weights of PSMA-IgG and PSMA-Mb
before and after reaction with NODAGA-N-hydroxysuccinimide
were confirmed by size-exclusion chromatography (Supplemental
Fig. 1A) and sodium dodecyl sulfate–polyacrylamide gel electro-
phoresis under reducing and nonreducing conditions (Fig. 1A).
The reaction conditions used to conjugate chelates to the anti-

bodies yielded ratios of 2.1 and 1.8 NODAGA per protein for
the IgG and Mb, respectively, and were determined by reversed-phase
high-performance liquid chromatography (Supplemental Fig. 1B). Con-
jugation of the NODAGA moieties did not result in protein aggregation
as determined by size-exclusion high-performance liquid chromatogra-
phy (Supplemental Fig. 1A) and had no significant impact on the ability
of the antibodies to bind to PSMA expressed on the surface of cells.
Overlaying titration curves demonstrate that similar concentration-
dependent binding to the cell surface antigen was maintained after
conjugation (Fig. 1B). Under conditions used in the competition
flow experiments against AlexaFluor-488–labeled PSMA-IgG, the
PSMA-IgG and NODAGA-PSMA-IgG had half maximal inhibitory
concentration (IC50) values of 3.4 and 3.0 nM, respectively. Similarly,
PSMA-Mb and NODAGA-PSMA-Mb had IC50 values of 1.8 and
5.4 nM. Both protein conjugates were radiolabeled with 64CuCl2, to
greater than 98% radiochemical purity with radiochemical yields of
81% and 67% and specific activities of 146.5 MBq/mg (3.96 mCi/mg)
and 207.2 MBq/mg (5.6 mCi/mg) for 64Cu-NODAGA-PSMA-IgG and
64Cu-NODAGA-PSMA-Mb, respectively (Supplemental Table 1). Cell
surface binding data confirmed that the radiolabeled antibodies retained
sufficient antigen binding to warrant in vivo evaluation. When tested for
the ability to bind cell surface PSMA in live-cell binding assays, the
64Cu-NODAGA-PSMA-IgG and 64Cu-NODAGA-PSMA-Mb showed
an average of 15.7- and 24.2-fold increased binding, respectively, to the
PSMA-positive cell line CWR22Rv1 as compared with PSMA-negative
cell line PC-3 over a dose range of 20–200 ng of protein (n5 4). Under
conditions used in these assays, the level of antigen-specific binding
corresponded to immunoreactivities (average 6 SEM) of 58% 6
10.9% for the 64Cu-NODAGA-PSMA-IgG and 56.7% 6 13.6% for
the 64Cu-NODAGA-PSMA-Mb (Fig. 1C; Supplemental Table 1).

Comparison of CLI and PET for Imaging PSMA-Positive

Tumor Xenografts

We hypothesized that CLI would compare favorably to traditional
PET imaging and provide us with a rapid, semiquantitative method

FIGURE 1. Characterization of NODAGA-PSMA-IgG and NODAGA-

PSMA-Mb. (A) IgG and Mb formats of anti-PSMA huJ591 antibody were

analyzed by gel electrophoresis under nonreducing (NR) and reducing

(R) conditions before and after conjugation of NODAGA. (B) Competition

cell binding experiments demonstrate that conjugation of NODAGA did

not significantly disrupt ability of either PSMA-IgG or PSMA-Mb to bind

cell surface PSMA. (C) 64Cu-NODAGA-PSMA-IgG and 64Cu-NODAGA-

PSMA-Mb bind selectively to PSMA-positive cells.
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to evaluate radiotracer performance. To accomplish this compari-
son of methods, we used 64Cu-NODAGA-PSMA-IgG and 64Cu-
NODAGA-PSMA-Mb as radiotracers for imaging in our preclinical
model system. Previous studies have shown that the optimal signal-
to-background ratios are attainable within a window of 12–48 h
with formats of imaging probes similar to those in this study (Viola-
Villegas et al. (37); Wilks et al. (38)). The radiotracers were admin-
istered intravenously to cohorts of 5 mice harboring bilateral

PSMA-positive CWR22Rv1 and PSMA-
negative PC-3 xenografts and serially imaged
up to 48 and 72 h for the 64Cu-NODAGA-
PSMA-Mb and 64Cu-NODAGA-PSMA-
IgG, respectively. For CLI, the average radi-
ance within regions of interest corresponding
to regions covering the CWR22Rv1 and PC-
3 tumors as well as a region of interest cov-
ering a non–tumor-bearing region on the
mid-dorsal area of the mouse were used as
measures of radiotracer level within the given
tissue. When the signal range across the en-
tire time course was normalized, it allowed
signal intensity within the images to depict
the systemic clearance of the imaging probes.
As seen in Figure 2A, selective uptake of both
radiotracers into PSMA-positive CWR22Rv1
tumors, as compared with the PSMA-negative
PC-3 tumors and the general background,
could be observed as early as 3 h after injec-
tion; however, under the experimental condi-
tions used, optimal contrast was observed at
a 16- to 24-h window after injection. As seen
in Figure 2B, 64Cu-NODAGA-PSMA-IgG
reached a maximum 2-fold tumor-to-back-
ground ratio in CWR22Rv1 tumors at 24 h

after injection as compared with a 1.3-fold tumor-to-background level
in PC-3 at the same time point. At the same time point, average
radiances within tumors showed that 64Cu-NODAGA-PSMA-IgG
exhibited a 3.1-fold selective uptake into CWR22Rv1 as compared
with PC-3 tumors (Fig. 2C). Selective targeting of CWR22Rv1 tumors
was maintained throughout the 72-h time course. 64Cu-NODAGA-
PSMA-Mb reached a similar 1.9-fold peak tumor-to-background ratio
in the CWR22Rv1 tumors (Fig. 2B), but consistent with its anticipated
faster systemic clearance, it did so by 16 h after injection. Uptake into
antigen-negative PC-3 tumors also reached its maximum tumor-to-
background level of 1.3 at 16 h after injection. A direct comparison
of background-normalized uptake of 64Cu-NODAGA-PSMA-Mb into
CWR22Rv1 versus PC-3 tumors showed that 64Cu-NODAGA-PSMA-
Mb exhibited a 2.7-fold selectivity for antigen-positive CWR22Rv1
tumors at 16 h after injection (Fig. 2C). Selectivity increased to 3.5-
fold by 24 h after injection because of both increased average radiance
in the CWR22Rv1 tumors and clearance of the probe from PC-3 tu-
mors. Representative mice from both cohorts are shown in Figure 3, in
which images are scaled to provide optimal contrast based on overall
signal at a given time point. Here, CLI can readily visualize the anti-
gen-dependent targeting exhibited by both radiotracers across the entire
time course of the study.
PET/CT imaging of 64Cu-NODAGA-PSMA-IgG– and 64Cu-

NODAGA-PSMA-Mb–injected mice corroborated the tumor-
selective targeting observed by CLI. Representative mice from both
cohorts are depicted in Figure 4A. Quantification of radiotracer
uptake via PET/CT imaging demonstrated that the decay-corrected
uptake of 64Cu-NODAGA-PSMA-IgG into CWR22Rv1 tumors
reached a maximum uptake of 18.76 4.7 %ID at 48 h after injection
(Fig. 4B). 64Cu-NODAGA-PSMA-Mb reached a maximum uptake
of 14.1 6 3.5 %ID in CWR22Rv1 tumors at 24 h after injection
(Fig. 4B). Consistent with CLI results, the maximum uptake of the
Mb occurred earlier than that observed with the IgG. In both cases,
the maximum level of tumor uptake was maintained throughout the
remainder of the study. Low-level uptake into PSMA-negative PC-3

FIGURE 2. CLI with 64Cu-NODAGA-PSMA-IgG and 64Cu-NODAGA-PSMA-Mb. (A) CLI-based

evaluation of 64Cu-NODAGA-PSMA-IgG and 64Cu-NODAGA-PSMA-Mb. Luminescence was

scaled to allow for direct comparison across time course. (B) Average tumor-to-background ratios

across entire time course for PSMA-positive (PSMA1) and PSMA-negative (PSMA–) tumors with

both radiotracers. (C) Average radiance in PSMA1 and PSMA– tumors at time of peak uptake for
64Cu-NODAGA-PSMA-IgG and 64Cu-NODAGA-PSMA-Mb.

FIGURE 3. CLI. Time course analysis of representative mouse imaged

with either 64Cu-NODAGA-PSMA-IgG (top) or 64Cu-NODAGA-PSMA-Mb

(bottom). Scales were optimized at each time point to provide for max-

imum contrast between 22Rv1 PSMA-positive (PSMA1) (right shoulder)

and PC-3 PSMA-negative (PSMA–) (left shoulder) tumors. Regions of

interest over tumor and background areas are shown as ellipses in first

panels of each image set.
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tumors was observed with both radiotracers over the entire time
course with the exception of the 1-h time point; however, both
radiotracers exhibited significantly higher (P # 0.01) levels in the
CWR22Rv1 PSMA-positive tumors even at this early time point
(Fig. 4B). At time points corresponding to initial uptake peak, target-
ing selectivity of 8- and 6-fold for CWR22Rv1 compared with PC-3
tumors was measured by PET/CT for 64Cu-NODAGA-PSMA-IgG
and 64Cu-NODAGA-PSMA-Mb, respectively (Fig. 4C). The %ID of
radiotracer in PC-3 tumors for both 64Cu-NODAGA-PSMA-IgG
(2.3 6 0.7 vs. 1.5 6 0.4) and 64Cu-NODAGA-PSMA-Mb (2.3 6
0.4 vs. 1.4 6 0.3) trended downward over the last 2 imaging time
points. Although the changes in both cases failed to reach a signif-
icant level, they did result in increases in the calculated targeting
selectivity. At time points corresponding to biodistribution experi-
ments, the targeting selectivity for CWR22Rv1 versus PC-3 tumors
was 10- and 9.4-fold for 64Cu-NODAGA-PSMA-IgG and 64Cu-
NODAGA-PSMA-Mb, respectively.

Biodistribution of Radiotracers

Tissue distribution of the 64Cu-NODAGA-PSMA-IgG and
64Cu-NODAGA-PSMA-Mb were determined ex vivo immediately
after the final imaging time points (Figs. 5A and 5B). Consistent
with anticipated results, 64Cu-NODAGA-PSMA-Mb cleared from
the blood more rapidly than 64Cu-NODAGA-PSMA-IgG. By 24 h
after injection, 64Cu-NODAGA-PSMA-Mb showed an activity of

4.4 6 0.6 %ID/g of blood, 10.7-fold lower
than the levels observed 5 min after injection
(Fig. 5B). This level was significantly lower
(P, 0.008) than the 13.86 1.3 %ID/g (2.8-
fold drop vs. the 5-min time point) of 64Cu-
NODAGA-PSMA-IgG that remained in
blood at the same time point (Fig. 5B). The
ex vivo studies corroborated data obtained by
CLI and PET that both radiotracers exhibited
selective uptake into CWR22Rv1 tumor
xenografts. The uptake of 64Cu-NODAGA-
PSMA-IgG (26.8 6 1.2 %ID/g) and 64Cu-
NODAGA-PSMA-Mb (21.1 6 2.7 %ID/g)
into the PSMA-positive tumors was statisti-
cally higher (P , 0.008) than the 5.99 6 1.6
%ID/g and 4.9 6 1.1 %ID/g observed in
PSMA-negative tumors. This result correlated
with an approximate 4.2- to 4.5-fold targeting
selectivity, normalized to gram of tissue, for
antigen-positive CWR22Rv1 tumors at the
time of biodistribution. The radiotracers
showed similar patterns of tissue distribu-
tion, with the exception of kidney uptake
(Fig. 5A). Animals injected with the 64Cu-
NODAGA-PSMA-Mb radiotracer exhibi-
ted 2.5-fold higher (32 6 0.8 vs. 12.9 6
1.1 %ID/g; P , 0.001) levels of 64Cu in
the kidney than animals injected with 64Cu-
NODAGA-PSMA-IgG. The increased level
of signal in the kidney was observed in both
CLI and PET (Figs. 2A and 4A).

DISCUSSION

Previous studies have shown that CLI
can be used to noninvasively image the

tumor uptake and systemic clearance of PET radiotracers (20–22).
However, to our knowledge, CLI had not previously been used to

evaluate, in a head-to-head manner, the performance of different

antibody-based radiotracers, a strategy that has routinely been

performed with PET (24–27). Therefore, the focus of these studies

was to determine whether CLI can be used to distinguish between

the preclinical performance of immuno-PET radiotracers that carry

the same radioisotope and are targeted at the same tumor antigen but

are predicted to have different clearance and tumor uptake proper-

ties. For these studies, we used full-length IgG and corresponding

Mb formats of the huJ591 anti-PSMA antibody.
PSMA is a promising theranostic target for PCa. This type II

integral plasma membrane protein undergoes constitutive internal-

ization and is enriched on the surface of PCa cells in a manner that

directly correlates with disease progression to androgen independence

and metastatic spread (28–30). The clinical utility of antibody-based

imaging for PCa was first established with the radiotracer Capromab

Pendetide (ProstaScint), the murine mAb 7E11-C5.3 (31) conjugated

to the linker-chelator glycyl-tyrosyl-(N,e-diethylenetriaminepentaace-

tic acid) lysine hydrochloride (GYK-DTPA-HCl) and radiolabeled

with 111In. 111In-Capromab demonstrated a sensitivity superior to

conventional anatomic imaging techniques for detecting lymph node

metastases (32,33). However, the radiotracer binds to an epitope that

is located on the intracellular domain of PSMA, thus its targeting

specificity is limited to necrotic and apoptotic cells in the tumors.

FIGURE 4. PET imaging with 64Cu-NODAGA-PSMA-IgG and 64Cu-NODAGA-PSMA-Mb. (A)

PET/CT fusion images of representative mice at defined time points. Both 64Cu-NODAGA-

PSMA-IgG and 64Cu-NODAGA-PSMA-Mb exhibited selective uptake into PSMA-positive

(PSMA1) CWR22Rv1 tumor xenografts. (B) %ID of radiotracers in PSMA1 and PSMA-negative

(PSMA–) tumor xenografts over time as quantified by PET imaging. (C) PET-based uptake in

PSMA1 and PSMA– tumors at time of peak uptake for 64Cu-NODAGA-PSMA-IgG and 64Cu-

NODAGA-PSMA-Mb. K 5 kidneys; L 5 liver.
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This limits the probe’s overall sensitivity for detecting progressive
disease and led to the isolation and characterization of novel murine
mAbs specific for the extracellular domain of PSMA (31,34). Sub-
sequent humanization of the mAb J591 (huJ591) facilitated its testing
as a second-generation anti-PSMA mAb for imaging and therapy
(35). Expanded clinical trials are under way to evaluate the ability
of 89Zr-DFO-huJ591 to function as a radiotracer in patients with PCa
(ClinicalTrials.gov NCT01543659) and glioblastoma multiforme
(NCT02410577). However, the pharmacokinetics and tumor-targeting
properties of an imaging radiotracer are not necessarily equivalent to
those of an intact IgG (15). Although immuno-PET with 89Zr-DFO-
huJ591 can image PSMA-positive lesions in patients, the optimal
imaging time was observed at 7 d after injection (36). Significant
effort is ongoing to exploit alternative antibody-engineering strategies
to generate antibody-based fragments optimized to function as im-
proved radiotracers for detecting PSMA-positive lesions. This effort
is exemplified by the work of Lewis et al. comparing the preclinical
imaging properties of 89Zr-DFO-huJ591 IgG with those of 89Zr-
labeled minibody and cys-diabody formats (37). Similarly, Kampmeier
et al. have evaluated 99mTc-labeled J591 diabody as a SPECT radio-
tracer (39). Clinical trials are currently under way to evaluate
the efficacy of the 89Zr-labeled minibody (ClinicalTrials.gov
#NCT01923727) formats for detecting PSMA-positive tumors.
As stated above, the ultimate goal of our study was to evaluate the

potential of CLI for preclinical characterization of PET radiotracers.
In general agreement with our hypothesis, CLI-based analysis of
64Cu-NODAGA-PSMA-IgG and 64Cu-NODAGA-PSMA-Mb perfor-
mance in our preclinical models of PCa provided results that were
consistent with results from PET obtained in the same animals at
similar time points. The relatively short range of the Cerenkov photon
transport in tissue does restrict this approach to small animals or near
the surface for human use. Despite the low tissue penetration depth
of some of the Cerenkov photons, CLI has desirable applications
for both medical value and biologic insight (40). To evaluate the
quantitative nature of both imaging modalities, we corroborated the
antigen-dependent uptake measured by imaging at the final time point
with data obtained by biodistribution. As exemplified in Figure 5A,
radiotracer uptake in biodistribution studies is typically normalized to
organ or tumor weight and presented as %ID/g of tissue. In this study,
both 64Cu-NODAGA-PSMA-IgG and 64Cu-NODAGA-PSMA-Mb
exhibited approximately a 4.5-fold selective targeting of CWR22Rv1
versus PC-3 tumors (Fig. 5A). However, tumor uptake measured by
PET and CLI represent absolute levels of 64Cu in tumors. When the

ratio of 64Cu-NODAGA-PSMA-IgG in
CWR22Rv1 versus PC-3 tumors was mea-
sured by PET, the radiotracer exhibited a
10-fold selective uptake into antigen-positive
tumors at 72 h after injection. Simi-
larly, 64Cu-NODAGA-PSMA-Mb exhib-
ited a 9.4-fold selective uptake into the
CWR22Rv1 tumors at 48 h after injection.
These levels of selectivity are consistent
with results obtained by biodistribution
if absolute levels of radiotracers (%ID) in
antigen-positive versus antigen-negative tu-
mors are compared. If this is done, 64Cu-
NODAGA-PSMA-IgG exhibited a 11.4-fold
and 64Cu-NODAGA-PSMA-Mb exhibited
a 14-fold selectivity for PSMA-positive
CWR22Rv1 tumors as compared with antigen-
negative PC-3 tumors. Although qualitatively

similar results were obtained with CLI, decay-corrected, background-
subtracted average radiance of PSMA-positive tumors relative
to PSMA-negative tumors showed only a 3-fold selectivity with
64Cu-NODAGA-PSMA-IgG and an 8-fold selectivity with 64Cu-
NODAGA-PSMA-Mb at the final time points.
In our studies, 64Cu-NODAGA-PSMA-IgG and 64Cu-NODAGA-

PSMA-Mb performed as anticipated based on previous findings
with 89Zr-labeled versions of the antibodies. Altering the format
did not appreciably change the ability of the antibodies to bind cell
surface antigen in vitro or to selectively target PSMA-positive
tumors compared with PSMA-negative tumors in vivo after sys-
temic administration. Consistent with its smaller size, 64Cu-
NODAGA-PSMA-Mb cleared from the blood more rapidly than
64Cu-NODAGA-PSMA-IgG. This increased clearance rate corre-
lated with an overall decrease in absolute antigen-specific tumor
uptake without affecting the ratio of antigen-positive to antigen-
negative tumor uptake. Somewhat surprising was the level of kid-
ney uptake observed in these studies with 64Cu-NODAGA-PSMA-
Mb. The predicted molecular weight of 64Cu-NODAGA-PSMA-Mb
is above the threshold for renal clearance, but levels of approxi-
mately 30 %ID/g tissue were observed in kidneys on necropsy at 48
h after injection. This result contrasts with 7–10 %ID/g observed in
analogous studies performed with 89Zr-labeled huJ591-Mb (37), but
are closely aligned with the results we obtained with 64Cu-
NODAGA-PSMA-IgG at 72 h after injection (;15 %ID/g). The
exact reason for the increased kidney uptake exhibited by 64Cu-
NODAGA-PSMA-Mb in these studies is unclear but may relate
to the animal model used. In similar studies, the level of kidney
uptake was observed to depend on mouse strain used (ImaginAb,
unpublished data). However, we cannot rule out that the increased
kidney uptake was due to differences in in vivo stability of the
radiotracers or to the lower radiochemical purity of the 64Cu-
NODAGA-PSMA-Mb radiotracer than 64Cu-NODAGA-PSMA-IgG
(98.8% vs. 99.7%). Doses were also based on mass and not adjusted
for the molecular weight of the radiotracers, resulting in approxi-
mately twice as many moles of 64Cu-NODAGA-PSMA-Mb being
injected compared with 64Cu-NODAGA-PSMA-IgG. Both CLI and
PET showed increased kidney uptake of 64Cu-NODAGA-PSMA-
Mb as compared with 64Cu-NODAGA-PSMA-IgG, because kid-
neys were readily visible in Cerenkov luminescence images within
16 h after injection of the 64Cu-NODAGA-PSMA-Mb (Fig. 4).
This finding further supports the main goal of this study to compare
CLI with PET.

FIGURE 5. Biodistribution of 64Cu-NODAGA-PSMA-IgG and 64Cu-NODAGA-PSMA-Mb. (A)

Biodistribution of 64Cu-NODAGA-PSMA-IgG and 64Cu-NODAGA-PSMA-Mb radiotracers at 72

and 48 h after injection, respectively, demonstrating statistically significant selective uptake into

CWR22Rv1 PSMA-positive (PSMA1) vs. PC-3 PSMA-negative (PSMA–) tumors. (B) 64Cu-

NODAGA-PSMA-Mb cleared more rapidly from blood than 64Cu-NODAGA-PSMA-IgG.
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CONCLUSION

PET reconstructs the distribution of the radiotracers in 3
dimensions and provides an absolute measurement of tracer
concentration, whereas CLI is based on surface radiance detected
from sources at a variety of depths. Although the results from the 2
modalities are quantitatively different, the overall trends with both
radiotracers are in accordance, showing that CLI can substitute for
PET in providing an assessment of the targeting specificity and
pharmacodynamics of antibody-based radiotracers. Considering
the rapidity, simplicity, and low cost with which Cerenkov
luminescence images can be obtained, our work supports the use
of CLI for the evaluation of radiotracer performance.
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