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Over the past decade, theranostic imaging has emerged as a
powerful clinical tool in oncology for identifying patients likely to
respond to targeted therapies and for monitoring the response of
patients to treatment. Herein, we report a theranostic approach
to pretargeted radioimmunotherapy (PRIT) based on a pair of
radioisotopes of copper: positron-emitting copper-64 (64Cu, t1/2 =
12.7 h) and beta particle-emitting copper-67 (67Cu, t1/2 = 61.8 h).
This strategy is predicated on the in vivo ligation between a
trans-cyclooctene (TCO)-bearing antibody and a tetrazine (Tz)-
based radioligand via the rapid and bioorthogonal inverse
electron-demand Diels–Alder reaction. Longitudinal therapy stud-
ies were conducted in a murine model of human colorectal carci-
noma using an immunoconjugate of the huA33 antibody
modified with TCO (huA33-TCO) and a 67Cu-labeled Tz radioligand
([67Cu]Cu-MeCOSar-Tz). The injection of huA33-TCO followed 72 h
later by the administration of 18.5, 37.0, or 55.5 MBq of [67Cu]Cu-
MeCOSar-Tz produced a dose-dependent therapeutic response,
with the median survival time increasing from 68 d for the lowest
dose to >200 d for the highest. Furthermore, we observed that mice
that received the highest dose of [67Cu]Cu-MeCOSar-Tz in a fraction-
ated manner exhibited improved hematological values without sac-
rificing therapeutic efficacy. Dual radionuclide experiments in which
a single administration of huA33-TCO was followed by sepa-
rate injections of [64Cu]Cu-MeCOSar-Tz and [67Cu]Cu-MeCOSar-Tz
revealed that the positron emission tomography images produced
by the former accurately predicted the efficacy of the latter. In these
experiments, a correlation was observed between the tumoral up-
take of [64Cu]Cu-MeCOSar-Tz and the subsequent therapeutic
response to [67Cu]Cu-MeCOSar-Tz.
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Over the past decade, theranostic nuclear imaging has
emerged as a valuable tool in oncology (1–4). Radiopharma-

ceuticals for positron emission tomography (PET) and single-photon
emission computed tomography (SPECT) have increasingly
been employed to identify patients who are likely to respond to
targeted therapies and to monitor the response of patients to
treatment. For example, PET imaging using antibodies labeled
with the positron-emitting radiometal zirconium-89 (89Zr; t1/2 ∼3.3
d) has been used as a predictive tool for mesothelin- and HER2-
targeted antibody-drug conjugates as well as PD-L1 checkpoint
inhibitors (5–16). Theranostic imaging holds particular promise
in the field of endoradiotherapy. Broadly defined, endor-
adiotherapy is the use of molecularly targeted agents—
including small molecules, peptides, and antibodies—for the
in vivo delivery of cytotoxic radiation to tumor tissue. In this
context, nuclear-imaging agents can be used to select patients,
monitor therapy, and optimize the safety and dosimetry of
radiotherapeutics. In patients with neuroendocrine tumors, for
example, [68Ga]Ga-DOTA-TATE has been employed for
theranostic PET imaging prior to radiotherapy with [177Lu]

Lu-DOTA-TATE (LUTATHERA) (17, 18). Similarly, [18F]F-
and [68Ga]Ga-labeled probes that target prostate-specific
membrane antigen (PSMA) have been used as companion im-
aging agents in patients undergoing treatment with the PSMA-
targeted radiotherapeutics [177Lu]Lu-PSMA-617 and [225Ac]
Ac-PSMA-617 (19–23).
Radioimmunotherapy (RIT)—a branch of endoradiotherapy

in which monoclonal antibodies are used to deliver therapeutic
radionuclides to tumor tissue—has also proven to be fertile
ground for theranostic imaging. To wit, antibodies labeled with
the positron-emitting radionuclides 89Zr, 86Y, and 124I have been
used as companion theranostics for radioimmunoconjugates
bearing therapeutic nuclides such as β-particle emitting 131I, 90Y,
and 177Lu and α-particle emitting 225Ac (24–27). Yet despite
their remarkable specificity and affinity, antibodies are not ideal
vectors for the in vivo delivery of radionuclides, particularly
those with therapeutic emissions. After administration, anti-
bodies can take several days to accumulate in the tumor and
clear from the blood, frequently requiring 5 to 10 d to reach their
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optimal biodistribution in the body. This means that antibodies
must be labeled with radionuclides with long physical half-lives in
order to ensure that sufficient radioactivity remains once the
radioimmunoconjugate has reached the tumor. Several thera-
peutic radionuclides with multiday half-lives are readily avail-
able, including 177Lu (t1/2 ∼ 6.7 d), 131I (t1/2 ∼ 8.0 d), and 225Ac
(t1/2 ∼ 9.9 d). Yet this combination of sluggish pharmacokinetics
and long radionuclidic half-lives can lead to high radiation doses
to healthy tissues, a trait which has hampered the widespread
clinical implementation of RIT.
One approach to circumventing this issue is in vivo pre-

targeting (28–30). In vivo pretargeting is predicated on decou-
pling the antibody and the radionuclide, injecting the two
components separately, and empowering them to combine
in vivo at the tumor. More specifically, a specialized antibody
capable of binding both a cancer antigen and a radiolabeled
small molecule is injected first. Then, after this antibody has
been given time (often several days) to accumulate in the tumor
and clear from the blood, the radiolabeled small molecule is
administered. This second component travels through the
bloodstream quickly, either ligating with the antibody at the tu-
mor or rapidly clearing from the body. This approach shifts the
radionuclide from the immunoglobulin—where it resides during
traditional immunoPET and RIT—to a rapidly clearing small
molecule. As a result, a radionuclide with a multiday physical
half-life is no longer needed, a change which simultaneously
facilitates the use of short-lived nuclides that are normally in-
compatible with antibodies and reduces radiation dose rates to
healthy tissues.
Over the last several years, our laboratories and others have

developed an approach to in vivo pretargeting based on the rapid
and bioorthogonal inverse electron-demand Diels–Alder click
reaction between trans-cyclooctene (TCO) and tetrazine (Tz)
(Fig. 1A) (31–36). Broadly speaking, this methodology consists of
four steps: 1) the administration of a monoclonal antibody
(mAb)-TCO immunoconjugate; 2) an interval period during
which the antibody accumulates at the tumor and clears from the
blood; 3) the injection of a small molecule Tz-based radioligand;
and 4) the in vivo click ligation between two components, fol-
lowed by the rapid clearance of any excess radioligand. This
strategy has proven highly effective for pretargeted PET imaging
(36–49) as well as pretargeted radioimmunotherapy (PRIT) us-
ing beta-emitting (177Lu) and alpha-emitting (225Ac) radionu-
clides (50–55). Yet as the field stands poised to make the jump
from the laboratory to the clinic, it stands to reason that the
development of a theranostic approach to Tz/TCO pretargeting
could prove instrumental in ensuring the future success of
this modality.
Herein, we report a theranostic approach to in vivo pretargeting

that incorporates both PET imaging and radioimmunotherapy. In
this case, the administration of the mAb-TCO immunoconjugate

is followed by the sequential injection of two Tz-bearing radi-
oligands: one for theranostic PET and a second for endor-
adiotherapy (Fig. 2). The key to this investigation is a pair of
radioisotopes of copper that allows us to create radioligands
that are completely identical except for the number of neutrons
within the copper atom: copper-64 (64Cu, t1/2 = 12.7 h) and
copper-67 (67Cu, t1/2 = 61.8 h) (Fig. 1B). While 64Cu is a rela-
tively well-known positron-emitting nuclide, 67Cu produces
beta particles (βave = 141 keV) that are suitable for endor-
adiotherapy as well as gamma rays (185 keV, 49%; 93 keV,
16%) that can be imaged via SPECT. For years, challenges in
the large-scale production of 67Cu have impeded its use in
nuclear medicine, although recent advances are expected to
dramatically increase its availability (56, 57). Furthermore, the
advent of highly stable copper chelators based on bicyclo[6.6.6]
icosane—termed “sarcophagines”—has also reinvigorated in-
terest in 67Cu as a therapeutic radionuclide, as illustrated by the
recent development of [64/67Cu]Cu-SarTATE for the PET im-
aging and peptide receptor radiotherapy of patients with
neuroendocrine tumors (58–61).
To provide a bird’s-eye view of the investigation, we first

synthesized and characterized the two radioligands—[64Cu]Cu-
MeCOSar-Tz and [67Cu]Cu-MeCOSar-Tz—as well as a TCO-
bearing immunoconjugate of the huA33 antibody, a noninternalizing
humanized mAb that targets a transmembrane glycoprotein
(i.e., the A33 antigen) expressed by the vast majority of colorectal
cancers (62–65). HuA33-TCO and [67Cu]Cu-MeCOSar-Tz were
then employed to perform biodistribution and longitudinal ther-
apy studies in a murine model of colorectal cancer in order to
determine the dosimetry and validate the efficacy of 67Cu-based
PRIT. Finally, in vivo pretargeting experiments were performed
using huA33-TCO in conjunction with both radioligands to
interrogate the therapeutic efficacy of the dual isotope strategy
as well as the predictive value of theranostic PET in this schema.
We have demonstrated that this innovative approach to PRIT is
highly effective in vivo and may thus furnish a roadmap for how
theranostic imaging may be used to supplement this methodology
in the clinic. Our approach to in vivo pretargeting employs an
isotopologous pair of radioligands for theranostic PET imaging
and endoradiotherapy. This is absolutely critical in the context of
clinical translation, as the use of a single, structurally unique
radioligand—rather than two chemically distinct constructs la-
beled with different radioelements—will simplify the collection of
pharmacology and toxicology data and streamline the regulatory
review process.

Materials and Methods
All reagents were purchased from commercial suppliers and used without
further purification. All experiments involving laboratory animals were
performed in accordance with a protocol approved by Hunter College, Weill
Cornell Medical College, and Memorial Sloan Kettering Cancer Center

Fig. 1. (A) The inverse electron demand Diels−Alder (IEDDA) reaction between trans-cyclooctene and tetrazine. (B) The structure of Cu-MeCOSar-Tz.

Keinänen et al. PNAS | November 10, 2020 | vol. 117 | no. 45 | 28317

M
ED

IC
A
L
SC

IE
N
CE

S



Institutional Animal Care and Use Committees. A detailed description of
experimental procedures—including synthetic protocols, bioconjugation
techniques, radiolabeling methodologies, and the design and execution of
in vivo experiments—can be found in the SI Appendix.

Synthesis of MeCOSar-Tz.MeCOSar-NHS was prepared as previously described
(66, 67). Briefly, to a solution of MeCOSar-NHS (0.053 mmol) in dime-
thylformamide (DMF; 530 μL) was added benzylaminotetrazine hydrochlo-
ride (11.8 mg, 0.053 mmol) and diisopropylethylamine (18.4 μL, 0.11 mmol).

The reaction volume of the reaction mixture was increased to 1 mL with
DMF, and the reaction was stirred for 1 h at 60 °C in the absence of light.
The product—MeCOSar-Tz—was purified by reversed-phase high perfor-
mance liquid chromatography (HPLC). Analysis of the fractions by HPLC-
electrospray ionization mass spectrometry (ESI-MS) identified those con-
taining the product, and these fractions were lyophilized to afford
MeCOSar-Tz·CF3CO2 as a fluffy pink powder (12 mg, ∼38%), ESI-MS
[C29H49N12O22]

+ = 597.410; [C29H50N12O22]
2+ = 299.208; HPLC RT = 13.8 min,

0 to 25% solvent B [solvent A: H2O, 0.1% trifluoroacetic acid (TFA); solvent
B: CH3CN, 0.1% TFA] over 25 min.

Fig. 2. PRIT. Illustration of the theranostic approach to PRIT. The immunoconjugate (huA33-TCO) is injected first and given time to slowly accumulate at the
tumor and clear from the blood. After this interval, the 64Cu-labeled radioligand is injected. It then clicks with the huA33-TCO at the tumor and clears rapidly
from the blood, enabling theranostic PET imaging. Next, the 67Cu-labeled radioligand is administered, and it likewise is given time to react with the tumor-
bound immunoconjugate and clear from the system, thus beginning the therapeutic irradiation of the tumor tissue. PRIT can be performed without
theranostic imaging by omitting the administration of the diagnostic radioligand.
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Radiolabeling of MeCOSar-Tz. MeCOSar-Tz was radiolabeled with [64Cu]Cu2+

or [67Cu]Cu2+ by diluting the stock solution (0.36 mg/mL in dimethylsulf-
oxide) into ammonium acetate buffer (200 mM, pH 5.5, 200 to 300 μL) prior
to the addition of [64Cu]CuCl2 in 0.05 M HCl or [67Cu]CuCl2 in 0.01 M HCl. The
labeling solution was incubated on an agitating thermomixer at 500 × g for
20 min at 37 °C. The progress of the radiolabeling reaction was assessed via
instant thin layer chromatography (iTLC), which revealed quantitative la-
beling with >99% radiochemical purity. Thus, no further purification was
necessary.

Tumor Model. All in vivo studies were carried out in female, athymic nude
mice (5 to 7 wk old, The Jackson Laboratory). Mice were xenografted sub-
cutaneously (s.c.) on the right flank with 5 × 106 SW1222 cells suspended in
150 μL of a solution containing a 1:1 mixture of Matrigel (Corning Life Sci-
ences) and cell culture medium. The tumors reached the ideal size for ex-
periments (∼100 mm3) after ∼14 d.

Ex Vivo Biodistribution Experiments. For pretargeting biodistribution experi-
ments, the mice were injected via the lateral tail vein with huA33-TCO (100
μg, 0.7 nmol, 5 TCO/mAb) 24 or 72 h prior to the intravenous (i.v.) admin-
istration of [67Cu]Cu-MeCOSar-Tz (9.5 to 11.0 MBq, 0.7 to 0.8 nmol). In
contrast, a control cohort of mice received only [67Cu]Cu-MeCOSar-Tz (9.3
to 10.0 MBq, 0.7 nmol). At 4, 24, 48, and 72 h after the injection of
[67Cu]Cu-MeCOSar-Tz, the mice were killed, and their organs were collected,
weighed, and assayed for radioactivity with a gamma counter calibrated for
67Cu using known standards.

In biodistribution experiments with directly radiolabeled huA33,
[67Cu]Cu-MeCOSar-Tz-TCO-huA33 (1.9 MBq, 100 μg, 0.7 nmol) was adminis-
tered via i.v. tail-vein injection. At 4, 24, 72, and 120 h post injection, the mice
were killed, and their organs were collected, weighed, and assayed for ra-
dioactivity with a gamma counter calibrated for 67Cu using known standards.

Dosimetry Calculations. The average activity concentration from five tissue
samples from each time point was fitted to a biexponential function to create
time-activity curves (TAC). For most tissues, the best TAC fit utilized a one- or
two-phase exponential decay model. One tissue—the tumor—exhibited
marked uptake over the time course of the experiment, and, therefore, a
trapezoidal model was used up to the last time point, after which it was
assumed (due to the residualizing nature of [67Cu]Cu2+) that clearance was
determined entirely by radioactive decay. The cumulative uptake in each
tissue was calculated from the areas under the time-activity curves. Absor-
bed doses to the tumor and all healthy organs were estimated assuming
absorbed fractions of 1 for the β-emissions of 67Cu and of 0 for the pene-
trating photon emissions and using an equilibrium absorbed dose constant
of 0.33 g × Rad/μCi × h.

Longitudinal Radiotherapy Studies. In the longitudinal radiotherapy studies,
three control cohorts, four PRIT cohorts, one theranostic PRIT cohort, and one
traditional RIT cohort were employed (n = 10). The first control cohort re-
ceived only saline, the second received only huA33-TCO (100 μg, 0.7 nmol, 5
TCO/mAb), and the third received only [67Cu]Cu-MeCOSar-Tz (55.5 MBq, 0.7
nmol). The injection day was designated “day 0” of the experiment.

Based on the biodistribution data for pretargeting with huA33-TCO and
[67Cu]Cu-MeCOSar-Tz, the 72-h injection interval was chosen for the longi-
tudinal therapy study because it produced lower activity concentrations in
the blood. All animals in the PRIT cohorts were administered huA33-TCO
(100 μg, 0.7 nmol, 5 TCO/mAb) followed 72 h later by the injection of
[67Cu]Cu-MeCOSar-Tz (18.5, 37, 55.5, or 27.8 MBq, 0.7 nmol, day 0). To ex-
plore the efficacy of fractioned dosing, the group receiving 27.8 MBq was
administered a second dose of 27.8 MBq (0.7 nmol) 48 h later. SPECT im-
aging was carried out at 4, 24, 48, and 96 h post injection.

In the theranostic PRIT cohort, the mice were administered [64Cu]Cu-
MeCOSar-Tz (10.4 to 11.3 MBq, 0.7 nmol, day 0) at the 72-h time point, fol-
lowed 24 h later by [67Cu]Cu-MeCOSar-Tz (55.5 MBq, 0.7 nmol). PET imaging
was performed at 4, 24, and 48 h after the injection of [64Cu]Cu-MeCOSar-Tz.
The activity within each tumor was determined using PET image slices acquired
at 48 h after the administration of the 64Cu-labeled radioligand and subse-
quently compared to the rate of tumor growth. SPECT imaging was carried
out at 4, 24, 48, and 96 h post injection of [67Cu]Cu-MeCOSar-Tz. In the RIT
cohort, the mice were administered [67Cu]Cu-MeCOSar-Tz-TCO-huA33 (18.5
MBq, 100 μg, 0.7 nmol, day 0), and SPECT imaging was carried out at 4, 24, 48,
and 96 h post injection.

The volumes of the xenografts were monitored twice a week with a Peira
TM900 device. All mice were assessed biweekly throughout the study for
outward signs of toxicity, including lethargy, loss of appetite, and decreasing

body weight. Five possible end points of the study were defined: 1) if the
longest dimension of the tumor reached 1 cm; 2) if the tumor started to
hamper themovement of themouse; 3) if the tumor became necrotic; 4) if the
mouse lost more than 10%of its bodyweight; or 5) after 200 d. Blood samples
(∼30 μL, n = 3) were collected weekly from the lateral tail vein and analyzed
with HemaVet 950 (Drew Scientific). Twenty hematological parameters were
measured, including white-blood-cell count and platelet count.

Statistical Analysis. All data are reported as mean value ± SD. The significance
analyses were performed using GraphPad Prism 7.0 software. Unpaired two-
tailed t tests, multiple t tests, or a log-rank Mantel-Cox test were employed
as detailed in the figure legends.

Results
Bioconjugation, Synthesis, and Radiochemistry. The first step of the
investigation was the assembly of the molecular components of
our in vivo system. To this end, huA33-TCO was synthesized
according to published procedures via the reaction of an
N-hydroxysuccinimide–bearing variant of TCO with the parent
antibody, ultimately producing the immunoconjugate with a
degree of labeling of 5.2 ± 0.1 TCO/mAb and an immunoreac-
tivity of 88.9 ± 1.8% (n = 5) as determined via matrix-assisted
laser desorption ionization time-of-flight mass spectrometry and
in vitro saturation binding assays, respectively. Size exclusion-
HPLC was performed to validate the purity of huA33-TCO
and confirmed that no significant aggregation had occurred
during the bioconjugation process (SI Appendix, Fig. S1). For the
radioligand, we paired Tz with MeCOSar, a member of the
sarcophagine family that exhibits exceptional in vitro and in vivo
stability as a chelator for the radioisotopes of copper (58–61,
67–69). MeCOSar-Tz was synthesized and purified according to
published procedures and isolated with a yield of ∼38%. The
radiolabeling of MeCOSar-Tz was performed identically with
both radioisotopes via the incubation of the precursor with
[64Cu]CuCl2 or [67Cu]CuCl2 in ammonium acetate buffer (200
mM, pH 5.5) for 20 min at 37 °C. [64Cu]Cu-MeCOSar-Tz was
ultimately isolated in quantitative radiochemical yield, a radio-
chemical purity of >99%, and a molar activity of 15.3 to 16.5
GBq/μmol, while [67Cu]Cu-MeCOSar-Tz was produced in
quantitative radiochemical yield, a radiochemical purity of >99%,
and a molar activity of 74.1 to 82.3 GBq/μmol. It is important to
note that in all of the in vivo pretargeting experiments per-
formed in this investigation, the molar activity of the radio-
ligand was adjusted to ensure that each injection contained 0.7
nmol of Tz, as a 1:1 ratio of immunoconjugate:radioligand has
been shown to provide superior in vivo results compared to
approaches that use a vast excess of either component (70).
Finally, [67Cu]Cu-MeCOSar-huA33 was synthesized in order to
provide a directly radiolabeled antibody control for the bio-
distribution and longitudinal therapy experiments. [67Cu]
Cu-MeCOSar-Tz was reacted with huA33-TCO for 0.5 h at
37 °C, and the reaction solution was purified via size exclu-
sion chromatography (Sephadex G-25M, PD-10 column, GE
Healthcare; dead volume: 2.5 mL, eluted with 2 mL of
phosphate-buffered saline, pH 7.4) to provide the final radio-
immunoconjugate in an isolated radiochemical yield of 49%, a
radiochemical purity of >99%, and a specific activity of 32.1
GBq/μmol.

Ex Vivo Biodistribution. With the synthesis and characterization of
the components complete, the next step was to evaluate the
in vivo performance of the system. But before we could move on
to the dual isotope theranostic strategy, it was critical to first
establish the efficacy of PRIT with huA33-TCO and [67Cu]Cu-
MeCOSar-Tz alone. This process began with pretargeted bio-
distribution experiments designed to probe the pharmacokinetic
profile of [67Cu]Cu-MeCOSar-Tz, determine the optimal inter-
val time between the injections of immunoconjugate and radio-
ligand, and facilitate the calculation of the radiation dose rates to
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the tumor and healthy organs. To this end, athymic nude mice
bearing s.c. A33 antigen-expressing SW1222 human colorectal
carcinoma xenografts were administered huA33-TCO (100 μg,
0.7 nmol) and then—following an interval of either 24 or 72
h—[67Cu]Cu-MeCOSar-Tz (9.3 to 10.0 MBq, 0.7 nmol). In ad-
dition, a control arm of the experiment was performed in
which tumor-bearing mice were administered the same dose of
[67Cu]Cu-MeCOSar-Tz alone. After 4, 24, 48, and 72 h, the co-
horts (n = 5 per time point) were killed, and the tumor as well as
selected organs were harvested, washed, dried, and assayed for
67Cu on a gamma counter (Fig. 3A and SI Appendix, Tables
S1–S3).
In the absence of huA33-TCO, [67Cu]Cu-MeCOSar-Tz

cleared quickly from the blood and healthy organs, was elimi-
nated via the urine, and produced negligible tumoral uptake
(i.e., 0.2 ± 0.1%ID/g at 72 hours post injection [h.p.i.]). In con-
trast, high-activity concentrations in the tumor were observed
in the mice treated with both huA33-TCO and [67Cu]Cu-
MeCOSar-Tz, with values reaching 10.2 ± 2.1%ID/g (24-h in-
terval) and 9.2 ± 1.3%ID/g (72-h interval) at 72 h.p.i. In these
same mice, the residual activity concentration in the blood de-
creased over the course of the experiment, starting around 3 to
4%-ID/g at 4 h.p.i. and reaching 0.5 to 1.0%ID/g at 120 h.p.i.
The uptake in other tissues remained relatively low throughout
the study, with the liver the healthy organ with the highest level
of uptake (∼1 to 3%ID/g). Taken together, these numbers pro-
duce high tumor-to-healthy organ activity concentration ratios,
e.g., tumor-to-blood, -muscle, -liver, and -large intestine ratios of
20.2 ± 7.7, 159.2 ± 35.6, 6.0 ± 1.6, and 66.8 ± 37.7 at 120 h.p.i.
for the cohort with a 72-h injection interval.

Dosimetry. Radiation dose rates and therapeutic indices for both
pretargeting intervals were calculated from the biodistribution
data (Fig. 3B). In addition, a biodistribution experiment was
performed with directly labeled [67Cu]Cu-huA33 and employed
for dosimetry calculations (SI Appendix, Fig. S2 and Table S4).
As expected, both pretargeting approaches yielded reductions in
radiation dose rates compared to the directly radiolabeled anti-
body. For example, the pretargeting strategy with a 72-h interval
produces dose rates of 5.9 and 14.2 cGy/MBq to the blood and
liver, respectively, while [67Cu]Cu-huA33 creates dose rates of
72.3 and 111.5 cGy/MBq to the same organs. However, signifi-
cant decreases in the radiation dose rates to the tumor in the
pretargeting cohorts (63.0 and 57.2 cGy/MBq for 24-h and 72-h
intervals, respectively) compared to the cohort that received the
directly labeled antibody (574.5 cGy/MBq) mean that the ther-
apeutic indices—i.e., the ratios of the radiation dose rates to the
tumor to the radiation dose rates to specific healthy tissues—for
all three methodologies lie in similar ranges. To wit, while pre-
targeting with a 24-h interval produces a tumor-to-blood thera-
peutic index (6.5) below that of the directly labeled antibody
(8.1), the pretargeting strategy with a 72-h interval yields the
highest therapeutic index (9.7) of all three. In the end, given its
higher tumor-to-blood therapeutic index, the 72-h PRIT strategy
was selected for longitudinal therapy studies.

Longitudinal Radiotherapy. Longitudinal radiotherapy studies
were performed to interrogate the efficacy and safety of this
approach to PRIT. These experiments initially employed eight
different cohorts (n = 10) of mice bearing s.c. SW1222 human
colorectal cancer xenografts (Fig. 4A). The three PRIT cohorts
received huA33-TCO (100 μg, 0.7 nmol) followed 72 h later by
three different doses of [67Cu]Cu-MeCOSar-Tz: 18.5, 37.0, or
55.5 MBq (in each case, 0.7 nmol). In contrast, the three control
cohorts received the vehicle (0.9% sterile saline) alone, huA33-
TCO alone, or [67Cu]Cu-MeCOSar-Tz alone (55.5 MBq). In
order to probe the value of fractionated dosing, a seventh cohort
received huA33-TCO (100 μg, 0.7 nmol) followed 72 h later by

two 27.8-MBq doses of [67Cu]Cu-MeCOSar-Tz separated by 48
h. Finally, an eighth, “traditional RIT” cohort received a single
dose of [67Cu]Cu-MeCOSar-Tz-TCO-huA33 (18.5 MBq).
While the growth of the tumors in the control cohorts con-

tinued unabated throughout the study, the tumors within the
mice of the PRIT and RIT cohorts exhibited a short initial pe-
riod of growth followed by a dramatic reduction in volume
(Fig. 4B). Indeed, all of the mice in the radiotherapy cohorts
ultimately reached a point at which their xenografts were smaller
than they had been on day 0. A dose-dependent therapeutic re-
sponse was observed among the three single-dose PRIT cohorts,
with the group receiving 55.5 MBq of [67Cu]Cu-MeCOSar-Tz
exhibiting the most significant regrowth delay. Similar regrowth
delay was found in the mice that received 18.5 MBq of the con-
ventional radioimmunoconjugate, [67Cu]Cu-huA33. Finally, the
response of the mice receiving fractionated PRIT largely mirrored
that of the 55.5-MBq PRIT cohort.
The efficacy of each treatment regimen is most clearly visu-

alized using a Kaplan–Meier plot (Fig. 4C). The median survival
times of the control cohorts are 21 d (vehicle only), 21 d (huA33-
TCO only), and 31.5 d ([67Cu]Cu-MeCOSar-Tz only). These
values stand in stark contrast to the median survival times of the
cohorts that received treatment: 68.5 d (single-dose PRIT, 18.5
MBq), 98.5 d (single-dose PRIT, 37.0 MBq), 200 d (single-dose
PRIT, 55.5 MBq), 189 d (fractioned-dose PRIT), and 200 d
(RIT). Statistical analysis of the data confirms significant differ-
ences (P values < 0.01) between the control groups and all of the
radiotherapy cohorts as well as between the 18.5 and 37.0 MBq
PRIT cohorts and the remaining three experimental groups. No
statistically significant differences exist, however, between the sur-
vival of the 55.5-MBq PRIT, fractionated PRIT, and traditional
RIT cohorts. While the vast majority of the mice killed during
the study had tumors that exceeded the maximum permissible size,
a handful of animals had to be killed—or were found dead—due
to other pathologies (SI Appendix, Table S5). In light of the do-
simetry data, body-weight measurements, and blood analysis (see
Body Weight and Blood Analyses below), it is unlikely that these
events stemmed from the endoradiotherapy itself but rather
were related to the aging of the immunocompromised mice.

SPECT Imaging. In addition to its therapeutic 141-keV β-particle,
67Cu also emits 185 keV (49%) and 93 keV (16%) gamma rays
that are suitable—although admittedly suboptimal—for SPECT
imaging. In order to probe the possibility of exploiting these
emissions to visualize the 67Cu-based therapies, SPECT imaging
was carried out for each cohort at 4, 24, 48, and 96 h after the
administration of radioactivity (Fig. 5 and SI Appendix, Fig. S3).
Fig. 5 contains representative SPECT maximum intensity pro-
jections (MIPs) from three cohorts: 55.5-MBq single-dose PRIT,
fractioned-dose PRIT (27.8 + 27.8 MBq), and RIT (18.5 MBq).
In the mice receiving fractionated doses of PRIT, the second
dose of [67Cu]Cu-MeCOSar-Tz was administered after the 48-h
SPECT scan, and the mice were imaged again 4 h (52 h after the
first dose) and 48 h (96 h after the first dose) later. Taken to-
gether, these images illustrate several trends. First, the excretion
of free [67Cu]Cu-MeCOSar-Tz through the urinary tract can be
clearly visualized in the images collected at 4 h.p.i. Second, in all
of the cohorts, the tumor is the tissue with the highest activity
concentration after 24 h. Third, the tumoral activity concentra-
tion in the cohort receiving fractioned PRIT increases following
the administration of the second dose, underscoring the viability
of this approach. Finally, as expected, the cohort that was ad-
ministered directly labeled [67Cu]Cu-huA33 exhibited elevated
activity concentrations in the liver compared to the PRIT groups.

Body Weight and Blood Analyses. In order to assess the potential
toxicity of this methodology, the body weight of each animal was
measured twice per week. All of the mice—except for one in the
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control cohort that received huA33-TCO only—maintained an
acceptable body weight (>90% of original weight) throughout
the course of the study (Fig. 6A). During the first 2 wk, slight
decreases were observed in the body weight of the mice in the
[67Cu]Cu-MeCOSar-Tz only, 55.5-MBq PRIT, fractioned-dose
PRIT, and RIT cohorts, but this trend self-corrected soon
thereafter. Generally speaking, however, the average weight loss
did not exceed 5% for any of the radiotherapy cohorts, sug-
gesting that this approach was well tolerated up to the highest
doses tested.

In addition to monitoring the weight of the animals, an anal-
ysis of the blood of representative mice from each cohort was
performed weekly (Fig. 6B and SI Appendix, Fig. S4). White
blood cell (WBC) counts decreased initially in all of the cohorts
that received doses of 67Cu, although these values recovered over
the course of the experiment (Fig. 6B). The largest drop was
observed in the 55.5-MBq single-dose PRIT cohort. Interest-
ingly, when 55.5 MBq of [67Cu]Cu-MeCOSar-Tz was delivered
as a fractioned dose—i.e., two doses of 27.8 MBq separated by
2 d—a smaller decrease in the WBC count occurred (P = 0.01

Fig. 3. Biodistribution and dosimetry data. (A) Biodistribution data in athymic nude mice bearing s.c. SW1222 xenografts for [67Cu]Cu-MeCOSar-Tz ([67Cu]Cu-
Tz, 9.3 to 10.0 MBq, 0.7 nmol) alone as well as in vivo pretargeting using [67Cu]Cu-MeCOSar-Tz and huA33-TCO with 24- and 72-h injection intervals. For the
latter, the mice were first administered huA33-TCO (100 μg, 0.7 nmol, 5 TCO/mAb) i.v. via the tail vein, followed 24 or 72 h later by the i.v. administration of
[67Cu]Cu-MeCOSar-Tz (9.5 to 11.0 MBq, 0.7 to 0.8 nmol). (B) Dosimetry data derived from the biodistribution data shown as well as biodistribution data for
directly labeled [67Cu]Cu-MeCOSar-Tz-TCO-huA33 (1.9 MBq, 100 μg, 0.7 nmol, n = 5) in athymic nude mice bearing s.c. SW1222 xenografts collected 4, 24, 72,
and 120 h.p.i. The data are presented as mean values ± SDs (n = 5); stomach, small intestine, and large intestine values include the contents. T.I.:
therapeutic index.
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at day 7). The RIT cohort, not surprisingly, exhibited a more
substantial drop—and a more sluggish recovery—in WBC
count than the PRIT cohort that received the same dose of
radioactivity (18.5 MBq). Platelet counts likewise dropped for
all of the cohorts that received 67Cu, but the most significant
decrease occurred in the 55.5-MBq PRIT cohort (Fig. 6B).
Furthermore, a more substantial decrease in platelet count was
again observed in the cohort receiving RIT compared to the
group receiving an equal dose of PRIT (P = 0.001 at day 14).
Like the WBC counts, however, the decreased platelet count

values recovered in all of the cohorts after the first 3 wk of
the study.

Incorporating Theranostic PET Imaging into 67Cu-PRIT. The final step
in the investigation was the in vivo evaluation of a dual isotope
approach to PRIT that incorporates 64Cu-based PET imaging as
well as 67Cu-based endoradiotherapy. To this end, a longitudinal
therapy experiment was performed in which athymic nude mice
bearing s.c. A33 antigen-expressing SW1222 were given three
injections: huA33-TCO (100 μg, 0.7 nmol), followed 72 h later by

Fig. 4. Longitudinal radiotherapy study in mice bearing s.c. SW1222 xenografts. (A) Experimental timelines for each cohort. (B) Tumor volumes of the in-
dividual mice of each cohort as a function of time. (C) Kaplan–Meier plot depicting the survival of the mice of each cohort. Median survivals: 21 d (saline only;
blue), 21 d (huA33-TCO only; red), 31.5 d ([67Cu]Cu-MeCOSar-Tz only; green), 68.5 d (18.5-MBq PRIT, purple), 98.5 d (37.0-MBq PRIT, orange), 200 d (55.5-MBq
PRIT, dark blue), 189 d (fractioned-dose PRIT, brown), 200 d (theranostic PRIT, black), and 200 d (RIT, pink). P values for median survival: 1/2/3 vs. 4/5/6/7/8 and
1/2 vs. 9 < 0.0001; 3 vs. 9 = 0.0002; 4 vs. 5 = 0.29; 4 vs. 6 = 0.0025; 4 vs. 7 = 0.0022; 4 vs. 8 = 0.0014, 4 vs. 9 = 0.0035; 5 vs. 6 = 0.0003; 5 vs. 7 = 0.0008; 5 vs. 8 =
0.0007, 5 vs. 9 = 0.0014, 6 vs. 7 = 0.40; 6 vs. 8 = 0.65; 6 vs. 9 = 0.94; 7 vs. 8 = 0.79, 7 vs. 9 = 0.54; 8 vs. 9 = 0.76. The significance analyses were performed with
GraphPad Prism 7.0 software using the log-rank Mantel–Cox test.
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[64Cu]Cu-MeCOSar-Tz (10.4 to 11.3 MBq, 0.7 nmol), followed
24 h later by [67Cu]Cu-MeCOSar-Tz (55.5 MBq, 0.7 nmol)
(Fig. 7A). From a therapeutic perspective, this approach pro-
duced a mean survival of >200 d and tumor growth arrest
comparable to the three most effective therapeutic strategies:
55.5-MBq PRIT, fractionated PRIT, and RIT (Fig. 4). PET
images collected at 4, 24, and 48 h after the administration of the
64Cu-labeled radioligand reflect our previous findings, with the
tumor tissue clearly visible at early time points and becoming
far and away the most prominent feature by 24 and 48 h.p.i
(Fig. 7B). Not surprisingly, the PET images collected at 48 h.p.i.
revealed heterogeneity in the tumoral uptake of [64Cu]Cu-
MeCOSar-Tz, with radioactivity levels in the center of the xeno-
graft ranging from 3.0 to 12.6 kBq. Importantly, the therapeutic
responses of individual mice seem to correlate with the level of

uptake of [64Cu]Cu-MeCOSar-Tz in the tumor (Fig. 7C). To wit,
the four mice that experienced tumor regrowth were the four mice
with the lowest uptake of [64Cu]Cu-MeCOSar-Tz in the tumor:
3.0, 4.1, 5.6, and 6.8 kBq. In contrast, the six mice with higher
levels of [64Cu]Cu-MeCOSar-Tz in the tumor—all >9.0 kBq—
exhibited complete tumor remission. Finally, the SPECT images
obtained from [67Cu]Cu-MeCOSar-Tz closely mirror the PET
images, reinforcing the theranostic value of the latter (Fig. 7D).

Discussion
Radioimmunoconjugates have long held promise for targeted
endoradiotherapy, yet their widespread clinical implementation
has been hindered due to concerns over their high radiation dose
rates to healthy tissues. In recent years, theranostic imaging has
helped clinicians select patients for RIT and optimize the dose of
radioimmunoconjugates to maximize their safety and efficacy.
And, while the advent of companion imaging agents has un-
doubtedly moved the field forward, it has not eliminated the
intrinsic problems of radiolabeled antibodies.
The overarching goal of this investigation was to create a

pretargeted approach to endoradiotherapy capable of leveraging
the advantages of antibodies and theranostic imaging while si-
multaneously skirting the pharmacokinetic—and, consequently,
dosimetric—limitations of full-length immunoglobulins. Over
the past 5 years, our laboratories have developed a strategy for
in vivo pretargeting based on the rapid and bioorthogonal in-
verse electron-demand Diels–Alder ligation between a TCO-
bearing immunoconjugate and a Tz-containing radioligand. We
have confirmed the efficacy of this approach in several murine
models of cancer using a variety of different antibodies and
positron-, β-, and α-emitting radionuclides, including 18F, 68Ga,
177Lu, and 225Ac. Yet until recently, each of these demonstra-
tions focused on only a single modality: PET or PRIT.
As we shifted our attention to a theranostic approach to

pretargeting, it became apparent that we would need to employ
either a single radionuclide with emissions suitable for both
imaging and therapy or a pair of radionuclides, each with emis-
sions suitable to one of the two tasks. Given that the former are
few and far between, we turned to the use of a radionuclide pair.
Along these lines, we demonstrated the feasibility of dual-
isotope pretargeting using 64Cu- and 177Lu-labeled tetrazines:
[64Cu]Cu-SarAr-Tz and [177Lu]Lu-DOTA-PEG7-Tz (48). With-
out question, the single most important finding of this work is
that the injection of a first radioligand does not adversely affect
the tumoral uptake or overall biodistribution of a second radi-
oligand. To wit, in pretargeting experiments using a 48-h interval
between the administration of huA33-TCO and [177Lu]Lu-
DOTA-PEG7-Tz, activity concentrations of 5.2 ± 1.2, 9.0 ±
2.6, and 13.0 ± 2.8%ID/g were observed in the tumor at 4, 24,
and 48 h.p.i. Under identical conditions—but with the injection
of [64Cu]Cu-SarAr-Tz a day after the immunoconjugate and
a day before the 177Lu-labeled radioligand—the tumoral activity
concentrations of [177Lu]Lu-DOTA-PEG7-Tz were found to be
all but identical: 4.9 ± 0.4, 11.3 ± 1.6, and 13.1 ± 2.7%ID/g at the
same time points. This phenomenon is of paramount importance
in the context of theranostics, as it ensures that a radioligand
administered for imaging does not attenuate the uptake or effi-
cacy of a radioligand administered for therapy (48, 52). Yet this
64Cu/177Lu-based strategy is ultimately suboptimal from a
theranostic standpoint because the two radioligands are different
and thus will exhibit different pharmacokinetic profiles and
in vivo behavior. Furthermore, the use of 177Lu (t1/2 ∼ 6.7 d) fails
to take advantage of an important facet of in vivo pretargeting:
the ability to use radionuclides with half-lives that are normally
incompatible with antibodies.
In this work, in response to these issues, we employed

two radioisotopes of copper—positron-emitting 64Cu and

Fig. 5. SPECT-computed tomography MIP images of representative mice
from the cohorts treated with (Top) 55.5-MBq PRIT, (Middle) fractionated
PRIT, and (Bottom) RIT. The second dose in the fractioned PRIT cohort was
administered immediately after the collection of the 48-h SPECT scan. The
mice were then imaged again 48 h later (corresponding to 96 h after the first
dose of radioligand).
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β-particle–emitting 67Cu—to create a pair of chemically identical
radioligands: [64Cu]Cu-MeCOSar-Tz and [67Cu]Cu-MeCOSar-Tz.
The use of radioligands that are isotopologues has two principal
advantages. First, the in vivo behavior of the two radioligands
will be identical, facilitating the use of the former as a predictor
of the biodistribution of the latter. Second, the use of only a
single chemical species as a radioligand (Cu-MeCOSar-Tz) will
simplify toxicological testing and streamline the regulatory re-
view process as a whole.
In light of our previous work, the biodistribution data for

pretargeting with huA33-TCO and [67Cu]Cu-MeCOSar-Tz pre-
sent relatively few surprises. Tumoral uptake of the radioligand
is apparent at even the earliest time point and grows throughout
the course of the experiment, suggesting that the 67Cu-labeled
tetrazine is clicking with both tumor-bound huA33-TCO and
circulating immunoconjugate that subsequently accumulates in
the xenograft. The [67Cu]Cu-MeCOSar-Tz clears from the blood
and healthy organs relatively quickly, ultimately yielding prom-
ising tumor-to-healthy organ activity concentration ratios across
the board. From a dosimetry perspective, the 67Cu-PRIT strategy
produces significantly reduced individual organ dose rates com-
pared to the directly radiolabeled 67Cu-huA33. Decreases in
radiation doses can also be seen when 67Cu-PRIT is compared to
177Lu-labeled huA33, arguably a more realistic comparison since
67Cu is seldom used to label full-length IgG for the clinic. To wit,
the radiation dose rate to the blood for 67Cu-PRIT is estimated
to be 5.9 cGy/MBq, compared to 71.3 cGy/MBq for 67Cu-huA33
and 67.7 cGy/MBq for 177Lu-huA33 (Fig. 3B and SI Appendix,
Table S6). Unfortunately, however, 67Cu-PRIT also produces
lower radiation doses to the tumor compared to directly labeled
67Cu-huA33 and 177Lu-huA33. As a result, the therapeutic in-
dices for pretargeting are generally comparable to those of the
traditional radioimmunoconjugates for most organs, and the
critical tumor-to-blood therapeutic index for 67Cu-PRIT (9.7
with a 72-h interval) is only marginally higher than that of 67Cu-
huA33 (8.1) and lies below that of 177Lu-huA33 (18.6). This is an
area that can be improved upon in the future. Optimizing the
timing of the methodology and the doses of each of the com-
ponents, for example, could improve therapeutic indices by in-
creasing dose rates to the tumor and/or decreasing dose rates to
healthy organs. Furthermore, our laboratory and others have
also explored the use clearing agents as a means of reducing
activity concentrations in the blood and healthy organs; however,
clearing agents, while effective, would inevitably add yet another
element of complexity to an already complex system.

The longitudinal therapy studies provide a platform to com-
pare the efficacy of the various treatment strategies. Most im-
portantly, all of the radiotherapy cohorts exhibit statistically
significant differences in mean survival time compared to all of
the control cohorts. In addition, a statistically significant dose-
dependent response was observed for the low-, medium-, and
high-dose PRIT cohorts. Intriguingly, while a statistically signif-
icant difference was not observed between the median survival
times of the 55.5-MBq PRIT (200 d) and fractionated PRIT (189
d) cohorts, four mice in the latter regrew tumors over the course
of the experiment compared to only one in the former. This
phenomenon likely stems from the fact that the fractionated
dose cohort did not receive its second 27.8-MBq dose (bringing
the total up to 55.5 MBq) until 120 h after the administration of
huA33-TCO, potentially lowering the overall radiation dose to
the tumor. Nonetheless, the SPECT imaging results for the
fractionated PRIT cohort clearly illustrate that the second ad-
ministration of the radioligand increases the activity concentra-
tion in the tumor, suggesting that fractionated dosing could be a
viable approach if optimized further. The mean survival time of
the 55.5-MBq PRIT cohort is also matched by the cohort receiving
18.5 MBq of [67Cu]Cu-huA33. The RIT cohort, however, does
outperform the PRIT cohort receiving an identical 18.5-MBq
dose, a result that is not surprising given the higher dose rate of
RIT to tumor tissue. It is worth noting that equal dose compari-
sons were not performed between RIT and PRIT at the 37.0- and
55.5-MBq levels because the literature suggests that these doses of
a 67Cu-labeled antibody would cause acute radiation toxicity in
mice (71). Finally, the body- weight monitoring and blood analysis
generally suggest that all of the radiotherapeutic strategies are
well tolerated, although slight yet temporary dips in the body
weight, WBC count, and platelet count were observed in the co-
horts of mice receiving higher radiation doses.
Despite the promise of 67Cu-PRIT alone, the most exciting

results from this study arguably arise from the experiments fea-
turing our theranostic approach to PRIT. In the longitudinal
therapy study, the cohort receiving theranostic 64/67Cu-PRIT
had a mean survival time of >200 d, equal to that of the
groups treated with 55.5-MBq PRIT and 18.5-MBq RIT. That
said, four mice in the theranostic PRIT cohort exhibited tumor
regrowth—three to the point of being killed and one only
slightly—compared to one in the single-dose PRIT group that
received the same dose of [67Cu]Cu-MeCOSar-Tz. In light of our
previous finding that the administration of one radioligand does
not impede the uptake of a second (48), it is unlikely that this
phenomenon is related to the use of two injections in the

Fig. 6. Monitoring the tolerance of mice to 67Cu-based endoradiotherapy. (A) Normalized body weight (n = 10) and (B) hematological values (n = 1 to 5) for
the mice in the longitudinal therapy study. WBC: white blood cell count. PLT: platelet count. The data are represented as mean values ± SDs.
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theranostic cohort. A more probable explanation may lie in the
heterogeneity of the tumors or, more likely still, that the mice in
the single-dose PRIT cohort received [67Cu]Cu-MeCOSar-Tz 72 h
after the injection of huA33-TCO while those in the theranostic
group received the 67Cu-labeled radioligand 96 h after the ad-
ministration of the immunoconjugate. The most critical finding,
however, is that the PET imaging results could have allowed us to
predict which of the mice would experience tumor regrowth. The
four mice with the lowest levels of radioactivity in the tumor in the
48-h PET scans (3.0, 4.1, 5.6, and 6.8 kBq) were those whose
tumors regrew. In contrast, all of the other members of the
cohort—whose xenografts contained >9.0 kBq of [64Cu]Cu-
MeCOSar-Tz—experienced complete and lasting shrinkage of
their tumor tissue. In the end, while our previous work established
the feasibility of dual radionuclide pretargeting, this investigation

goes two critical steps further: demonstrating the therapeutic ef-
ficacy of 67Cu-PRIT and illustrating the usefulness of pretargeted
64Cu-PET as a predictive indicator of response to 67Cu-PRIT.
We believe that the data from this investigation lay out a clear

road map for the incorporation of theranostic PET imaging into
PRIT regimens. As pretargeted PET inches ever closer to the
clinic—the first images from pancreatic cancer patients are
expected in early 2021—one can easily envision how pretargeted
imaging and therapy could be combined in the future: after the
collection of initial PET scans, physicians could decide whether a
patient is a suitable candidate for PRIT. If the tumoral standard
uptake value (SUV) is above a predetermined threshold, the pa-
tient would then receive a dose of a therapeutic Tz radioligand.
On the other hand, if the PET scan revealed insufficient uptake,
the clinicians would pivot and pursue other therapeutic options.

Fig. 7. PRIT with theranostic PET. (A) Schematic of the theranostic PRIT experiment. (B) Coronal slice and MIP PET images of a representative mouse in the
theranostic cohort at 4, 24, and 48 h post injection of [64Cu]Cu-MeCOSar-Tz. The coronal slices intersect the center of the tumor. (C) SPECT-CT MIP images of
the same representative mouse from the theranostic cohort collected at 4, 24, 48, and 96 h after the administration of [67Cu]Cu-MeCOSar-Tz. (D) The tumor
volume of each animal in the theranostic cohort as a function of time. The amount of radioactivity at the center of the tumor was determined via region of
interest (ROI) analysis of PET image slices acquired at 48 h post injection.
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Ultimately, we believe that this paradigm could be instrumental in
the creation of safe and effective PRIT strategies for colorectal
cancer, pancreatic cancer, and beyond.

Data Availability. All study data are included in the article and
SI Appendix.
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