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Although pancreatic ductal adenocarcinoma (PDAC) is associated
with limited treatment options and poor patient outcomes, targeted
a-particle therapy (TAT) represents a promising development in the
field. TAT shows potential in treating metastatic cancers, including
those that have become resistant to conventional treatments. Among
the most auspicious radionuclides stands the in vivo a-generator
212Pb. Combined with the imaging-compatible radionuclide 203Pb,
this theranostic match is a promising modality rapidly translating into
the clinic.Methods: Using the pretargeting approach between a radio-
labeled 1,2,4,5-tetrazine (Tz) tracer and a trans-cyclooctene (TCO)
modified antibody, imaging and therapy with radiolead were performed
on a PDAC tumor xenograft mouse model. For therapy, 3 cohorts
received a single administration of 1.1, 2.2, or 3.7 MBq of the pretarget-
ing agent, [212Pb]Pb-DO3A-PEG7-Tz, whereby administered activity
levels were guided by dosimetric analysis. Results: The treated mice
were holistically evaluated; minimal-to-mild renal tubular necrosis
was observed. At the same time, median survival doubled for the
highest-dose cohort (10.7 wk) compared with the control cohort
(5.1 wk). Conclusion: This foundational study demonstrated the feasi-
bility and safety of pretargeted TAT with 212Pb in PDAC while consider-
ing dose limitations and potential adverse effects.
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Recent advances in oncology have led to marked improvements
in the standard of care for cancer patients. Nevertheless, metastatic
relapse remains the principal cause of cancer mortality (1).
Targeted a-particle therapy (TAT) is thought to provide optimal

properties for treating disseminated micrometastatic diseases and
exhibits significant potential, especially for tackling rapidly progres-
sing cancers (2–4). TAT aims to selectively deliver a radiation to
cancer cells while minimizing treatment-related toxicities. The direct
cell-killing effect of a-particles is related to the induction of double-
stranded DNA ruptures caused by the impact of the massive particles
combined with their high linear energy transfer (50–230keV/mm).

Because of their relatively short effective range (,100mm),
a-emitters minimally cross-irradiate surrounding healthy tissue (5).
One increasingly popular radionuclide is the in vivo a-particle

generator 212Pb, which emits 1 (net) a-particle and 2 b–-particles
within its decay chain (Fig. 1; Supplemental Fig. 1; supplemental
materials are available at http://jnm.snmjournals.org). An isotopic
theranostic match can be found in 203Pb, which has a half-life of
2.1 d and is suitable for SPECT imaging. Because of the pair’s
suitable chemical and physical properties, 203Pb and 212Pb are
ideal for clinical translation (6). However, with a relatively short
physical half-life (10.6 h), 212Pb-bearing radiopharmaceuticals
require fast pharmacokinetics. Thus, pretargeted radionuclide ther-
apy (PRT) is an especially promising strategy for using 212Pb (7).
Our laboratories previously reported the inverse electron-demand

Diels-Alder ligation’s potential for PRT (8–11). In this work, we
investigated the pretargeting strategy between the trans-cyclooctene
(TCO)–conjugated monoclonal antibody (mAb) 5B1 and 212Pb-
radiolabeled Tz conjugates. 5B1 targets the carbohydrate cell sur-
face antigen 19-9, which is overexpressed in pancreatic ductal
adenocarcinoma (PDAC)—a uniformly lethal cancer form with
limited treatment options (12). The pretargeting approach decou-
ples the relatively short physical half-life of the radionuclide from
the long biologic half-life of antibodies, promising both high speci-
fic binding to the tumor marker and fast clearance of the radio-
tracer. In a preclinical model, we aimed to prove that this strategy
rapidly and safely delivers 212Pb to the tumor. A further advantage
of pretargeting is that multiple Tz radiotracers can be subsequently
administered with almost identical tumor uptake, as previously
reported (9). This allows for delivering a diagnostic Tz tracer first
and calculating dosimetry estimates, followed by administering the
therapeutic one without reinjecting the mAb (Fig. 1). This approach
will enable clinicians to better anticipate the outcome of therapy
preceded by predictive imaging.

MATERIALS AND METHODS

Information about laboratory equipment, biology, dosimetry, and
additional studies can be found in the supplemental materials, as well as
the synthesis of the Tz precursors modified with a polyethylene glycol 7
(PEG7) linker and attached to one of the 4 chelators: TCMC (2-[4,7,10-
tris(2-amino-2-oxoethyl)-1,4,7,10-tetrazacyclododec-1-yl]acetamide),
PSC (2-[4,10-bis(carboxymethyl)-1,4,7,10-tetrazacyclododec-1-yl]-
acetamide), DO3A (1,4,7,10-tetraazacyclododecane-1,4,7-triacetic acid),
or DOTA (2,29,299,2999-(1,4,7,10-tetraazacyclododecane-1,4,7,10-tetrayl)-
tetraacetic acid).

All animal procedures were approved by the Institutional Animal
Care and Use Committee.
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General Information for In Vivo Studies
For pharmacokinetic assessments, the 203Pb- or 64Cu-labeled Tz was

intravenously injected (tail vain) into 8 healthy female athymic nude
mice, and the radiotracer distribution was determined in selected organs
at 1 and 4 h after injection (n 5 4 per time point). The mice were intra-
venously injected with the 5B1-TCO conjugate (100 mg in sterile filtered
phosphate-buffered saline) for pretargeting. Three to 4 d later, the mice
received the radiolabeled tracer (2 nmol in phosphate-buffered saline).

Imaging
The mice were anesthetized using 2% isoflurane for imaging.

SPECT/CT images with 203Pb (11–37 MBq per mouse) were obtained on
a Mediso nanoScan SPECT/CT device equipped with a high-resolution,
low-energy, multipinhole collimator detecting the 203Pb characteristic
x-rays between 70 and 90 keV. All SPECT images were analyzed using
VivoQuant (Invicro) reconstruction software (2020patch1hf2). PET/CT
images with 64Cu (�7.4 MBq per mouse) were obtained on an Inveon
PET/CT (Siemens) rodent scanner. All PET/CT images were analyzed
using the Inveon software suite. The counting rates in the reconstructed
images were converted to the mean percentage injected dose per gram of
tissue (%ID/g) by applying a system-specific calibration factor. Cerenkov
luminescence imaging with 212Pb (recording time, 5 min) was performed
with an IVIS Spectrum (PerkinElmer).

For biodistribution studies, the mice were euthanized (CO2 asphyxi-
ation followed by cervical dislocation), and the tissues of interest were
harvested for g-counting or histologic analyses.

Therapy
A 212Pb PRT dose escalation study was performed to evaluate ther-

apeutic potential and identify potential adverse effects. Sixty mice

were implanted with subcutaneous tumor xenografts 5 wk before the
study commenced. The width and length of the tumors were deter-
mined using a caliper, and the tumor volume was calculated via Equa-
tion 1 as described in the literature (13).
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: Eq. 1

Mice with tumor volumes of 100–300 mm3 were selected and ran-
domized into 5 cohorts (n 5 8 per cohort). Two cohorts served as con-
trols and 3 received administered activities of 1.1, 2.2, and 3.7 MBq;
the choice of these administered activities was guided by dosimetry
estimates and accepted dosimetry thresholds for tumor response and
toxicity (14,15). The mice received the 5B1-TCO conjugate 1 d after
randomization and the 212Pb-labeled Tz 3 d later. Wellness was moni-
tored daily, and tumor volume and body weight were monitored
biweekly until the endpoint. The endpoint was defined as a tumor vol-
ume of more than 2,000 mm3, weight loss of more than 20% (com-
pared with initial measurement), or a concerning health condition
(e.g., necrotic or ulcerating tumor). After reaching their endpoints, the
mice were euthanized, and selected tissues, including tumors, livers,
and kidneys, were collected. Selected mice (n 5 14 in total) from each
cohort were submitted alive to a board-certified veterinary pathologist
at the Memorial Sloan Kettering Cancer Center, Weill Cornell Medi-
cine, and the Rockefeller University Laboratory of Comparative
Pathology for a holistic evaluation. Blood samples (3 per cohort) were
collected weekly via retroorbital blood draws and analyzed with a
Hemavet 950 (Drew Scientific).

All data are represented as mean value6 standard error of the mean.
The sample sizes were selected regarding statistical considerations,

FIGURE 1. Pretargeting with theranostic pair 203Pb and 212Pb. (Left) Decay scheme of in vivo a-generator 212Pb and SPECT-compatible nuclide 203Pb.
(Right) Illustration of theranostic pretargeting approach, following concept of reference 9. This figure was created with BioRender. EC5 electron capture;
t1/2 5 half-life.
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ethical guidelines, and exigencies of funding. The significance analyses
were performed using GraphPad Prism software 9.0, using unpaired
2-tailed t, multiple t, and log-rank tests.

RESULTS

Chemical Evaluation of Tz-Based Radiotracers
The pharmacokinetic properties of Tz-based radiopharmaceuti-

cal systems are essential factors for the success of PRT. Ideally,
Tz-based radiopharmaceuticals exhibit short blood retention times
and demonstrate low off-target uptake; usually, renal elimination
is preferable. For this study, we investigated the previously devel-
oped precursor DOTA-PEG7-Tz (8) and 3 additional precursors
differing in the attached chelator (Fig. 2A). The 4 precursors
are distinct in their theoretic charge (from 12 to 22, when lead-
labeled), which might have a substantial influence on their
pharmacokinetics (16,17). To visualize their relative ionic beha-
vior under physiologic conditions, we performed paper electropho-
resis with the 212Pb-labeled radiotracers using phosphate-buffered
saline at a pH of 7.4 (18), followed by phosphor imaging
(Fig. 2B). Worthy of mentioning, the charges are not sharply
defined but are a function of the pH and concentration of other
coordinating anions and cations. Free Pb21 hydrolyzes under
physiologic conditions and predominately forms the Pb(OH)1

species, thus explaining the minimal migration (19). The 4 radio-
tracers showed a clear charge tendency, with DO3A-PEG7-Tz and
PSC-PEG7-Tz being close to their isoelectric point. It has been
previously reported that a slight negative charge facilitates a bene-
ficial pharmacokinetic behavior (17,20). These results suggest that
DO3A-PEG7-Tz might show superior performance in vivo, with a

relatively short plasma retention time, fast renal clearance, and
minimal hepatic clearance.
The radiotracers’ lipophilicity was investigated by analytic

high-performance liquid chromatography and confirmed by the
1-octanol/phosphate-buffered saline distribution coefficient at pH
7.4 (log D7.4) (21). The data (Fig. 2C; Supplemental Table 1)
affirm that all compounds are susceptible to high aqueous solubil-
ity and poor membrane permeability—desirable properties for a
pretargeting tracer. The reason for the relatively similar behavior
is that the lipophilicity is predominately regulated by the Tz-PEG7

unit, which all compounds have in common.
All precursors (at a concentration of 1026 M) demonstrated

lead incorporation greater than 90% within 15min at 37�C
(Fig. 2D). Further experiments (Supplemental Fig. 2) revealed that
a chelator concentration greater than 1026 M and a chelator:metal
ratio greater than 50:1 is required to approach quantitative labeling
yield. The tracer stability of all 203Pb-labeled tracers was investi-
gated in human serum at 37�C via radio–instant thin-layer chroma-
tography and revealed a release of less than 5% 203Pb over 5 d,
indicating that all lead chelates possess excellent stability.

Pharmacokinetics of Radiotracers
The 203Pb-labeled and purified radiotracers (Supplemental

Fig. 3) were administered to healthy mice, and their pharmacoki-
netic behavior was investigated (Fig. 3A). All tracers showed a
predominantly renal clearance (.90 %ID/g, Supplemental Fig. 4).
The TCMC-based tracer, with the highest positive relative charge
in the paper electrophoresis, revealed slightly higher blood reten-
tion (0.716 0.05 %ID/g at 1 h), possibly because of increased
binding to the negatively charged albumin. Additionally, an

FIGURE 2. Chemical evaluation of Tz compounds. (A) Chemical structures of 4 Tz precursors. (B) Autoradiogram of paper electrophoresis performed
with 212Pb-labeled Tz precursors and [212Pb]PbCl2 at pH 7.4. (C) Normalized high-performance liquid chromatography diagrams of free and
natPb-labeled Tz compounds (ultraviolet/visible light signal recorded at 254nm). (D) Radiochemical conversion of Tz precursors (concentration of Tz 5

1026 mol/L, at 37�C) with 203Pb measured via radio–instant thin-layer chromatography.
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increased uptake in kidneys (3.06 0.1 %ID/g at 4 h) and liver
(3.56 0.1 %ID/g at 4 h) was observed. The radiotracer with the
highest relative negative charge, DOTA, showed partial hepatic
clearance, as indicated by intestinal uptake (3.96 0.3 %ID/g at
4 h). This clearance path is unfavorable because of the high radio-
sensitivity of the intestinal tract. The DO3A derivative showed the
best pharmacokinetics, with fast clearance and low uptake in
healthy tissue. Interestingly, this outcome could not have been pre-
dicted by relying solely on logD7.4 values or in vitro stability tests.
However, investigating the overall charge (visualized via paper
electrophoresis) indicated which radiotracer could provide desir-
able pharmacokinetics; a slight negative charge (at pH 7.4) was
confirmed to be beneficial for fast renal clearance.
Moving forward, the lead candidate, DO3A-PEG7-Tz, radiola-

beled with 203Pb was investigated in a murine xenografted PDAC
model pretargeted with 5B1-TCO (Fig. 3B). SPECT imaging and a
multiple-time-point biodistribution study revealed a tumor uptake
of 9.96 1.4 %ID/g at 24 h after Tz injection. The tumor-to-blood

ratio was 3.86 1.0, and the tumor-to-muscle ratio at the same time
was 27.26 8.4. The increased blood retention (2.66 0.4 %ID/g)
can be attributed to still-circulating 5B1-TCO, which reacted with
the Tz tracer and slowly accumulated at the tumor site. Within the
48-h interval, no release of 203Pb was observed. These results
reflect previously published pretargeting data (9,22).

212Bi Release and Dosimetry Estimations
It is essential to underline that 212Pb itself is not the a-emitter

but its progeny. Since 212Po has a short half-life of 0.3ms, its
redistribution can be neglected. However, the first daughter—212Bi
(half-life, 61min)—has the potential to redistribute in the body.
The conversion from 212Pb to 212Bi happens via low-energy
b-decay, and the average recoil energy is approximately 0.52 eV.
Hence, the 212Bi release is unlikely to be driven by the recoil,
assuming a bond energy of around 3 eV (23). However, the yield
of conversion electrons from 212Pb is relatively high (38%) and is
followed by a cascade of Auger electrons resulting in highly

FIGURE 3. Pretargeting study with [203Pb]Pb-DO3A-PEG7-Tz. (A) Biodistribution data of 4 203Pb-labeled Tz tracers (2nmol, 0.7 MBq) in healthy female
nude mice. (B) Results of initial pretargeting study, with study design shown at top and, at bottom, biodistribution data of [203Pb]Pb-DO3A-PEG7-Tz
(2nmol, 0.7 MBq) in mice pretargeted with 5B1-TCO (100mg, 0.7nmol), accompanied by SPECT maximum-intensity projections (2 nmol, 18.5 MBq).
Bl5 bladder uptake; T5 tumor uptake.

112 THE JOURNAL OF NUCLEAR MEDICINE � Vol. 65 � No. 1 � January 2024



ionized states for the daughter nuclides (Bi41 to Bi71), which are
postulated to destroy the chelate (24,25). If 212Bi is released from
the tumor environment, it will localize predominantly in the kid-
neys (Supplemental Fig. 5) (8,26).
Using radiochemical separation methods (Supplemental Fig. 6),

we determined via g-spectroscopy (Supplemental Fig. 7) that on
average 40% 6 5% of 212Bi is eliminated from the chelators (Sup-
plemental Table 2). This reflects values previously reported in the
literature (24,27–29). However, when we were investigating the
212Bi release in a cell assay using the BxPC-3 cell line (Supplemen-
tal Fig. 6B), instead of 40% 6 5% only 26% 6 5% unbound 212Bi
was detected in the cell medium. When we repeated this experi-
ment but incubated the cells at 4�C, an increased fraction of 34%
6 5% 212Bi was released. We hypothesize that biologic processes
such as mitosis, membrane turnover, and endocytosis of the radio-
tracer facilitate the retention of unbound 212Bi. The possibility of
an active bismuth transport mechanism was ruled out by incubating
the cells with [212Bi]BiCl3; no

212Bi uptake was detected.
Finally, we investigated the release of 212Bi in vivo using

the pretargeting strategy with [212Pb]Pb-DO3A-PEG7-Tz in our
PDAC xenograft mouse model. The mice were euthanized individ-
ually 24 h after injection of the radiotracer, and the tissues of inter-
est were measured via g-counting. We determined that merely

14.6% 6 0.7% of the intratumorally generated 212Bi activity was
redistributed. As expected, an additional relative uptake of 58.3% 6
6.4% 212Bi activity (compared with 212Pb) was measured in the kid-
neys (Fig. 4), reflecting the 212Bi elimination from the tumor.
Summarizing, even though we determined an elimination of

40% 6 5% 212Bi from the chelator, the release of intratumorally
generated 212Bi was reduced to 14.6% 6 0.7% in vivo, because of
the retention of the progeny within the tumor environment.
Pretargeting dosimetry estimates for murine administration of

[212Pb]Pb-DO3A-PEG7-Tz were determined according to the literature
(Fig. 4) (30–33). When no daughter redistribution was assumed, the
critical organs were the kidneys (6.9Gy-equivalent/MBq of [212Pb]Pb-
DO3A-PEG7-Tz administered), red marrow (9.5Gy-equivalent/MBq),
and urinary bladder (7.5Gy-equivalent/MBq) (Supplemental Table 3).
When using a conservative organ-level release estimate of 40% 212Bi
(highly overestimated as confirmed by the in vivo 212Bi release study
showing only 14.6% 6 0.7% release), which is followed by rapid
redistribution and kidney accumulation, we calculated that the kidney
dose coefficient could increase by nearly an order of magnitude
(62Gy-equivalent/MBq) (Supplemental Table 4). In contrast, dose
coefficients for the tumor and other organs consequently decrease by
40%. In either case, myelotoxicity and renal toxicity are determining
dose limitations.

Therapy Study with [212Pb]Pb-DO3A-
PEG7-Tz
A therapy study was conducted with

[212Pb]Pb-DO3A-PEG7-Tz (single admin-
istration) comprising 5 arms (n 5 8 per
cohort) with 2 control and 3 therapeutic
groups. The 2 control arms consisted of
one group that received only 5B1-TCO
and one that received an unspecific IgG-
TCO mAb followed by administration of
1.1 MBq of [212Pb]Pb-DO3A-PEG7-Tz
3 d later. For PRT, the pretargeted mice
received 1.1, 2.2, or 3.7 MBq of
[212Pb]Pb-DO3A-PEG7-Tz. For these activ-
ities, the estimated relative biological effec-
tiveness–weighted dose to the tumor tissue
would be expected to induce a response
(�20–100Gy-equivalent) without producing
excessive toxicity (Supplemental Fig. 8).
The 4 groups that received a radioactive pay-
load (3 d after mAb administration) were
imaged 1 d after injection via Cerenkov
luminescence imaging (Fig. 5A). The 4 ther-
apeutic arms revealed that the Cerenkov
luminescence imaging signal increased
between the 3 dose levels. The IgG control
arm showed unspecific accumulation in the
liver, spleen, and kidneys.
The therapy study was accompanied by

complementary imaging via PET using
[64Cu]Cu-DO3A-PEG7-Tz (Fig. 5A) instead
of relying on SPECT imaging with
[203Pb]Pb-DO3A-PEG7-Tz. This was a prac-
tical consideration since PET imaging allows
for easily quantifiable images, higher output,
and shorter imaging times. We confirmed
that the radiolabeling (Supplemental Fig. 2C)

FIGURE 4. 212Bi release and dosimetry estimations. (Top) Biodistribution data of 212Bi, measured
15min after death, and of 212Pb. (Bottom) Estimated relative biological effectiveness–weighted
absorbed dose coefficients for [212Pb]Pb-DO3A-PEG7-Tz (in Gy-equivalent per MBq administered)
estimated for different assumptions regarding redistribution of 212Pb’s progeny.
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and pharmacokinetics (Supplemental Fig. 9) are similar between
the 64Cu- and 203Pb-labeled precursors. Consequently, dosimetry
estimates and therapy monitoring can be pursued via either SPECT
or PET imaging using 203Pb or 64Cu, respectively, greatly expand-
ing the toolbox. Here, the mice were injected with the PET agent
1 d after receiving the therapeutic dose (4 d after 5B1-TCO admin-
istration) to circumvent interference with the Cerenkov lumines-
cence imaging.
Three criteria were established requiring euthanasia of the mice:

a tumor burden of more than 2,000 mm3, weight loss of more than
20%, or a severe health condition (e.g., lethargy, petechiae, or
infections). In the first week, the white blood cell count decreased
for the 4 cohorts that received activity. The 3.7-MBq cohort was
most affected, revealing a count of roughly 0.2 3 103 white blood
cells per microliter. The population of platelets and red blood cells
decreased minimally within the first 2 wk. By the third week, all
cohorts had recovered from the initial impairment, as indicated by
the normalized blood panel (Supplemental Fig. 10).
Compared with the 5B1-TCO control group, the PRT cohorts

revealed a particular duration of tumor growth retardation, and the
effect depended on the received activity. The delayed onset for
tumor progression was roughly 5 wk for the 3.7-MBq cohort,
3.5 wk for the 2.2-MBq cohort, and 2.5 wk for the 1.1-MBq cohort
(Fig. 5B; Supplemental Fig. 11). A growth suppression of almost
2 wk was observed for the IgG (11.1 MBq of 212Pb) control
cohort; this finding can be attributed to the enhanced permeability
and retention effect and stimulated immune response, as previo-
usly reported (34). After the onset of tumor progression, each
cohort reached the endpoint in approximately 5 wk. On average,
the median survival was 5.1 wk for the 5B1-TCO cohort and 6.5
wk for the IgG-TCO control cohort. The 1.1-, 2.2-, and 3.7-MBq

[212Pb]Pb-DO3A-PEG7-Tz cohorts showed a median survival of
8.3, 9.7, and 10.7 wk, respectively. These data include mice eutha-
nized before reaching the maximum tumor volume. Three mice of
the 1.1-MBq cohort, 2 of the 2.2-MBq cohort, and 2 of the 3.7-
MBq cohort developed ulcerating tumors. One mouse of the 3.7-
MBq cohort and 2 of the IgG-TCO 1.1-MBq cohort showed
lethargic behavior. One mouse of the 2.2-MBq cohort died on day
58 due to unidentified causes.
To investigate possible adverse effects of PRT, randomly

selected mice from each cohort—after they reached their end-
point—were submitted alive for a comprehensive assessment by
board-certified veterinary pathologists. This included a gross
examination, a histopathologic examination of selected tissues of
interest, and blood work (hematology and serum chemistry) analy-
sis. The only significant changes that could be attributed to the
treatment (i.e., radiation injury) in these mice were seen in the kid-
neys and ovaries (Fig. 6). The other macroscopic, microscopic,
hematology, and serum chemistry changes observed in the evalu-
ated mice were not considered treatment-related.
All the microscopically examined treated mice (n 5 8) exhib-

ited a bilateral minimal-to-mild tubulonephropathy with tubular
epithelial degeneration and necrosis (cellular sloughing, cytoplas-
mic swelling, pallor, condensation or hypereosinophilia, karyor-
rhexis, karyolysis or karyomegaly, or attenuation). These changes
affected a minimal to mild portion (�1%–#10%) of the renal
tubules—mainly those found at the corticomedullary junction.
These lesions were not observed in the microscopically examined
5B1-TCO control mice (n 5 3). These findings resemble renal
injuries previously associated with a-emitter treatments in mice,
including mice administered 212Pb and 225Ac (35,36). Although
some mice were slightly more affected than others, the treatment

FIGURE 5. Therapy study: pretargeting with [212Pb]Pb-DO3A-PEG7-Tz. (A) Cerenkov luminescence imaging of 4 arms that received [212Pb]Pb-DO3A-
PEG7-Tz (2nmol) via pretargeting 24h after injection. (B) Maximum-intensity projections (24h after injection) of 4 mice (3.7-MBq cohort) injected with
[64Cu]Cu-DO3A-PEG7-Tz 1 d after therapy to demonstrate complementary PET imaging. (C) Waterfall plot of fold change of tumor volume for each
cohort. (D) Survival probability as function of time after Tz injection (n5 8 per cohort). Bl5 bladder uptake; K5 kidney uptake; T5 tumor uptake.
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dosage did not seem to have significantly affected the severity of
the kidney lesions. These lesions also did not seem to substantially
affect the renal function of these animals, as there were no appar-
ent signs of renal toxicity in the serum chemistry results.
All microscopically examined ovaries from the treated mice

(n 5 9) exhibited marked atrophy. These ovarian changes were
not observed in the microscopically examined 5B1-TCO control
mice (n 5 6). Ovarian atrophy can be caused by radiation because
of nonreversible injury to germ cells (37). Ovaries are radiosensi-
tive organs, and their atrophy has been described as an effect of
some radioimmunotherapies in mice (38). As all examined ovaries
were markedly affected, the treatment dose did not seem to have
substantially affected the severity of the ovarian lesions.
The pathology report further highlights that fractionated dosing of

[212Pb]Pb-DO3A-PEG7-Tz at 1- to 2-wk intervals could decrease
toxicity while possibly increasing the therapeutic response. Reimaging
of selected mice 10 wk after receiving the therapeutic dose confirmed
that their tumors still highly express the carbohydrate cell surface
antigen 19-9 (Supplemental Fig. 12), indicating the feasibility of frac-
tionated dosing.

CONCLUSION

The elementary match pair 212Pb and 203Pb has demonstrated
great potential to advance theranostics and promote the translation
of TAT. For the relatively short-lived therapeutic nuclide 212Pb,
PRT appears to be a promising strategy because of its rapid deliv-
ery of the radioactive payload and minimal off-targeting.
Here, we used a xenografted PDAC mouse model and the TCO-

modified mAb 5B1 to enable pretargeting with the Tz-based radio-
tracer [203Pb]Pb-DO3A-PEG7-Tz.
In a single administration study, the efficiency and safety of

PRT with 212Pb were evaluated. With the highest administered
dose of 3.7 MBq, the average survival time could be doubled com-
pared with the control cohort while maintaining radiotoxicity
within acceptable limits. Furthermore, we demonstrated that even

when using a noninternalizing vector, the limited redistribution of
the daughter nuclide 212Bi does not lead to marked reduction in
antitumor potency and does not lead to marked increases in
normal-organ toxicity.
The short half-life of 212Pb (10.6 h) would allow for a controlled

dose fractionation and weekly-to-biweekly injections. On this
regimen, side effects can be minimized, therapy progress can be
monitored exactly, and the tumor burden can be further reduced
until eventually eliminated. Recently, Kein€anen et al. reported on
a pretargeting strategy harnessing 64/67Cu in a colorectal cancer
mouse model. They revealed that fractionated dosing with the
therapeutic nuclide resulted in prolonged tumor suppression (9).
Studies with 212Pb administration in biweekly cycles (fractionated
dosing) are under way.
This foundational study demonstrated the feasibility and safety

of pretargeted TAT with 212Pb in PDAC while considering dose
limitations and potential adverse effects.
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FIGURE 6. Representative histology results. Representative histology of hematoxylin- and eosin-stained kidney (top) and ovarian (bottom) sections of
BxPC-3 tumor–bearing female athymic nude mice. (Left) Mice treated with 212Pb. (Right) Control group. Histopathology of kidneys revealed multifocal,
minimal-to-mild tubular injury (arrows) affecting approximately 1%–10% of tubules. Control animals showed histologically normal kidneys. Histopathol-
ogy of treated ovaries revealed diffuse marked ovarian atrophy with complete loss of follicles and corpora lutea.
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KEY POINTS

QUESTION: Is pretargeting a feasible strategy for the theranostic
matched pair 203/212Pb to enable combined imaging and therapy
in an adenocarcinoma mouse model?

PERTINENT FINDINGS: Pretargeting is a suitable delivery
approach for the short-lived radionuclide 212Pb. This foundational
study demonstrates the feasibility and safety of pretargeting TAT
with 212Pb—accompanied by complementary imaging with 203Pb
(and 64Cu)—in PDAC while considering dose limitations and
potential adverse effects.

IMPLICATIONS FOR PATIENT CARE: Pretargeting with
radiolead is a promising strategy to improve patient care,
especially for cancer entities with currently limited treatment
options, such as PDAC. Upcoming studies will elucidate the
benefit of dose fractionation, which will minimize side effects while
the tumor burden is further reduced until eventually eliminated.
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