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Abstract

Somatostatin analogues have been examined as a treatment
for somatostatin receptor overexpressing tumors for years;
specifically, octreotate (TATE) and octreotide (TOC). Several
versionsof these analogues coupled tobeta or gammanuclides
are currently used as imaging agents, as treatments with
peptide receptor radionuclide therapy (PRRT) for patients
with neuroendocrine tumors or are being explored in preclin-
ical and clinical settings. Our study describes the use of 212Pb-
DOTAMTATE, the octreotate analogue, in combination with
212Pb, the parent of an alpha emitter. Preclinical studies
demonstrated tumor targeting of 212Pb-DOTAMTATE of
>20% ID/g up to 24 hours post drug injection. The addition
of kidney protection agents, including L-lysine and L-arginine
decreases drug accumulation in the kidneys and the addition
of ascorbic acid to the chelation mixture reduces oxidation of

the drug product. 212Pb-DOTAMTATE displays a favorable
toxicity profile with single-dose injections of 20 mCi showing
100% survival and with nontoxic cumulative doses up to
45 mCi, when fractionated into three smaller doses of 15 mCi.
In an initial efficacy study, a single 10 mCi injection of
212Pb-DOTAMTATE extended the mean survival 2.4-fold.
Efficacy was enhanced by giving three treatment cycles of
212Pb-DOTAMTATE and reducing the time between injec-
tions to two weeks. Efficacy was optimized further by the
addition of a chemo-sensitizing agent, 5-fluorouracil, given
in combinationwith three cycles of 10mCi 212Pb-DOTAMTATE.
These conditions led to 79% of the animals being tumor
free at the end of the 31-week study suggesting that
212Pb-DOTAMTATE alone or in combination with a chemo-
therapeutic may have positive clinical implications.

Introduction
Although great strides have been taken to increase the success

of cancer treatments, new and more specific strategies are
urgently needed to increase cancer cytotoxicity while minimiz-
ing damage to healthy tissue. One such strategy is to link
peptides targeting tumor-associated receptors to radioisotopes,
to direct the killing power of these isotopes to tumor cells. For
successful targeted radiation, crucial considerations must be
addressed regarding emission type, energy/range of emission,
and half-life. 212Pb provides a radiotherapeutic agent with
short-range cancer cell destruction (a-particles) and potential
imaging (g-ray) capabilities. The 212Pb half-life of 10.6 hours
provides clinical feasibility and allows for its production and
world-wide distribution.

Peptide receptor radiotherapy (PRRT), specifically with
somatostatin analogues, has been examined as a treatment for
somatostatin-overexpressing tumors for years. The SSTR binding
Tyr3-octreotate (TATE) peptide used in this study has been

extensively evaluated in clinical studies in the United States and
worldwide. Octreotate-based compounds are routinely used in
clinical studies for diagnosis of patients with SSTR-positive neu-
roendocrine tumors (NET) using gamma-emitting isotopes such
as 68Ga (U.S. commercial name Netspot, Novartis) and 64Cu as
well as other radiolabeled analogues, 111ln-octreoscan and
99mTc-/EDDA/HYNIC-octreotide (1–4). They have shown favor-
able results in therapy of patients with neuroendocrine tumors
using beta-emitting isotopes (177Lu and 90Y; refs. 5, 6) and more
recently with alpha particle–emitting isotopes such as 225Ac and
213Bi (7). The 177Lu-DOTATATE phase III study NETTER-1 trial
demonstrated a statistically significant and clinically meaningful
risk reduction of 79% in disease progression or death versus a
treatmentwith adouble dose ofOctreotide LARversus standardof
care in patients with progressed midgut carcinoid tumors (8).
This study also demonstrated a favorable safety profile of
177Lu-DOTATATE. The median progression-free-survival in the
177Lu-DOTATATE arm (NETTER-1) at 30months has not yet been
reached, while themedian progression-free survival in theOctreo-
tide LAR 60 mg arm was only 8.4 months. While beta-emitter
PRRT showed very promising results and 177Lu-DOTATATE
(Lutathera) has recently been approved in United States and
Europe, it is known to be limited in some populations. Patients
previously resistant to beta PRRT have responded favorably to
alpha therapy (9). Previous studies have demonstrated the low
toxicity profile of alpha-emitter–labeled SSTR-targeting
agents (7), but limited preclinical data are available. Further
studies showed that PRRT could be combined with chemother-
apeutics to enhance efficacy (10–14). The studies presented here
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further support the use of alpha SSTR agents as treatment for
neuroendocrine tumors.

Extensive preclinical work, including relevant xenograftmodels
of SSTR-overexpressing tumors, has been accomplished showing
tumor uptake > 20% ID/g at 1 hour postinjection and remaining
for up to 24 hours, a reduction in kidney accumulation by the
addition of positively charged amino acids and the reduction of
drug oxidation by ascorbic acid added during the chelation
step. Furthermore, 212Pb-DOTAMTATE showed a favorable toxi-
city profile with a Highest Non-Severely Toxic Dose (HNSTD) of
20 mCi and efficacy that can be improved by decreasing the timing
between drug injections from three weeks to two weeks. Efficacy
data showed a 2.4-fold increase inmedian survival inmice treated
with a single 10 mCi dose of 212Pb-DOTAMTATE. This could be
further enhanced by the addition of a chemo-sensitizing agent,
5-fluorouracil (5-FU), which when given in combination of 212Pb-
DOTAMTATE (at 2-week intervals) yielded 79% tumor-free mice at
the end of the 31-week study. These data suggest that there is
therapeutic potential for 212Pb-DOTAMTATE alone or in combina-
tion with a chemotherapy as a treatment of SSTR-positive neuro-
endocrine tumors and have supported the initiation of a phase I
clinical study with 212Pb-DOTAMTATE (NCT03466216).

Materials and Methods
Cell line and mice

AR42J rat pancreatic cell line was purchased from ATCC. The
cells were tested for Mycoplasma by Hoechst DNA stain, Agar
culture, and PCR-based assay by ATCC and were not detected as
per certificate of analysis. The cells were maintained in F12K
media (Gibco) containing 20% FBS (Gibco). Athymic nude mice
were purchased from Charles River (Crl:NU(NCr)-Foxn1nu) or
Envigo (Hsd: Athymic Nude-Foxn1nu) and CD-1 mice were pur-
chased from Envigo (HSD:ICR (CD-1)). All studies were con-
ducted using femalemice unless otherwisementioned. All studies
were conducted under the approval of the Institutional Animal
Care and Use committee.

Manufacturing and radiolabeling
GMP DOTAMTATE (C65H93N17O16S2; Fig. 1) was manufac-

tured by Macrocyclics using Fmoc solid-phase peptide synthesis.
DOTAMTATE was added to purified 212Pb at a ratio of 2.4 mCi/ng
and incubated at 50�C for 10 minutes with shaking at 300 rpm.
For studies using the ascorbic acid–enriched formulation, metal-
free L-ascorbic acid (Honeywell) was diluted in Optima water
(Thermo Fisher Scientific) and added prior to the drug chelation
to a final injection concentration of 10 mmol/L.

iTLC was used to confirm chelation was greater than 95%.
Samples were diluted to appropriate activity in PBS or saline prior
to injection.

Cell binding assay
Peptide binding to somatostatin receptors 2 (SSTR2) and Kd

was evaluated in SSTR2-expressing AR42J cells by growing 2.5 �
105 cells into the wells of a 24-well plate for 48 hours. Concen-
trations from 0.5 nmol/L to 64 nmol/L of 212Pb-DOTAMTATE
were incubated in the AR42J-containing wells for 10 minutes at
37�C. Four replicates were performed for each concentration.
Cells were then washed with PBS and cells from each well were
counted for the presence of radioactivity. Binding curves were
then created and Kd calculated using GraphPad Prism software.

Cell killing assay
A total of 3� 104 AR42J cells were grown in a 96-well plate for

48 hours. Cells were then incubated for 4 hours with increasing
212Pb-DOTAMTATE ranging from0nCi/mL to 800 nCi/mL. Eight
wells per group were treated. Cells were washed with PBS to
remove the unbound peptide fraction and then fresh media was
introduced. Cells were allowed to incubate for 4 days at 37�C.
Cellswere then rinsed and incubatedwithfluorescein diacetate for
30 minutes and read with a fluorimeter at 485/535 nm. Percent-
age of viable cells was calculated on the basis of untreated cells as a
control.

Tumor models
For all tumor studies, 2 � 106 AR42J cells were implanted

subcutaneously, in an equal volume mixture of GFR-Matrigel
(Corning) and RPMI media (Gibco), into the right flank
of each mouse and grown to a volume of approximately
200–300 mm3.

Preparation of kidney protection agents
Two-hundred microliters of L-lysine-L-arginine (35 mg/mL

of each) diluted in saline or 10% dextrose, 200 mL of L-lysine
(35 mg/mL or 70 mg/mL) in saline, or 200 mL of L-arginine
(70 mg/mL) in saline were given via intravenous injection
5 minutes prior to drug injection.

Biodistribution studies
Tumors were grown in female mice until an approximate

volume of 300 mm3 was reached. Two hundred microliters of
212Pb-DOTAMTATE (5 mCi) was administered to the mice via the
tail vein and mice were euthanized at predetermined timepoints.
The background was automatically subtracted from the counts. A
standard is also used for decay correction. %ID/g was calculated
for each organ collected.

Alpha imaging
Ex vivo assessment of 212Pb-DOTAMTATE localization and

microdosimetry was performed on frozen sections (10–12 mm)
of AR42J xenograft tumors placed on a phosphor sheet (Eljen
Technology) and imaged using a high-sensitivity QHYCCD cam-
era (Andor). Images were analyzed with Micromanager software
(ImageJ)

Radio HPLC studies
212Pb-DOTAMTATE was analyzed on an Agilent 1220 HPLC

using a C18 reverse phase column (Restek) with an acetonitrile
gradient. Fractionswere collected off the column every 10 seconds
for a total of 10 minutes and then analyzed for radiometric
detection by auto gamma counter (Perkin Elmer).

Toxicity studies
Female athymic nude mice received an injection of either

10 mCi, 20 mCi, 40 mCi, or 60 mCi of 212Pb-DOTAMTATE or
control PBS intravenously. Animals were weighed three times per
week and monitored daily for signs of termination criteria over a
4-weekperiod. For fractionated toxicity, study animals (n¼10per
group) received a single injection of 40 mCi 212Pb-DOTAMTATE,
2� 20 mCi of 212Pb-DOTAMTATE, or 3� 15 mCi of 212Pb-
DOTAMTATE. Repeat injections were given at 3-week intervals.
Control mice received PBS only. Blood was sampled via the retro-
orbital plexus using potassium-EDTA capillaries and tubes
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(Greiner Bio-one) and complete cell blood count (CBC) was
obtained using VETSCAN HM5 Hematology Analyzer (Abaxis).
Animals were euthanized when termination criteria were met.

Efficacy study
Tumor-bearing animals were injected with 100 mL of 5 mCi or

10 mCi 212Pb-DOTAMTATE or control (PBS or cold peptide).
After 3 weeks, mice who received the 5 mCi dose, received a
second dose of 212Pb-DOTAMTATE. Animals were monitored
daily and calipered three times per week to monitor tumor
volume. Mice were sacrificed when termination criteria were
met.

Combination efficacy with 5-FU
All animals were grown with tumors as described above.

Control groups were injected with saline alone or 15 mg/kg
5-FU (Acros) once per week for 9 weeks (5-FU alone). Radio-
therapy only groups received 10 mCi of 212Pb-DOTAMTATE at
2-week or 3-week intervals. Combination therapy groups
received a treatment of 5-FU (15 mg/kg) followed 24 hours
later by 10 mCi of 212Pb-DOTAMTATE. The 5-FU was continued
weekly for a total of 9 weeks for both treatment groups. 10 mCi
of 212Pb-DOTAMTATE was given 24 hours after the first 5-FU
injection and then at 2- or 3-week intervals for a total of three

injections. Animals were monitored daily for signs of termina-
tion criteria and calipered three times per week to monitor
tumor volume. Animals were euthanized when termination
criteria were met.

Termination criteria
Mice were sacrificed when tumor volumes reached 3,000 mm3

or other predetermined termination criteria weremet (weight loss
over 15% for two consecutive days or 20%weight loss from initial
weight, serious bleeding, necrosis or ulceration of the tumor,
scruffiness or lack of grooming over 5 days, lethargy over 3 days,
weakness/balance issues over 5 days, hunchback appearance,
diarrhea, or hypothermia).

Statistical analysis
Animals were randomly assigned to each group. An unpaired t

test was used for statistical analysis.

Patient studies
The study was conducted in accordance with the Declaration of

Helsinki ethical guidelines andupon signature of the Institutional
review board–approved informed consent form. Studies were
performed under FDA IND 130960.

Figure 1.

Drug structure and initial
biodistribution. This figure shows
the chemical structure of
DOTAMTATE and biodistribution of
212Pb-DOTAMTATE in athymic nude
tumor-bearing mice. A, Chemical
structure of DOTAMTATE (Formula:
C65H93N17O16S2). B, Drug was
administered and organs were
collected from 5mice per
timepoint: 1 hour post (red), 4 hours
(green), and 24 hours (blue) post
injection.
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Results
In vitro data

An in vitro binding study of 212Pb-DOTAMTATE to SSTR2-
expressing AR42J cells yielded a Kd of 12.9 nmol/L (Supplemen-
tary Fig. S1A), which is in line with other studies that have
examined the binding of octreotate peptides to somatostatin-
expressing cell lines (15). In addition, a cytotoxicity assay showed
a dose-dependent cytotoxic effect of 212Pb-DOTAMTATE for
AR42J cells with complete death observed at 800 nCi/mL and
50% viability observed between 12.5 nCi/mL to 25 nCi/mL
(Supplementary Fig. S1B). A 212Pb-chelate only negative control
did not show a dose-dependent cytotoxic effect with viability
ranging from 47% to 156%.

Biodistribution studies
All studies were conducted in female mice, as a biodistribution

study showed that there was no significant difference in organ
uptake between male and female mice (Supplementary Fig. S2A)
and the literature suggests that female mice may be more suscep-
tible to toxicity andmayprovide aworst case scenario between the
two sexes (16). When animals were injected with a single dose of
5 mCi 212Pb-DOTAMTATE, the average tumor uptake exceeded
20%ID/g1hour after drug administration and remained constant
through 4 and 24 hours post drug administration (Fig. 1). The
pancreas and kidneys were the two organs with the highest
nontarget uptake, but these organs also showed significantly less
accumulation by 24 hours postinjection. In further examining
AR42J tumors for 212Pb-DOTAMTATE distribution, no correla-
tion between tumor volume and tumor uptake is visible in tumors
up to 1,500 mm3 (Supplementary Fig. S3) and alpha imaging of
tumors treated with 212Pb-DOTAMTATE showed homogenous
distribution of the drug at all tumor sizes up to 1,500 mm3

(Supplementary Fig. S4A). Three specific activities of 4.1 ng, 22ng,
or 110ng per 10mCiwere also examined via biodistribution study
(Supplementary Fig. S2B). 10mCiper 4.1 ng (2.4mCi/ng) has been
primarily used in 212Pb-DOTAMTATE studies to date; however,
a decrease in the specific activity does not appear to have a

significant effect on tumor uptake. This suggests that receptor
saturation is not occurring even at over 25-fold lower specific
activity then what has been primarily used in these studies.

Reduction of renal retention of 212Pb-DOTAMTATE
As kidney protection agents are often given with targeted radio-

therapies to minimize nephrotoxicity, several kidney protection
agents and diuretics were tested in combination with 212Pb-
DOTAMTATE through biodistribution studies for their ability to
minimize drug accumulation in the kidneys (Fig. 2). Of the five
versions of amino acid combinations/concentrations given, all
were able to significantly reduce 212Pb-DOTAMTATE uptake in
the kidneys (P� 0.0001) at 1 hour post drug injection. Additional
studies conducted with higher levels of L-lysine in tumor bearing
mice at three timepoints showed that while kidney uptake is
reduced no effect on drug accumulation in the tumor was
observed (Supplementary Fig. S4B).

Enhancing stability of 212Pb-DOTAMTATE binding with
ascorbic acid

Oxidation of DOTATATE peptides, specifically on the indol
ring of the tryptophan residue has been shown to occur when the
peptide is labeled with radioisotopes and can be minimized by
the addition of ascorbic acid (17). The presence of an oxidized
form of DOTAMTATE was also witnessed in our studies when the
drugwas prepared and not used immediately; however, it was not
known whether this oxidation influenced the drug binding to its
SSTR targets. To test whether the presence of oxidized DOTAM-
TATE influenced overall drug binding, a biodistribution studywas
conducted in AR42J tumor-bearing mice. 212Pb-DOTAMTATE
prepared with and without ascorbic acid present during chelation
was left overnight (to obtain a worst-case scenario) and oxidation
confirmed the following day by Radio-HPLC before the biodis-
tribution was conducted (Fig. 3). Drug binding to the tumor was
significantly enhanced (P < 0.01) in the presence of ascorbic acid
during the chelation reaction at 1, 4, and 24 hours (33% ID/g
24hours post drug injection) comparedwith the ascorbic acid–free
formulation (10% ID/g 24 hours post drug injection) suggesting

Figure 2.
212Pb-DOTAMTATE in the presence
of kidney protection agents. This
figure shows a biodistribution of
212Pb-DOTAMTATE in CD-1 mice at
1-hour post drug injection with
kidney protection agents. Two-
hundred microliters of kidney
protections agents 7 mg Arg–7mg
Lys in saline (red), 7 mg Lys in saline
(green), 14 mg Lys in saline (blue),
14 mg Arg in saline (purple), or 7 mg
Arg–7 mg Lys in 10% dextrose
(orange) were given intravenously
5 minutes before drug injection. No
kidney protection agent control
shown in black. Five mice per group.
Average of two studies displayed.
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that oxidation was having a negative effect on the drug but could
be minimized with the addition of the antioxidant.

212Pb-DOTAMTATE toxicity studies
To assess the toxicity profile of 212Pb-DOTAMTATE, a dose

range–finding study in female, athymic nude mice was first
conducted as a basis for dose selection for subsequent efficacy
studies and for a GLP toxicity study. An MTD was determined to
be between 20 mCi and 40 mCi (Fig. 4A).

A single dose GLP toxicity study was conducted in female CD-1
nontumor-bearing mice at doses of 212Pb-DOTAMTATE ranging
from 0 mCi to 40 mCi permouse. Body weights, clinical chemistry,
and hematology parameters were examined throughout the
9-month duration of the study. The 2 and 10 mCi doses appeared
to be reasonablywell tolerated,whereas administrationof a single

40 mCi intravenous dose of 212Pb-DOTAMTATE was associated
with adverse findings including mortality, decreased body weight
gain, leukocyte, erythrocyte, serumalbumin, andorganweights as
well as histopathologic findings of bone marrow depletion and
gastrointestinal lesions. At 20 mCi, there were relatively mild and
reversible effects on weight gain and leukocyte counts along with
chronic glomerular nephritis, which appears late in the study
due to a combination of aging and dosing. On the basis of the
study findings, the dose of 10 mCiwas considered a no-observable
effect limit (NOEL) dose and an HNSTD of 20 mCi was deter-
mined (Supplementary Fig. S5).

To further examine whether the HNSTD determined in the
single-dose toxicity study could be overcome through fraction-
ation of the 212Pb-DOTAMTATE, a repeat dose toxicity study
was conducted in nontumor-bearing CD-1 mice (Fig. 4B). As

Figure 3.

Addition of ascorbic acid to drug
preparation. This figure shows radio
HPLC and biodistribution studies of
212Pb-DOTAMTATEwith ascorbic
acid. A, Radio-HPLC of 212Pb-
DOTAMTATE without ascorbic acid
present during chelation (orange)
or with 10mmol/L final
concentration of ascorbic acid
(blue) prior to biodistribution.
B, Biodistribution of 212Pb-
DOTAMTATE in AR42J tumor-
bearing mice (n¼ 5 per group) at 1,
4, and 24 hours post drug injection
in the presence of 10 mmol/L
ascorbic acid (blue) or none
(orange).
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hematologic toxicity is routinely dose limiting for radiotherapeu-
tics and is usually reversible with time at lower doses, fraction-
ation was expected to overcome the lower HNSTD determined in
the single dose study. Animals were given a single dose of 40 mCi
of 212Pb-DOTAMTATE, two cycles of 20 mCi, or three cycles of
15mCi 212Pb-DOTAMTATE every 3weeks. Almost 40%of animals
in the 1� 40 mCi group died 9 days after injection, but those that
survived were able to survive through the remainder of the study.
Fifty percent of the animals in the 2� 20 mCi group died within 4
weeks of the study and 1week after receiving the second dose. The
animal group that received 3 � 15 mCi of 212Pb-DOTAMTATE
were consistent with the control group. Hematologic toxicity
appeared to be the reason for death in the first two groups. This
was evident by the significantly low white blood cell counts
(WBC) and platelets (PLT) in the 1 � 40 mCi and 2 � 20 mCi
groups after drug injections (Supplementary S6). Animals who
received 3 � 15 mCi doses of 212Pb-DOTAMTATE also had a
decrease in their WBC and PLT counts but were able to recover
after eachdose. This study suggests that a fractioneddoseof drug is
optimal as it allows the same cumulative dose but with recover-
able hematologic effects.

Efficacy studies with 212Pb-DOTAMTATE
An initial low-dose efficacy study of 212Pb-DOTAMTATE was

performed to examine the effectiveness of the drug in tumor

bearing mice at 25% of the HNSTD. Animals were given one or
two cycles of 5 mCi 212Pb-DOTAMTATE or 10 mCi 212Pb-DOTAM-
TATE. Control animals received cold-DOTAMTATE or PBS. Ani-
mals that were injected with cold-DOTAMTATE or PBS had
similar median survival of 3.4 weeks and 3.5 weeks, respectively,
post injection. Mice that received one injection of 5 mCi 212Pb-
DOTAMTATE had amedian survival of 6.3 weeks whilemice who
received one injection of 10 mCi 212Pb-DOTAMTATE had a
median survival of 8.5 weeks showing a dose-dependent effect.
Two injections of 5mCi 212Pb-DOTAMTATE led to a median
survival of 7.1 weeks (Fig. 5). The median survival time was
similar between animals that received 1 � 10 mCi versus 2 �
5 mCi of drug suggesting that at low doses a fractionated
dose does not appear to be beneficial. Overall, however, the
212Pb-DOTAMTATE does show efficacy at these low doses, but
efficacy could likely be improved with higher treatment doses.

With this data, efficacy studies with 212Pb-DOTAMTATE were
further optimized with a combination therapy and treatment
cycle study. The aim of this study was to optimize the timing of
treatment cycles and to combine the radiotherapeutic with a
subtherapeutic (�40mg/m2 versus at least 400mg/m2 in human)
chemotherapy dose of 5-FU to maximize tumor devastation.
Animals received saline only, 5-FU only, 3 � 10 mCi of 212Pb-
DOTAMTATE at 2-week or 3-week intervals, or a combination of
5-FU and 3 �10 mCi 212Pb-DOTAMTATE at 2-week or 3-week

Figure 4.

Dose range finding and toxicity
studies. This figure shows initial
dose range–finding studies and
fractionated dose toxicity studies
with 212Pb-DOTAMTATE in athymic
nude mice.A, Kaplan–Meier survival
curve of 212Pb-DOTAMTATE–
treated athymic nude mice. Animals
received a single dose of 10 mCi
(blue), 20 mCi (orange), 40 mCi
(red), or 60 mCi (green) of 212Pb-
DOTAMTATE or PBS control
(black). n¼ 5mice per group.
Survival of the animals are shown in
days post injection during the
4-week study. B, Kaplan–Meier
curve of 212Pb-DOTAMTATE in
CD-1 mice in a fractionated dose
toxicity study. PBS alone,
n¼ 10 (black), 1� 40 mCi,
n¼ 10 (red), 2� 20 mCi, n¼ 10
(green), and 3� 15 mCi, n¼ 10
(blue) treatment groups. Drug
cycles 1, 2, and 3 are shown with
gray dots.
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intervals (Fig. 6). Animals that were injected with 5-FU alone had
amedian survival of 2.4 weeks while the saline alone group had a
median survival of 3.1weeks post cell injection.Mice that received
three injections of 212Pb-DOTAMTATE only at three-week inter-
vals had a median survival rate of 9.4 weeks while combination
therapy with 5-FU led to a longer median survival of 11.1 weeks
with 20% of the mice alive and tumor free at the termination of

the 31-week study. When 212Pb-DOTAMTATE was given at
2-week intervals the median survival was 11.9 weeks and this
was further improved by the addition of 5-FU where 79% of the
animals survived to the end of the 31-week study. This suggests
that the timing of the drug treatment is critical in maximizing its
effectiveness. Furthermore, optimal timing of the radiotherapeu-
tic combined with a radiosensitizer can significantly enhance

Figure 5.

Single versus multiple dose efficacy study. This figure shows the efficacy of mice treated with 212Pb-DOTAMTATE in a single and multi-injection dose setting.
Groups of animals were injected with cold DOTAMTATE (n¼ 8), PBS (n¼ 8), 5 mCi 212Pb-DOTAMTATE (n¼ 9), 10 mCi 212Pb-DOTAMTATE (n¼ 8), 2� 5 mCi 212Pb-
DOTAMTATE (n¼ 18). Tumor volumes for individual mice per group are shown in mm3 over time.
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efficacy versus the drug alone and lead to a significant group of
tumor-free animals.

Discussion
Extensive preclinical work and optimization has been accom-

plished to demonstrate the feasibility, safety, and therapeutic

potential of 212Pb-DOTAMTATE alone or in combination as a
treatment for SSTR-positive neuroendocrine tumors. Specifically,
in vitro assays have shown that the peptide binds to its SSTR
receptor with an appropriate affinity for therapeutic use and has
cytotoxic effects. Furthermore, in vivo tissue distribution studies in
tumor-bearing animals showed 212Pb-DOTAMTATE has a high
uptake in the tumor relative to other organs. Although some drug

Figure 6.

Combination efficacy study. This
figure shows an efficacy study of
AR42J tumor-bearing mice treated
with 212Pb-DOTAMTATE in
combination with 5-FU. A, Individual
mouse efficacy data showing tumor
volumes of mice injected with saline
(black), 5-FU only (red), 212Pb-
DOTAMTATE only (blue) and in
combination with 5-FU (green).
B, Kaplan–Meier of animals treated
with saline (black), 5-FU only (red),
212Pb-DOTAMTATE only at 2-week
intervals (blue dashed), 3-week
intervals (blue solid), in combination
with 5-FU at 2-week intervals (green
dashed) or 3-week intervals (green
solid).
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uptake and retention was observed in the kidneys and pancreas of
animals, it decreased significantly by 24 hours post drug injection.
This uptake is not unexpected as these organs have also shown
high uptake in other nonclinical rodent studies involving alpha
emitters, which have not transliterated into adverse effects in
human studies. (7, 18–21). However, given the particularly high
tumor uptake, the DOTAMTATE peptide has potential not only
for therapeutic applicationswith 212Pb but also for imaging appli-
cations using longer-lived and gamma-emitting lead isotopes
such as 203Pb. Biodistribution studies conducted inour laboratory
have shown that CD-1 mice given 203Pb-DOTAMTATE did not
show significantly different tissue uptake compared with mice
treated with 212Pb-DOTAMTATE in all critical organs (Supple-
mentary Fig. S7). This was confirmed by an exploratory IND (IND
102,590) conducted to examine the dosimetry and biodistribu-
tion of 203Pb-DOTAMTATE in patients with SSTR-expressing
neuroendocrine tumors as a surrogate for 212Pb-DOTAMTATE.
203Pb-DOTAMTATE showed similar pharmacokinetic properties
to other commercially available octreotate drugs but with the
advantage that the same metal could be used for imaging and
therapeutic applications. This further confirms that the two iso-
topes have a similar physical property and pharmacokinetic
profile and could therefore be used for theranostic purposes.

As with many PRRT treatments, the presence of radiolabeled
somatostatin analogues in the kidneys is common due to their
renal clearance and retention by megalin/cubulin receptors
(20–22). Kidney protection agents including L-lysine-L-arginine,
mixtures of positively charged amino acids and amifostine are
often given in combination with radiolabeled drugs (23–25).
With 212Pb-DOTAMTATE specifically, multiple kidney protection
agents were tested, and all were found to significantly reduce drug
uptake in the kidneys 1 hour post drug injection. It should be
noted, however, that these were given as a bolus injection 5
minutes prior to drug injection rather than an intravenously over
the course of 4 hours, which is done with patients, due to animal
model constraints; therefore, the data may not directly translate
into a clinical setting.

In addition to kidney uptake, another factor that must be
consideredwithPRRT is theoxidationof peptides in theproximity
of radionuclides. The presence of an oxidized form of DOTAM-
TATE was detected in our studies by radio-HPLC and was shown
to have a negative impact on tumor binding through biodistribu-
tion studies. Free radicals have been shown to form in solutions
containing high energy b-particles and tryptophan residues, spe-
cifically, can become oxidized (26–28). The addition of the
antioxidant, ascorbic acid, during the chelation reaction signifi-
cantly enhanced (3� vs. a mostly oxidized peptide) tumor bind-
ing presumably by minimizing this tryptophan oxidation within
the 212Pb-DOTAMTATE peptide as confirmed by Radio-HPLC
analysis.

To better characterize the safety profile of 212Pb-DOTAMTATE a
dose range–finding study in female, athymic nude mice was
conducted as a basis for dose selection for subsequent efficacy
studies and a single-dose GLP toxicity study with 212Pb-DOTAM-
TATE. The dose range–finding study led to aMTD between 20 mCi
and 40mCi andprovided the preliminary information for a single-
dose GLP toxicity study, which included a 9-month follow-up to
determine potential delayed toxicities in radiation-sensitive
organs. On the basis of histopathology, body weights, hematol-
ogy, and clinical chemistry from this GLP toxicity study, an
HNSTD of 20 mCi was determined. An additional toxicity study

showed that fractionating the dose was optimal and allowed for a
cumulative dose that would be toxic if given as a single injection.

Efficacy studies showed that 212Pb-DOTAMTATE has therapeu-
tic potential as it was able to extendmedian life span 2.4-fold with
a single treatment at low doses. Furthermore, it was able to cure
approximately 50% of the animals when the timing of the drug
was optimized. The time between cyclesmust be sufficient to allow
for acute hematologic toxicity recovery without being too long of a
duration that the tumor growth rate renders the drug less effective.
Furthermore, combination therapy with PRRT can be used to en-
hance the efficacy of the drugs beyond the additive efficacy of each.
By targeting multiple mechanisms involved in tumor cell prolif-
eration and resistance, combination therapies using two or more
drugs achieve efficacy with lower doses or toxicity than individual
treatments. Several radiosensitizers have shown additive or syner-
gistic effects when combined with PRRT (10–14). Fluorouracil acts
as an inhibitor of thymidylate synthase (TS), which is a nucleoside
required for DNA replication and DNA repair (29–31). Fluorour-
acil's mechanism of action makes it an ideal candidate for com-
bination therapy with PRRT as the main goal is to maximize
irreversible DNA damage. 212Pb-DOTAMTATE and fluorouracil
combination therapy showed a significant improvement in tumor
regression. A three-cycle 212Pb-DOTAMTATE treatment combined
withweekly subtherapeutic fluorouracil dosingwas able to durably
cure approximately 80% of the animals.

Overall, the nonclinical studies provide appropriate justifi-
cation on the safety and efficacy of 212Pb-DOTAMTATE in
animals and have provided sufficient data to warrant a clinical
trial study. The rodent models showed a promising safety index
with a 3.2-fold increase in median survival and one third of the
animals being tumor free. Somatostatin analogues have long
been studied and used in preclinical and clinical settings for the
treatment of SSTR-expressing neuroendocrine tumors, but a
successful TAT treatment remains elusive. The preclinical data
presented support the further progression of 212Pb-DOTAM-
TATE into a clinical setting and was used to support the initi-
ation of a phase I study (NCT03466216, https://clinicaltrials.
gov/ct2/show/NCT03466216?term ¼ radiomedix&rank¼2).
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