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ABSTRACT

a-Particle emitters targeting the prostate-specific membrane antigen (PSMA) proved
effective in treating patients with prostate cancer who were unresponsive to the
corresponding B-particle therapy. Astatine-211 is an a-emitter that may engender less
toxicity than other a-emitting agents. We synthesized a new 2''At-labeled radiotracer

targeting PSMA that resulted from the search for a pharmacokinetically optimized agent.

Methods: A small series of '?°l-labeled compounds were synthesized from their tin
precursors to evaluate the effect of location of radiohalogen within the molecule and the
presence of lutetium in the chelate on biodistribution. On that basis, 2"'At-3-Lu was
selected and evaluated in cell uptake and internalization studies, biodistribution and
PSMA+ PC3 PIP tumor growth control in experimental flank and metastatic (PC3-ML-
Luc) models. A long-term (13-month) toxicity study was performed for 2''At-3-Lu,

including tissue chemistries and histopathology.

Results: The radiochemical yield of 2''At-3-Lu was 17.8 + 8.2%. Lead compound ?""At-
3-Lu demonstrated total uptake within PSMA+ PC3 PIP cells of 13.4 £ 0.5% of the input
dose after 4 h of incubation with little uptake in control cells. In SCID mice, 2''At-3-Lu
provided 30.6 + 4.8 percentage of injected dose per gram (%ID/g) of uptake in PSMA+
PC3 PIP tumor at 1 h post-injection that decreased to 9.46 + 0.96 %ID/g by 24 h. Tumor-
to-salivary gland and tumor-to-kidney ratios were 129 £ 99 at 4 h and 130 + 113 at 24 h,

respectively. De-astatination was not significant (stomach 0.34 + 0.20%ID/g at 4 h). Dose-



dependent survival was demonstrated at higher doses (>1.48 MBq) in both flank and
metastatic models. There was little off-target toxicity as demonstrated by hematopoietic
stability, unchanged tissue chemistries, weight gain rather than loss throughout treatment,

and favorable histopathology.

Conclusion: Compound ?''At-3-Lu or close analogs may provide limited and acceptable

toxicity while retaining efficacy in management of prostate cancer.
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PSMA, murine models



Radiopharmaceutical therapy targeting prostate-specific membrane antigen (PSMA)
using low-molecular-weight agents is becoming a viable treatment for metastatic prostate
cancer (7-3). Such treatments have utilized B-particle emitters including '*'l and '"7Lu or
a-particle emitters such as 2'3Bi, 2'?Pb, 22"Th, and ??°Ac (4-10). To date, most clinical trials
have utilized '"7Lu. In one such trial, PSA levels decreased by over 50% in 57% of patients
(77). PSMA-targeted a-particle emitters may be even more promising, as evidenced by
treatment with an 225Ac-labeled agent producing significant tumor response in patients
that were unresponsive to prior B-emitter therapy (72,73). However, the side effect of
xerostomia from uptake of the agents in the salivary glands, and the potential of long-

term renal toxicity remain possible limitations.

A potential issue with a-emitters like ??5Ac is that multiple a-emitting daughters are
generated from a-emitting parents, and in each case the energy imparted by the nuclear
recoil effect is orders of magnitude greater than chemical bonds. That make the release
of the radioactive daughters from the targeting vector extremely likely, which can then
lead to unintended irradiation of non-target tissues (74,15). Our approach has been to
utilize the radiohalogen ?''At, which emits a single a-particle per decay. That strategy
potentially permits greater control on the targeting of the therapeutic radiation, thereby
reducing the chance of off-target effects. It should be noted that 58% of the a-particles
emitted during 2''At decay do involve a chemical transformation of astatine to polonium
before a-emission. In that case, the parent decays by electron capture, not a-emission,
so the a-emitting 0.52 sec half-life 2'"Po daughter is not nuclear-recoil afflicted. Even with

worst-possible-case assumptions — that 2''"Po escapes immediately from the cell surface



and can freely diffuse — nearly 100% of 2'"'Po atoms should decay within two cell
diameters from the original cell surface (76). The second 2''At decay branch (42%) is by
direct a-particle emission to 2°“Bi, which has a 32.9 y half-life. That long-lived radioactive
daughter is not of concern because about 100,000 decays of 2''At are needed to produce
a single atom of 2°7Bi. Accordingly, a 370 MBq (10 mCi) hypothetical patient dose of a
21 At-labeled PSMA agent would yield ~3.7 kBq (~0.1 uCi) 2°/Bi, a level that is only 0.1%
of the Annual Limit of Intake (ALI) recommended for 2°’Bi by the Nuclear Regulatory
Commission 3.7 MBq (100 uCi) (77). Despite those issues, we believe 2''At remains the

best option for a-therapy.

Our previous studies utilized the following compounds shown in Fig. 1, DCABzL, HS-549,
GV-620, GV-904, and YC-550. The initial compound studied, 2''At-DCABzL, showed high
and prolonged uptake in PSMA+ tumor xenografts and renal cortex, with moderate uptake
in the thyroid and stomach, likely from dehalogenation (78). In spite of that suboptimal
biodistribution, we were able to demonstrate a treatment-related increase in survival in
both flank tumor xenograft and micrometastatic models with a single dose of 0.74 MBq
(20 uCi)and 0.11-0.37 MBq (3-10 uCi), respectively (18). From long-term toxicity studies,
we determined that the dose-limiting toxicity was late radiation nephropathy (718). Using
211At-labeled analogs YC-550, HS-549, GV-904, and GV-620 (Fig. 1), we observed faster
renal clearance in mice compared to ?''At-DCABzL. However, in vivo dehalogenation

and/or off-target organ uptake remained an issue (79).



Here we describe a new 2''At-labeled PSMA-targeted compound with high stability in
vivo, and rapid clearance from off-target tissues in mice including kidneys, salivary and
lacrimal glands. We also demonstrate a dose-dependent therapeutic effect in flank

xenograft and metastatic tumor models of prostate cancer.

MATERIALS AND METHODS
Reagents, Cell lines and Animal Models

Chemistry. The syntheses of compounds 4 (Fig. 1), and their tin precursor, 15, as well as
for unlabeled 3, 3-Lu and their tin precursor 9, are outlined in Figs. 2 and 3, and are
described in detail in the Supplemental Materials (Supplemental references 7-4). The
PSMA binding affinity of those compounds was determined using a fluorescence-based

assay we have previously reported (78).

Radiochemistry. Sodium [*?%l]iodide in 10 uM NaOH (pH 8-11) was purchased from
Perkin EImer (Waltham, MA). Astatine-211 was produced on the Duke University CS-30

cyclotron via the 2%°Bi(a,2n)?''At reaction on natural bismuth targets (20,27)

We investigated 2 methods (A and B) for the preparation of '251-3-Lu and ?"'At-3-Lu (Fig
2). Method A included the purification of 12%1/211At-3 prior to complexation with "SLu(lIl),
whereas in Method B Lu complexation was performed in situ without purification of the
intermediate. In both methods the final compound was purified by high-performance liquid
chromatography (HPLC). Radiosynthesis of 2''At-3-Lu by Method B began with a solution
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of 21"At in 0.02% NCS in methanol [600 uL; 638 MBq (17.3 mCi)] that was added to 310
Mg (204 nmol) of 9 in a borosilicate screw cap vial followed by 12 pL of glacial acetic acid.
The vial was capped, shaken and allowed to stand at room temperature for 10 min. The
reaction mixture was concentrated to dryness using a stream of nitrogen at 60°C. A 95:5
mixture of trifluoroacetic acid:water (200 uL) was added and the vial was heated at 60°C
for 30 min. Volatiles were evaporated using a stream of nitrogen at 60°C. Sodium acetate
buffer (0.1 M), pH 4.5 (500 pL) and a solution of Lu(NOs)sz in 0.1 M HCI (65 pL; 325 nmol)
were added to the residue and the solution was mixed with a micropipette. That solution
was heated at 60°C for 20 min, 100 yL 5 mM EDTA was added, and the reaction mixture
was diluted with 600 pyL water. The final product was purified by HPLC. For this, a
Phenomenex Luna C18 column (250 x 4.6mm, 10 micron) was eluted at a flow rate of 1
mL/min with a gradient consisting of 0.1% TFA in both water (solvent A) and acetonitrile
(solvent B). The proportion of B was linearly increased from 15% to 40% over 30 min.
Under those conditions, 2'At-3-Lu 54 MBq (1.47 mCi) eluted at 22.5 min. Pooled HPLC
fractions containing 2''At-3-Lu were diluted to 20 mL with water and were loaded onto a
Waters Oasis HLB light Sep-Pak. The cartridge was washed with 5 mL water, dried under
a stream of nitrogen, and the product was eluted with 0.5 mL ethanol. The eluate was
concentrated using a stream of nitrogen and the activity was reconstituted in saline.
Detailed radiosyntheses of 2''At-3-Lu by Method A, and syntheses of 12°]-3, 125]-3-Lu, '25I-
4, and '?°|-4-Lu are presented in the Supplemental Materials. Radiolabeling yields for

12511211 At-3 and 1251/211At-3-Lu are summarized in Tables 1 and 2.



Cell Lines and Culture Conditions. PSMA-expressing (PSMA+) PC3 PIP and PSMA-
negative (PSMA-) PC3 flu cells were maintained as previously described (22-24). For the
experimental metastatic model, parental PC3-ML-Luc cells were obtained from Dr.
Mauricio Reginato (Drexel University). Characterization of those cells is described in
Supplemental Fig. 1. Cell lines were maintained mycoplasma-free through bi-weekly

testing with the MycoAlert™ mycoplasma detection kit (Lonza, Morristown, NJ).

Animals. Animal studies conformed to protocols approved by the Johns Hopkins Animal
Care and Use Committee. Johns Hopkins University has an approved Public Health
Service (PHS) Policy and the approved protocols follow the Animal Welfare Act
regulations and PHS Policy. NSG (NOD/SCID/IL2Rynull) mice were obtained from the
Animal Resources Core of the Johns Hopkins Sydney Kimmel Comprehensive Cancer

Center.

In Vitro Studies

Cell Uptake and Internalization. PSMA+ PC3 PIP cells were plated at 5 x 10° cells/well
and incubated overnight. Cells were then incubated with 2''At-3 in medium (~3.7 kBg/100
uL)at 37°Cfor 0.5, 1.0, 2.0 and 4.0 h. Cell culture supernatant was removed and the cells
were processed as before (78). Cell-associated radioactivity was calculated as
percentage of input dose. The internalized fraction of radioactivity was determined by
solubilizing cells with 1% SDS cell lysis buffer after removing the unbound fractions and

cell surface-bound fractions (by washing with glycine-HCI buffer). To determine binding



specificity, PSMA+ PC3 PIP cells were co-incubated with 2''At-3 and the known PSMA

inhibitor (R, S)-2-(phosphonomethyl)pentanedioic acid (2-PMPA; 100 pM) (25).

In Vivo Studies

Biodistribution. Six- to 8-week-old male NSG mice were implanted subcutaneously (SC)
with PSMA+ PC3 PIP (1.5 x 10°) and PSMA- PC3 flu cells (1 x 108) in 100 uL of HBSS
(Corning Cellgro, Manassas, VA) at the forward right and left flanks, respectively. Mice
were used in ex vivo biodistribution assays when the xenografts reached 5 to 7 mm in
diameter. Biodistributions were performed in the above mice bearing both PSMA+ PC3
PIP and PSMA- PC3 flu flank xenografts after an intravenous (V) bolus of 37 kBq (1 uCi)
of either 1251-4, 125|-4-Lu, 1?°1-3, '2°|-3-Lu, or ?''At-3-Lu. Tissues harvested at 1, 4, and 24
h post-injection (n=5 per time point) included blood, heart, lung, liver, spleen, pancreas,
stomach, small intestine, large intestine, fat, muscle, salivary gland, lacrimal gland,
kidney, bladder, PSMA+ PC3 PIP tumor, and PSMA- PC3 flu tumor. Each tissue was
weighed, and the associated radioactivity was measured with an automated gamma
counter (2480 WIZARD Automatic Gamma Counter, Perkin Elmer, Waltham, MA). The
percentage of the injected dose (%ID) was calculated using a known dilution of the %lID.
All measurements were corrected for decay. Data are expressed as %ID/g of tissue or
per organ (%ID) for organs that were too small for accurate dissection. All data are

expressed as mean * standard deviation (SD).



Antitumor Efficacy in the Subcutaneous Xenograft Model. PSMA+ PC3 PIP and PSMA-
PC3 flu cells were implanted SC in male NSG mice as described above. When tumor
diameter reached 5 to 7 mm, a single IV injection of 2''At-3-Lu was performed with saline,
0.24 MBq (6.6 pCi), 0.74 MBq (20 uCi), 1.48 MBq (40 uCi), or 3.7 MBq (100 pCi) (n=5
per group). Tumor progression was monitored by measuring SC tumor volume [(width? x
length)/2 mm?3] using a caliper. A tumor volume increase of more than 4-fold was scored

as death of the animal, at which point they were euthanized.

Antitumor Efficacy in the Metastatic Model. Four- to 6-week-old NSG mice were injected
IV with 1 x 108 PC3-ML-Luc cells suspended in 200 uL of HBSS to form micrometastatic
deposits. One week post-injection of cells, mice were injected IV with 0, 0.185 MBq (5
pCi), 0.37 MBq (10 uCi), 0.74 MBq (20 pCi), 1.48 MBq (40 uCi), or 3.7 MBq (100 pCi) of
21MAt-3-Lu (n=5 per group). Metastatic tumor progression was monitored by in vivo
bioluminescence imaging (BLI) and survival of injected animals. Weekly BLI was
performed using the IVIS Spectrum in vivo Imager (Perkin-Elmer, Waltham, MA). Mice
were sacrificed and scored as death if they lost >20% body weight or had signs of
discomfort, such as hunched posture, anorexia or dehydration. For both animal models
the probability of survival was characterized by Kaplan-Meier curves using GraphPad

Prism software (GraphPad Software, San Diego, CA).

Long-term Toxicity. Healthy 11-week-old male CD1 mice (Charles River, Wilmington,

MA), weighing 35-40 g received IV injections of 0, 0.24 MBq (6.6 pCi), 0.74 MBq (20 pCi),
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or 1.48 MBq (40 pCi) of 2""At-3-Lu (n=5 per group). Mice were monitored for 13 months
with daily health inspection and weight measurement twice per week. Monthly urinalysis
was performed for specific gravity and urine protein content using Chemstrip Test Strips
(Roche Diagnostics, Indianapolis IN). After thirteen months, mice were euthanized in a
COz2 chamber, and blood, kidney, salivary and lacrimal glands were collected. Complete
blood counts, including white blood cells (WBC), red blood cells (RBC), hemoglobin
(HGB), hematocrit (HCT), mean corpuscular volume (MCV), mean corpuscular
hemoglobin (MCH), mean corpuscular hemoglobin concentration (MCHC), and platelets
(PLT) were measured using the scil Vet ABC™ Hematology Analyzer (scil animal care
company, Gurnee, IL). Blood chemistries for blood urea nitrogen (BUN), glucose (GLU),
alkaline phosphatase (ALP), total protein (T-Pro), alanine aminotransferase (ALT) and
creatinine (Cre) were performed using Spotchem EZ chemistry analyzer (Arkray USA,
Edina, MN). Histopathologic evaluation was performed by a certified veterinary
pathologist (K.L.G.) for kidney, salivary and lacrimal glands with hematoxylin and eosin

(H&E)-stained slides of each tissue.

Statistics
Survival analyses for the metastatic and subcutaneous models were performed using
GraphPad Prism 9 software (GraphPad Software, San Diego, CA). P-values were

calculated by the logrank (Mantel-Cox) test and were considered significant if <0.05.
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RESULTS

Chemistry

Because of the promising results obtained with '"7Lu-1 and '"’Lu-2, our strategy was to
replace the non-radioactive bromine or iodine atom with '?°| and evaluate their
biodistribution in tumor-bearing animals with or without chelated non-radioactive lutetium
[251-3 and '231-3-Lu (Ki = 0.09 — 34 nM, (26)], Fig. 2. For comparison, we also synthesized
and evaluated '®°I-4 and '2°I-4-Lu (Fig. 3), where the radioiodine was incorporated into
the linking group, and each contained a 4-bromobenzyl moiety as in 1. The ?''At-labeled
analog of the most promising iodinated compound was synthesized and evaluated. The
binding affinity of unlabeled 3 and 4 were [ICso = 1.51 nM (95% CI: 0.62-3.64 nM); Ki =
0.30 nM (95% CI: 0.13-0.73 nM] and [ICs0 = 7.82 nM (95% CI: 6.16-9.94 nM); Ki = 0.30

nM (95% CI: 1.23—-1.99 nM], respectively.

Radiochemistry

Syntheses of 2%-4 and '2°I-4-Lu were each performed once. The yield of '2°I-4 from '25]-
iodide was 14% and that for the conversion of '251-4 to '2%]-4-Lu was 82%. Radiolabeling
conditions and yields for '251/21"At-3 and '2°1/2"'At-3-Lu are given in Tables 1 and 2,
respectively. In general, fresh batches of 2''At provided higher overall yields of either
compound. Purification of the non-metallated intermediate ('2°1/21'At-3) did not enhance

yield and actually provided lower overall yields of the final product (251/211At-3-Lu).

12



Cell Uptake and Internalization

In vitro studies of 2''At-3-Lu demonstrated total uptake within PSMA+ PC3 PIP cells of
13.4 £ 0.5% of the input dose after 4 h of incubation, and an increasing internalized
fraction over time, namely, 15.8 £ 0.7%, 19.0 £ 0.7%, 24.5+ 1.0% and 27.7 £ 2.2% at
0.5, 1.0, 2.0 and 4.0 h, respectively. Co-incubation with 2-PMPA showed an average of
0.6% uptake at all time-points, confirming PSMA-specific binding (Supplemental Fig. 2;

Supplemental reference 5).

Biodistribution

Detailed biodistribution data, represented as %ID/g for all radiolabeled compounds, are
given in Supplemental Tables 1-6. There was little de-astatination of 2''At-3-Lu in vivo as
evidenced by low uptake of radioactivity in stomach (0.39 £ 0.12 %ID/g), salivary glands
(0.47 £ 0.19 %ID/g) and spleen (2.51 + 0.94 %ID/g) at 1 h post-administration, which
decreased further by 4 h for stomach and salivary glands (<0.05 %ID/g in spleen)
(Supplemental Table 3). Uptake in PSMA+ PC3 PIP tumor and selected non-target
organs are shown in Fig. 4. All compounds had high tumor uptake at 1 h (30-60 %ID/g).
While tumor activity remained at that high level out to 24 h for '25|-4, 125|-4-Lu and '251-3,
50% and 67% of '251-3-Lu and 2''At-3-Lu activity, respectively, cleared from the tumor by
24 h. Importantly, 2""At-3-Lu was nearly undetectable in normal organs at 24 h. Renal
uptake of 2"'At-3-Lu at 1 h (89.5 £ 42.7 %ID/g) was 30-50% lower than that seen for other
compounds. By 4 h, renal activity levels for 2°|-3-Lu and 2'"'At-3-Lu decreased to 18.2 +
3.9 and 2.1 £ 0.6 %ID/g, respectively, while activity in kidneys for the other compounds

remained high (162-199 %ID/g). By 24 h, activity in the kidneys from '2°|-3-Lu and 2""At-

13



3-Lu decreased to 3.30 = 1.15 %ID/g and 0.02 + 0.20 %ID/g, respectively. On the other
hand, renal activity was 141 + 18, 50.4 + 25.9, and 30.6 + 14.0 %ID/g for 12%|-4, 25]-4-Lu,
and '?51-3, respectively. Despite the lower %ID/g values of 2''At-3-Lu in tumor, its
considerably faster renal clearance resulted in tumor-to-kidney ratios of 8 and 130 at 4
and 24 h, respectively (Fig. 5). Those values are roughly 5- and 16-fold higher than
achieved with 125]-3-Lu, and 20- to 200-fold higher compared with the other compounds.
The uptake in the spleen at 1 h was much lower for '2%|-3-Lu and 2"'At-3-Lu (7.41 £ 2.57
and 2.51 + 0.94 %ID/g, respectively) than for the other compounds (40-70 %ID/qg).
Radioactivity from spleen cleared rapidly for all agents, resulting in tumor/spleen ratios at
4 h of 1.3, 4.4, 6.8, 43, and 97 for '2%-4, 125|-4-Lu, '2%|-3, 12%|-3-Lu, and 2"'At-3-Lu,
respectively. The uptake of '251-3-Lu and 2"'At-3-Lu in the salivary and lacrimal glands
was lower than observed for all other compounds at all time-points resulting in tumor-to-
salivary gland ratios of 58 and 75 and tumor-to-lacrimal gland ratios of 13 and 44 at 1 h
post-injection, respectively (Supplemental Tables 5 and 6, respectively). At 4 h, those

values were 365 and 129 for salivary and 92 and 164 for lacrimal glands.

Alpha Therapy with 21"At-3-Lu

We first evaluated the efficacy of 2''At-3-Lu by scoring growth inhibition of SC xenograft
tumors of both PSMA+ PC3 PIP and PSMA- PC3 flu cells implanted in the same animal.
Single IV injection of four different doses [0, 0.24 (6.5), 0.74 (20), 1.48 (40), or 3.7 (100)
MBq (uCi)] did not affect tumor growth of PSMA- PC3 flu tumors as the median survival
of the tumor-bearing mice was 9, 14, 11, 11, and 13 days, respectively. On the other

hand, median survival compared to untreated controls for animals harboring PSMA+ PC3
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PIP tumors at doses of 0, 0.24 (6.5), 0.74 (20), 1.48 (40), or 3.7 (100) MBq (uCi) were 11
(NS), 27 (P=0.0015), 39 (P=0.0005), 29 (P=0.0005), and not-reached (P=0.0005),
respectively, indicating that 2''At-3-Lu was capable of PSMA-specific tumor growth
control and enhancing survival (Fig. 6A). We also tested the efficacy of single dose of IV-
administered 2''At-3-Lu for treating metastatic deposits of PSMA-expressing tumors.
Higher doses (1.48 and 3.7 MBq) provided survival benefits compared with the untreated
group (Fig. 6B). Median survival for animals treated with 0, 0.186 (5), 0.373 (10), 0.74
(20), 1.48 (40), or 3.7 (100) MBq (uCi) were 48, 49 (NS), 48 (P=0.5769, NS), 52
(P=0.0699, NS), 57, (P=0.0286) and 58.5 days (P=0.2718, due to an early mouse death),

respectively.

Long Term Radiotoxicity

Eleven-week-old male CD1 mice were injected with 0.24 MBq (6.6 uCi), 0.74 MBq (20
uCi), or 1.48 MBq (40 uCi) of 2""At-3-Lu as a single IV injection. We also included an
untreated group for the entire duration of the study as an age-matched control. All groups
of mice consistently gained weight for the 13 month-period of monitoring. (Supplemental
Fig. 3). Blood chemistry data for all treated groups had similar values for creatinine, BUN,
glucose, ALP, ALT, and total protein compared with those for age-matched untreated
controls (Supplemental Fig. 4). A complete blood count also indicated that treated groups
remained within normal limits (Supplemental Fig. 4). Monthly evaluation of urine protein
level (Supplemental Table 7) and specific gravity (Supplemental Table 8) showed no sign
of renal impairment compared with untreated controls for the duration of the study.

Histopathologic examination of kidney, salivary and lacrimal glands revealed no
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treatment-specific pathologic abnormalities at all doses studied (Fig. 7). We observed
mild inflammation, a few dilated tubules with protein deposits, and mild multifocal fibrosis
in kidneys from all groups (including controls), which were age-related phenomena. Mild
age-related inflammation was also observed in salivary and lacrimal glands from all

groups.

DISCUSSION

Banerjee et al. reported a series of 4-halobenzyl derivatives of Lys-Glu-urea inhibitors of
PSMA containing a linking group that connects the PSMA-targeting urea pharmacophore
with a metal chelator (26). Two of the most promising compounds were 1 and 2 (Fig. 1).
When ""Lu-1 and '"7Lu-2 were administered IV to tumor-bearing mice, they exhibited
high uptake in PSMA+ PC3 PIP tumor xenografts (26), low uptake in the salivary glands,
rapid renal clearance, and dose-dependent tumor growth delay. We previously
demonstrated in a head-to-head, pre-clinical study that our scaffold bearing the 3-particle

emitter '"“Lu was inferior to that delivering ?*°Ac, an a-emitter, providing rationale for our

focus on PSMA-targeted compounds bearing an a-emitting warhead (27).

Reports of PSMA-targeted therapy with the a-emitter 22°Ac-PSMA-617 have been
encouraging, even in late-stage disease. Some trials report PSA declines of =2 90% in
roughly half of patients (28), and overall survival of > 15 months (29). Such results may
exceed those of new chemo- or hormonal therapies. However, those results have come

at the costs of decreased quality of life, including non-transient, treatment-halting
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xerostomia and substantial hematological toxicity according to one retrospective trial (30).
A greater mitigation of off-target effects, which has proved challenging to date, is needed
for PSMA-targeted radiopharmaceutical therapy to develop a niche in management of
prostate cancer. Two ways to do so are optimization of pharmacokinetics and choosing
the correct a-particle emitter. We have attempted both by focusing on the Type Il Lys-
Glu-urea scaffold we have previously reported (26), a close structural analog of which is
currently under investigation in a phase 1-2 clinical trial (NCT0349083800), and on using
211At, which produces only one a-particle per decay and has a tractable physical half-life

of 7.2 h (31-34).

For convenience of handling, we initially studied the '?|-labeled surrogates of the
intended 2''At compounds to gauge pharmacokinetics and in vivo stability. Compounds
of the 4 series (Fig. 3) enabled us to explore the effect of halogen location in the molecule
on pharmacokinetics, as well as the influence of a metal within the chelator, which we
previously showed enhanced affinity for PSMA (26). While '?51-4 and '?|-4-Lu behaved
similarly in PSMA+ PC3 PIP tumor, '?°|-4-Lu in kidney substantially decreased by 24 h,
indicating a positive effect of the presence of Lu in the chelator on renal clearance.
Because even higher tumor-to-kidney ratios were observed for '2%|-3-Lu compared with
125]-4-Lu, we continued with the former for further in vivo testing. Relative to '2%]-3-Lu,
211At-3-Lu demonstrated lower tumor but also lower off-target uptake. There was also
moderate uptake within stomach, consistent with some de-astatination (35), however
levels remained below 0.5% ID/g and tumor-to-stomach ratios were ~100 (Figs. 4 and 5).

By contrast, 2""At-DCABzL never had tumor-to-stomach ratios that rose above a few
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percent out to 18 h (78), and a recently published 2''At-labeled minibody targeting
prostate cancer only exceeded 1 upon treatment with perchlorate at 5 h (1.2) and 9 h

(1.4), post-injection (36).

The lack of uptake within stomach and salivary glands of 2''At-3-Lu could in part be due
to the stability of the low-molecular-weight, Lys-Glu-urea-based targeting scaffold (37).
There was also little radioactivity in blood (Supplemental Table 3) and no significant
change in white blood cell counts (Supplemental Fig. 4). Accordingly, neither treatment
with perchlorate (36) nor blocking agents were required to mitigate off-target effects. In
vivo, 2"At-3-Lu treatment caused a PSMA- and dose-dependent increase in survival
compared with control animals in both the flank and metastatic models (Fig. 6).
Comparison of this result with other reported compounds is challenging due to the
different model systems employed. If we focus on our own, earlier therapy studies, we
found that 2''At-3-Lu provided survival effects at much lower doses than 2"'At-DCABzL
(78), which had a maximum tolerated dose (MTD) of 37 kBq (1 uCi). However, that study
was performed in nude rather than SCID mice, which we used here. We did not reach the
MTD for 2'"At-3-Lu as the highest dose administered in the long-term (13 month) toxicity
study with normal mice was only 1.48 MBq (40 uCi). Nonetheless, even at a dose up to
40 times higher than the MTD for 2''At-DCABzL in the same mouse strain, our toxicity
data showed only mild changes at all doses and in all organs studied (Fig. 7). Perhaps a
more relevant comparison is to ?2Ac-L1 (27), which demonstrated an MTD of 9.3 kBq
(0.25 uCi) (fractionated x 4) because the scaffold is the same as that of 2''At-3-Lu.

Compound 2'?Pb-L2 (38), which has a similar scaffold, demonstrated an MTD of 1.5 MBq
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(~40 pCi). For that compound, there were concerns of long-term renal toxicity, which may
be due to the 2'2Bi daughter released and localized to the kidney, which is not a problem

with 2'"At-based agents.

Our goal in this work was to find a suitable a-particle emitting agent to treat PSMA+
prostate and other cancers that had minimal off-target toxicity, namely, an agent that
would be more effective than the corresponding B-particle emitter, but not as toxic as
those radiolabeled with 22°Ac. We have achieved that with 2"'At-3-Lu, attesting to the
potential benefits of this potentially tamer a-emitter. As with 2'2Pb, 211At emits only one a-
particle per decay. As such, these two radionuclides do not produce daughter a-emissions
outside of the intended target site, and will not be expected to have the toxicity, for
example, in liver, attendant to such emissions, as those seen with 2?5Ac. However, there
are differences between 2'2Pb and 2''At, which make us favor the latter. The therapeutic
potential of 2'2Pb will be diminished if the daughter nuclei do not remain at the target site
so that their energy can also be captured (7). For example, Ackerman et al. have
calculated that migration of daughters with 2'?Pb could reduce its relative biological
effectiveness to that for conventional external beam radiation and -particle emitters (39).
Furthermore, 2''At can be introduced to targeting ligands using chemistry very similar to
that for other halogens to minimize perturbation of the targeting scaffold if a fastidious
cellular target is sought — or a chelator can be deliberately introduced to enhance
pharmacokinetics, as in this case (33,34). Lack of off-target toxicity, including to salivary
and lacrimal glands, would obviate the need for cumbersome co-administration of
blocking agents. However, although the natural bismuth target material is inexpensive
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and widely available, 2"At requires a 28-MeV a-particle cyclotron beam for efficient
production, which has curtailed its use (40). There are concerted efforts under way to
increase the supply of 2''At worldwide at academic institutions and research institutes
with commercial sources emerging in the not-to-distant future (https://ionetix.com/why-

alpha-therapy).

A limitation of this study is the use of cells that may not reflect the natural abundance and
heterogeneity of PSMA in human cancer. That issue has been discussed in detail
elsewhere (41). However, PSMA+ PC3 PIP and PSMA- PC3 flu cells have the advantage
of being isogenic, except for PSMA expression, enabling us to answer questions about
pharmacokinetics with a minimum of variables present. The superior performance of
21"At-3-Lu in the flank rather than the metastatic model may reflect, in part, the
supraphysiologic and 10-fold higher PSMA expression in the PSMA+ PC3 PIP cells
relative to the PSMA+ PC3-ML-Luc cells used to generate the metastatic deposits (78),

which express PSMA at about the same level of LNCaP cells (24).

CONCLUSION

In this small series, 2''At-3-Lu proved to have an excellent combination of properties - a
pharmacokinetic profile matching the physical half-life of 2''At, ability to effect survival in
tumor-bearing animals and lack of off-target toxicity as demonstrated by hematopoietic
stability, unchanged tissue chemistries, weight gain rather than loss throughout treatment,

and favorable histopathology. This compound or close analogs are promising for
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translation if and when an a-particle emitter is to be considered in the therapeutic journey

of the patient.
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KEY POINTS

QUESTION: Can a PSMA-targeted, a-emitting small molecule be designed with few off-

target toxic effects while retaining therapeutic efficacy?

PERTINENT FINDINGS: Lead compound 2?''At-3-Lu was able to control tumor growth
and enhance survival in animals treated at doses of 1.48 MBq or greater, and did so

without toxicity.

IMPLICATIONS FOR PATIENT CARE: Compounds such as 2''At-3-Lu provide further

rationale for the use of 2''At in targeted a-emitting radiopharmaceuticals. Astatine-211
may be an effective and non-toxic alternative to other a-emitters in use for management

of prostate and other PSMA-expressing cancers. Its ease of incorporation to a variety of
cancer affinity agents, including small molecules, as well as its convenient physical half-
life could provide a safe, practical, and new method to treat a variety of intractable

malignancies.
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Figure 6
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Figure 7
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Table 1. Radiolabeling yields for '2%1/211At-3

Radionuclide Starting Age of 21"At % Yield?
Radioactivity
0.036-0.266 GBq
125| (0.96-7.2mCi) NA 56.1 £13.7
0.1628-0.3145 GBq
211AL (4.4-8.5 mC)i Fresh 49.6 £6.8
0.444-0.6623 GBq
211AL (12.0-17.9 mCi) =29 Hours 20.8 £8.2%

a. After Preparative HPLC Purification
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Table 2. Radiolabeling yields for 12%1/2'1At-3-Lu

(3.1-23.7mCi)

Radio- Starting Age of 2"1At Method of Yield?
nuclide Radioactivity Preparation
125] 0.170-0.266GBq NA A 46.5 £7.7%
(4.6-7.2mCi)
125] 0.054-0.518GBq NA B 62.8 £9.0%
(1.47-14mCi)
21AL 0.16 — 0.31GBq Fresh A 6.3 £1.8%
(4.4-8.5mCi)
21AL 0.126- 0.34GBq Fresh B 17.8 £8.2%
(3.4-9.2mCi)
21AL 0.44 — 0.66GBq > 9 Hours A 8.6 £ 3.6%
(12.0-17.0mCi)
21AL 0.115-0.877GBq > 9 Hours B 13.6 £ 8.4%

a. After Preparative HPLC Purification

Method A: Separate Preparative HPLC purification of 12%1/211At-3 and '251/2"1At-3-Lu
Method B: Preparative HPLC purification of 12%1/2''At-3-Lu only.
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Synthesis of 3, 3-Lu, radiolabeling precursor 9, 12%1-3, 1231-3-Lu, and ?!"At-3-Lu. Reagents and conditions.

a. 4-(tributylstannyl)benzaldehyde, methanol, sodium cyanoborohydride; b.5-(Fmoc-amino)valeric acid,

TSTU, DIPEA, DMF; c. 20% piperidine in DMF; d. DOTA-NHS tri-t-butylester, DIPEA, DMSO; e. |,, CH,Cly;

f. 1/1 TEAICH,Cl,; g. i. 0.2M NH40Ac, DMSO, 5mM 173 y(NO3)3 XH,0 in 0.1N HCI, 70°C 20 min., ii. EDTA; h. Na'?%l or
21At, methanol, glacial acetic acid, room temp. 20 min; j. trifluoroacetic acid, 60-70°C, 30-45 min,

Di-tert-butyl (((S)-1-(tert-butoxy)-1-0x0-6-((4-(tri-n-butylstannyl)benzyl)amino)hexan-2-
yl)carbamoyl)-L-glutamate (6)

A solution of 4-(tri-n-butylstannyl)benzaldehyde [1] (0.50 g, 1.26 mmol, in 5 ml MeOH) was added
dropwise to a stirred solution of urea 5 [2] (0.61 g, 1.26 mmol) in MeOH (5 ml) at 0-5°C under a
nitrogen atmosphere. The reaction mixture was stirred at RT for 1 h and then treated with sodium
cyanoborohydride (0.32 g, 5.05 mmol). The mixture was stirred overnight at RT and concentrated
under vacuum. Purification by silica gel flash column chromatography using 40-50%
EtOAc/Hexanes as the mobile phase provided 0.54 g (49%) of an oily material. '"H NMR (CDCls)
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5 ppm 7.48 (d, J = 10.0 Hz, 2H), 7.36 (d, J = 5.0 Hz, 2H), 5.92 (m, 1H), 5.73 (m, 1H), 4.26-4.23
(m, 1H), 4.07-4.00 (m, 2H), 2.87-2.84 (m, 2H), 2.29 (t, J = 5.0 Hz, 2H), 1.91-1.87 (m, 1H), 1.80-
1.78 (m, 1H), 1.72-1.70 (m, 2H), 1.59-1.55 (m, 1H), 1.53-1.49 (m, 5H), 1.45-1.41 (m, 27H), 1.34-
1.26 (m, 7H), 1.25-1.22 (m, 3H), 1.05-1.02 (m, 6H), 0.86 (t, J = 5.0 Hz, 9H); 13C NMR (CDCls) &
ppm 173.4, 172.5, 172.4, 172.2, 157.8, 143.9, 137.2, 137.0, 129.2, 82.6, 81.8, 80.6, 53.8, 53.5,
53.1,51.9, 46.9, 31.7, 31.6, 29.7, 29.0, 28.1, 28.0, 27.3, 26.9, 26.1, 22.9, 13.7, 9.6.ESI-MS m/z:
868.4 (M + H)".

Tri-tert-butyl (15S, 19S)-1-(9H-fluoren-9-yl)-3,9,17-trioxo-10-(4-(tri-n-butylstannyl)benzyl)-
2-oxa-4,10,16,18-tetraazahenicosane-15,19,21-tricarboxylate (7)

A mixture of 5-(Fmoc-amino)valeric acid (0.02 g, 0.06 mmol), TSTU (0.02 g, 0.06 mmol) and
DIPEA (0.02 g, 0.11 mmol) was stirred in DMF (1 ml) at RT for 1 h. A solution of 6 (0.05 g, 0.06
mmol) in DMF (1 ml) was added dropwise to the above. The reaction mixture was stirred for 4 h,
concentrated and purified by silica gel flash column chromatography using 40-50%
EtOAc/Hexanes as the mobile phase to provide 0.54 g (47%) of an oily material. '"H NMR (CDCls)
o ppm 7.76 (d, J = 10.0 Hz, 3H), 7.60 (d, J = 5.0 Hz, 3H), 7.40 (m, 4H), 7.31 (m, 4H), 4.99 (bs,
1H), 4.40 (m, 3H), 4.21 (m, 1H), 3.23 (q, J = 5.0 Hz, 3H), 2.83 (m, 5H), 2.66-2.63 (m, 2H), 2.36-
2.29 (m, 1H), 1.89-1.81 (m, 1H), 1.80-1.75 (m, 4H), 1.65-1.62 (m, 4H), 1.55-1.52 (m, 4H), 1.45-
1.42 (m, 14H), 1.36-1.23 (m, 20H), 1.11-1.01 (m, 4H), 0.97 (d, J = 5.0 Hz, 1H), 0.90-0.86 (m,
11H); *C NMR (CDCl3) & ppm 169.2, 168.4, 156.5, 144.0, 141.3, 136.9, 127.7, 127.0, 1251,
119.9, 66.5, 47.3, 40.3, 34.7, 31.6, 30.9, 29.7, 29.1, 28.1, 28.0, 27.4, 27.3, 25.6, 25.3, 22.7, 21.8,
18.8,14.2,13.7, 11.5, 9.6. ESI-MS m/z: 910.4 (M — Fmoc - butyl + H)*, 676.5 (M — Fmoc — Sn(n-
Bu)s)*.

Di-tert-butyl (((S)-6-(5-amino-N-(4-(tributylstannyl)benzyl)pentanamido)-1-(tert-butoxy)-1-
oxohexan-2-yl)carbamoyl)-L-glutamate (8)

A solution of 20% piperidine/DMF (2.5 ml) was added to 7 (0.32 g, 0.27 mmol) and stirred at RT
for 2.5 h. The reaction mixture was concentrated and purified using a silica gel flash
chromatography column eluted with 10% MeOH/CH.CI,/NH4OH. Lyophilization of
chromatography fractions provided 0.190 g (74%) of an oily product. '"H NMR (CDCls3) & ppm 7.44
(d, J=5.0 Hz, 1H), 7.38 (d, J = 5.0 Hz, 1H), 7.14 (d, J = 5.0 Hz, 1H), 7.08 (d, J = 5.0 Hz, 1H),
6.25 (m, 1H), 6.14-6.11 (m, 1H), 4.61-4.49 (m, 1H), 4.48-4.44 (m, 1H), 4.32-4.27 (m, 2H), 3.54-
3.50 (m, 1H), 3.41 (m, 1H), 3.29-3.18 (m, 2H), 3.06-3.03 (m, 2H), 2.68 (m, 1H), 2.49-2.36 (m, 2H),
2.35-2.30 (m, 3H), 2.06-2.04 (m, 1H), 1.87-1.73 (m, 8H), 1.60-1.49 (m, 7H), 1.43-1.42 (m, 27H),
1.35-1.27 (m, 8H), 1.05-1.00 (m, 6H), 0.87 (t, J = 10.0 Hz, 9H); *C NMR (CDCl3) & ppm 173.9,
173.0, 172.8, 172.7, 157.5, 157.3, 141.3, 140.7, 137.0, 136.7, 136.2, 127.5, 125.8, 81.9, 81.8,
81.4, 80.6, 53.6, 52.9, 50.6, 47.8, 46.6, 45.1, 40.5, 32.7, 31.8, 29.7, 29.2, 29.1, 28.1, 27.4, 27.2,
26.9, 22.5, 21.9, 13.7, 9.6. ESI-MS m/z: 967.3 (M + H)*.

Tri-tert-butyl (14S,18S)-2,8,16-trioxo-9-(4-(tributylstannyl)benzyl)-1-(4,7,10-tris(2-(tert-
butoxy)-2-oxoethyl)-1,4,7,10-tetraazacyclododecan-1-yl)-3,9,15,17-tetraazaicosane-
14,18,20-tricarboxylate (9)

A mixture of DOTA-NHS-ester (0.028 g, 0.03 mmol), 8 (0.03 g, 0.03 mmol) and DIPEA (0.04 g,
0.31 mmol) in DMSO (1 ml) was stirred at RT for 3 h. The reaction mixture was concentrated and
purified by silica gel flash chromatography using 1.5% MeOH/CH:Cl; as the mobile phase to
provide 0.024 g (51%) of an oily product. '"H NMR (CDCIs) & ppm 7.40 (d, J = 5.0 Hz, 1H), 7.35
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(d, J = 10.0 Hz, 1H), 7.11 (d, J = 10.0 Hz, 1H), 7.07 (d, J = 10.0 Hz, 1H), 6.56-6.52 (m, 1H), 6.15
(bs, 1H), 5.59 (d, J = 10.0 Hz, 1H), 5.42 (d, J = 5.0 Hz, 1H), 4.50 (d, J = 10.0 Hz, 2H), 4.30-4.21
(m, 2H), 3.72-3.64 (m, 1H), 3.35-3.30 (m, 3H), 3.22-3.12 (m, 5H), 2.84 (m, 6H), 2.39 (m, 2H),
2.33-2.25 (m, 6H), 2.04-2.01 (m, 3H), 1.85 (m, 1H), 1.69-1.58 (m, 4H), 1.57-1.47 (m, 10H), 1.44-
1.38 (m, 59H), 1.34-1.26 (m, 9H), 1.03-0.98 (m, 6H), 0.85 (t, J = 10.0 Hz, 9H); '*C NMR (CDCls)
5 ppm 173.5, 173.1, 172.9, 172.5, 172.4, 172.1, 171.4,171.3, 169.7, 157.1, 157.0, 141.1, 140.5,
137.5, 136.9, 136.6, 136.5, 127.4, 125.8, 82.2, 81.9, 81.8, 81.7, 81.6, 56.0, 55.7, 53.2, 53.1, 52.9,
50.9, 48.1, 46.9, 45.5, 39.2, 39.1, 32.8, 32.6, 31.8, 31.7, 30.9, 29.1, 28.1, 28.0, 27.9, 27.8, 27.4,
26.6, 25.6, 22.6, 22.5, 22.4, 13.7, 9.6. ESI-MS m/z: 761.3 (M/2 + H)*.

Tri-tert-butyl (14S, 18S)-9-(4-iodobenzyl)-2,8,16-trioxo-1-(4,7,10-tris(2-(tert-butoxy)-2-
oxoethyl)-1,4,7,10-tetraazacyclododecan-1-yl)-3,9,15,17-tetraazaicosane-14,18,20-
tricarboxylate (10)

lodine (0.012 g, 0.094 mmol) was added to a solution of 9 (0.05 g, 0.03 mmol) in CH2Cl2 (2 ml)
and stirred at RT for 2h. The reaction mixture was washed with 10% aqueous Na>S,0s solution,
dried, concentrated and purified by silica gel flash chromatography using 1.5% MeOH/CHCI, as
the mobile phase to provide 0.03 g (66%) of a yellowish oily product. '"H NMR (DMSO-d6) & ppm
7.65 (d, J=10.0 Hz, 1H), 7.60 (d, J = 10.0 Hz, 1H), 6.97 (d, J = 10.0 Hz, 1H), 6.92 (d, J = 5.0 Hz,
1H), 6.54 (m, 1H), 5.22 (d, J = 5.0 Hz, 1H), 4.50 (m, 2H), 4.32-4.25 (m, 2H), 3.47 (m, 1H), 3.33-
3.30 (m, 3H), 3.22-3.15 (m, 4H), 2.86 (m, 6H), 2.65-2.52 (m, 3H), 2.42-2.40 (m, 2H), 2.33-2.24
(m, 5H), 2.07-2.04 (m, 3H), 1.86 (m, 3H), 1.70-1.56 (m, 10H), 1.46-1.42 (m, 48H), 1.37-1.20 (m,
8H), 0.92 (t, J=5.0 Hz, 3H); '*C NMR (DMSO-d6) 6 ppm 173.6,173.1,172.6, 172.5,172.4,172.3,
171.9, 171.4, 1571, 137.9, 137.6, 131.0, 130.0, 128.3, 92.5, 81.9, 81.8, 81.7, 81.6, 56.0, 55.7,
53.5, 53.1, 52.9, 50.6, 47.9, 47.3, 45.8, 39.1, 32.8, 32.5, 32.3, 31.6, 30.9, 28.8, 28.6, 28.2, 28.11,
28.0, 27.9, 26.8, 22.5, 22.4, 13.6. ESI-MS m/z: 702.4 (M/2 + Na)*.

(14S, 18S)-9-(4-lodobenzyl)-2,8,16-trioxo-1-(4,7,10-tris(carboxymethyl)-1,4,7,10-
tetraazacyclododecan-1-yl)-3,9,15,17-tetraazaicosane-14,18,20-tricarboxylic acid (3)

A cold solution of 50% TFA/CH2Cl. (2 ml) was added to 10 (0.06 g, 0.05 mmol) and the resultant
solution stirred at RT for 2 h. The reaction mixture was concentrated, purified by C-18 flash
column chromatography using 40-50% acetonitrile/water as the mobile phase, and the fractions
lyophilized to provide 0.030 g (62%) of a white solid. '"H NMR (DMSO-d6) & ppm 12.65 (bs, 1H),
8.46 (s, 1H), 7.69 (d, J = 3.0 Hz, 2H), 7.01 (s, 2H), 6.33 (s, 2H), 4.47 (d, J = 4.0 Hz, 2H), 4.08 (s,
5H), 3.88 (s, 3H), 3.09 (m, 15H), 2.37 (s, 2H), 2.24 (s, 3H), 1.91 (s, 1H), 1.71-1.62 (m, 2H), 1.44
(m, 9H), 1.23 (s, 2H); '*C NMR (DMSO-d6) 6 ppm 174.5,174.4,174.1,173.7,171.9, 158.0, 157.3,
138.4, 137.4, 137.1, 129.9, 128.8, 118.2, 115.8, 92.9, 92.7, 54.7, 54.0, 52.7, 52.2, 52.1, 51.7,
50.6, 49.6, 48.2,47.1, 46.7, 31.8, 31.4, 29.9, 28.4, 27.8, 27.5, 26.7, 22.5, 22.3, 22.2. HRESI-MS:
calcd. For CsoHe2INgO15 1021.3374 [M + H)*, found 1021.3373.

7SLutetium (lll) (14S, 18S)-9-(4-lodobenzyl)-2,8,16-trioxo-1-(4,7,10-tris(carboxymethyl)-
1,4,7,10-tetraazacyclododecan-1-yl)-3,9,15,17-tetraazaicosane-14,18,20-tricarboxylic acid
(3-Lu)

A solution of 3 (7.92 mg, 0.008 umol) in 25 yL DMSO was diluted with 0.2 M NH4OAc, pH 4.5, (1
ml). To this, a solution of 2.7 mg (0.008 pmol) of Lu(NO3)3.xH20 in 540 pl of 0.1 M HCI was added
and the mixture heated at 70-80°C for 1 h on a water bath. The product was purified by HPLC
using a Phenomenex, Luna 10 x 250 mm, 10 p column, gradient 20/80/0.1 to 90/10/0.1

4|Page



MeCN/H20/TFA, 0-40min, flow 15ml/min, and concentrated to give 5.0 mg (42% vyield). HRESI-
MS: calcd. For CsoHsslLUNgO15 1193.2547 [M+H]*, found 1193.2535.

Radiochemistry

(14S, 18S)-9-(4-'*I-lodobenzyl)-2,8,16-trioxo-1-(4,7,10-tris(carboxymethyl)-1,4,7,10-
tetraazacyclododecan-1-yl)-3,9,15,17-tetraazaicosane-14,18,20-tricarboxylic acid ('?°I-3):

Compound 9 (200 pg, 0.13 mmol) of was dissolved in 100 ul methanol in a borosilicate screw
cap vial. To this was added 2 pl glacial acetic acid and 266 MBq (7.2 mCi) of a solution of Na'?l
(Perkin Elmer), followed by 25 ul of a solution consisting of 1 mg N-chlorosuccinimide in 1 ml
methanol. The vial was capped, shaken, and allowed to stand at RT for 20 min. The reaction
mixture was concentrated to almost dryness with a stream of nitrogen and gentle heating.
Trifluoroacetic acid (200 ul) was added and the vial was heated at 70°C for 45 min. The mixture
was concentrated with a stream of nitrogen, the residue redissolved in 2 ml 20% acetonitrile in
water, and purified by radio-HPLC. For this, a Phenomenex Luna C18 column (250 x 10 mm, 10
micron) was eluted at a flow rate of 4 ml/min with a gradient consisting of 0.1% TFA in each water
(solvent A) and acetonitrile (solvent B); the proportion of B was linearly increased from 15% to
50% over 30 min. Under these conditions, '?°I-3 eluted with a retention time of 17 min and 133
MBq (3.6 mCi) was collected. Pooled HPLC fractions containing '2°I-3 were diluted to 20 ml with
water and loaded onto a Waters Oasis HLB Sep-Pak. The cartridge was washed with 5 ml water,
dried with a stream of nitrogen, and the product was eluted with 2 ml ethanol. The eluent was
concentrated with a stream of nitrogen and the residual activity either diluted with saline for
biodistribution studies or carried over for the synthesis of 2%I-3-Lu.

17SLutetium (lll) (14S, 18S)-9-(4-'*l-lodobenzyl)-2,8,16-trioxo-1-(4,7,10-tris(carboxymethyl)-
1,4,7,10-tetraazacyclododecan-1-yl)-3,9,15,17-tetraazaicosane-14,18,20-tricarboxylic acid
('?51-3-Lu):

Method A. To 12%1-3 prepared above was added 150 pl 0.1M NaOAc (pH 4.5), and 25 yl 5 mM
Lu(NOs)z in 0.1M HCI and the solution mixed by a micropipette. This solution was heated at 70°C
for 20 min, quenched with 100 pyl 5 mM EDTA, diluted with 600 pl water and purified by HPLC.
For this, a Phenomenex Luna C18 column (250 x 10 mm, 10 micron) was eluted at a flow rate of
4 ml/min with a gradient consisting of 0.1% TFA in both water (solvent A) and acetonitrile (solvent
B); the proportion of B was linearly increased from15% to 40% over 30 min. Under these
conditions, #°I-3-Lu and '?°I-3 eluted at 21.5 min and 20.5 min, respectively. An activity amount
of 104 MBq (2.8 mCi) of 12°I-3-Lu was collected with a molar activity of 2000 Ci/mmol. Pooled
HPLC fractions containing '?°1-3-Lu were diluted to 20 ml with water, and loaded onto a Waters
Oasis HLB Sep-Pak. The cartridge was, washed with 5 ml water, dried with a stream of nitrogen
and the product eluted with 2 ml ethanol. The ethanolic eluate was concentrated using a stream
of nitrogen and the residual activity diluted with saline for use in biological studies.

Method B. Compound 9 (280 ug, 184 nmol) was placed in a borosilicate screw-cap vial. A solution
of N-chlorosuccinimide in methanol (0.2 mg in 200 pl) was added to the above followed by 407
MBq (11 mCi) of Na'?%I (Perkin Elmer) and 8 pl of glacial acetic acid. The vial was capped, shaken
and allowed to stand at room temperature for 10 min. The reaction mixture was concentrated to
almost dryness using a stream of nitrogen at 57-60°C. A 95:5 mixture of trifluoroacetic acid:water
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(200 pl) was added to the above and the vial was heated at 60°C for 30 min. The volatiles were
evaporated with a stream of nitrogen at 57-60°C. A mixture of 350 pl 0.1M NaOAc (pH 4.5) and
65 pl of 5 mM Lu(NO3)3 (325 mmol) in 0.1M HCI was added to the above and the combined mixture
was blended using a micropipette. The resultant solution was heated at 60°C for 20 min,
quenched with the addition of 100 pl 5 mM EDTA, diluted with 600 ul water and purified by radio-
HPLC. For this, a Phenomenex Luna C18 column (250 x 4.6 mm, 10 micron) was eluted at a flow
rate of 1 ml/min with a gradient consisting of 0.1% TFA in both water (solvent A) and acetonitrile
(solvent B); the proportion of B was linearly increased from 15% to 40% over 30 min. Under these
conditions, 233 MBq (6.3mCi) of 12°1-3-Lu eluted at 22.5 min. Pooled HPLC fractions containing
125].3-Lu were diluted to 20 ml with water and loaded onto a Waters Oasis HLB light Sep-Pak.
The cartridge was washed with 5 ml water, dried with a stream of nitrogen, and the product activity
eluted with 0.5 ml ethanol. For use in biological studies, the ethanol from the eluate was
evaporated with a stream of nitrogen and the residual activity reconstituted in saline.

(14S, 18S)-9-(4-2"'At-Astatobenzyl)-2,8,16-trioxo-1-(4,7,10-tris(carboxymethyl)-1,4,7,10-
tetraazacyclododecan-1-yl)-3,9,15,17-tetraazaicosane-14,18,20-tricarboxylic acid (*''At-3)

A solution of 2"At in 0.02% NCS in methanol (444 MBq; 12 mCi) was added to 9 (680 g, 450
nmol) in a borosilicate screw cap vial followed by 2 pl glacial acetic acid. The vial was capped,
shaken, and allowed to stand at RT for 20 min. The reaction mixture was concentrated to almost
dryness using a stream of nitrogen with gentle heating. Trifluoroacetic acid (200 ul) was added
to the residual activity and the vial heated at 70°C for 45 min. The volatiles were evaporated
using a stream of nitrogen, the residue redissolved in 2 ml 20% acetonitrile in water, and purified
by HPLC. For this, a Phenomenex Luna C18 column (250 x 10 mm, 10 micron) was eluted at a
flow rate of 4 ml/min with a gradient consisting 0.1% TFA in both water (solvent A) and acetonitrile
(solvent B); the proportion of B was linearly increased from 15% to 40% over 30 min. Under these
conditions, (56 MBq; 1.5mCi) of 2''At-3 eluted at 20 min. Pooled HPLC fractions containing 2'1At-
3 were diluted to 20 ml with water and loaded onto a Waters Oasis HLB Sep-Pak. The cartridge
was washed with 5 ml water, dried with a stream of nitrogen and the product was eluted with 2 ml
ethanol. The ethanol from the eluate was evaporated with a stream of nitrogen and the activity
carried over for the preparation of 2''At-3-Lu.

7SLutetium (lll) (14S, 18S)-9-(4-[2"'At]Astatobenzyl)-2,8,16-trioxo-1-(4,7,10-
tris(carboxymethyl)-1,4,7,10-tetraazacyclododecan-1-yl)-3,9,15,17-tetraazaicosane-
14,18,20-tricarboxylic acid (?''At-3-Lu)

Method A. A mixture of 150 pl 0.1M NaOAc (pH 4.5) and 25 yl 5 mM Lu(NOs3)s (125 mmol) in
0.1M HCl was added to the dry ?''At-3 and the solution was mixed by micropipette. It was heated
at 70°C for 20 min and the reaction quenched with the addition of 100 yl 5 mM EDTA. After
diluting with 600 pl water, the mixture was subjected to HPLC. For this, a Phenomenex Luna C18
column: (250 x 10 mm, 10 micron) was eluted at a flow rate of 4 ml/min with a gradient consisting
of 0.1% TFA in both water (solvent A) and acetonitrile (solvent B); the proportion of B was linearly
increased from 15% to 40% over 30 min. Under these conditions, 22 MBq (0.6 mCi) of 2'1At-3-Lu
eluted at 19 min. Pooled HPLC fractions containing 2''At-3-Lu were diluted to 20 ml with water
and loaded onto a Waters Oasis HLB Sep-Pak. The cartridge was washed with 5 ml water, dried
with a stream of nitrogen and the product eluted with 2 ml ethanol. This eluate was concentrated
using a stream of nitrogen and the activity reconstituted in saline.
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Method B. A solution of 2''At in 0.02% NCS in methanol (600 pl; 638 MBq/17.3 mCi) was added
to 310 pg (204 nmol) of 9 in a borosilicate screw cap vial followed by 12 pl of glacial acetic acid.
The vial was capped, shaken and allowed to stand at RT for 10 min. The reaction mixture was
concentrated to dryness using a stream of nitrogen at 60°C. A 95:5 mixture of trifluoroacetic
acid:water (200 pl) was added and the vial was heated at 60°C for 30 min. Volatiles were
evaporated using a stream of nitrogen at 60°C. Sodium acetate buffer (0.1 M), pH 4.5 (500 pl)
and a solution of LUu(NOs)z in 0.1 M HCI (65 ul; 325 nmol) were added to the residue and the
solution mixed with a micropipette. This solution was heated at 60°C for 20 min, 100 pyl 5 mM
EDTA added, and diluted with 600 pl water. The final product was purified by HPLC. For this, a
Phenomenex Luna C18 column (250 x 4.6mm, 10 micron) was eluted at a flow rate of 1 ml/min
with a gradient consisting of 0.1% TFA in both water (solvent A) and acetonitrile (solvent B); the
proportion of B was linearly increased from15% to 40% over 30 min. Under these conditions,
211At-3-Lu (54 MBq/1.47 mCi) eluted at 22.5 min. Pooled HPLC fractions containing ?''At-VK-3-
Lu were diluted to 20 ml with water and loaded onto a Waters Oasis HLB light Sep-Pak. The
cartridge was washed with 5 ml water, dried with a stream of nitrogen, and the product eluted with
0.5 ml ethanol. This eluate was concentrated using a stream of nitrogen and the activity
reconstituted in saline.
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Synthesis of Radiolabeling precursor 15, 4, '21-4 and 125I-4-Lu. Reagents and conditions. a. triethylamine, DMSO, room temp. 2H;

b. iodine, methylene chloride, room temp, 2H; c. 1/1 trifluoroacetic acid/methylene chloride,room temp. 2H; d. Na125|, N-chlorosuccinimide, glacial
acetic acid, methanol, room temperature 20 min; e. concentrated formic acid, 6000, 1H; f. i. 0.1M sodium acetate, pH 4.5, 5mM 175Lu(N03)3

in 0.1M HCI, 60°C, 20 min, ii. 5mM EDTA.

Tri-tert-butyl 2,2',2"-(10-(2-((2-(3-(((2,5-dioxopyrrolidin-1-yl)oxy)carbonyl)-5-
(tributylstannyl)benzamido)ethyl)amino)-2-oxoethyl)-1,4,7,10-tetraazacyclododecane-
1,4,7-triyl)triacetate (13).

A mixture of 2-aminoethyl-mono-amide-DOTA-tris(t-Bu ester) (11) (0.05 g, 0.07 mmol), bis(2,5-
dioxopyrrolidin-1-yl) 5-(tri-n-butylstannyl)isophthalate (12) (0.05 g, 0.07 mmol) [3] and EtsN (0.02
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g, 0.22 mmol) in DMSO was stirred at RT for 2 h. The reaction mixture was concentrated and
purified by flash column chromatography using 2% MeOH/CH,CI, as mobile phase to produce
0.03 g (38%) of oily material. 'H NMR (CDCls) & ppm 8.71 (s, 1H), 8.42 (s, 1H), 8.32 (s, 1H), 3.45
(s, 2H), 2.91 (bs, 4H), 2.61 (s, 47H, peak merged with DMSQ), 1.63 (m, 1H), 1.54-1.44 (m, 7H),
1.33-1.23 (m, 12H), 1.11 (t, J = 5.0 Hz, 6H), 0.87 (t, J = 5.0 Hz, 9H). ESI-MS m/z: 1150.8 (M +
H)*.

(13S, 17S)-8-(4-Bromobenzyl)-1,7,15-trioxo-1-(3-(tributylstannyl)-5-((2-(2-(4,7,10-tris(2-
(tert-butoxy)-2-oxoethyl)-1,4,7,10-tetraazacyclododecan-1-
yl)acetamido)ethyl)carbamoyl)phenyl)-2,8,14,16-tetraazanonadecane-13,17,19-
tricarboxylic acid (15)

A mixture of 13 (0.27 g, 0.23 mmol), 14 [4] (0.14 g, 0.23 mmol) and EtsN (0.07 g, 0.70 mmol) was
stirred in DMSO at RT for 2 h. The reaction mixture was concentrated, purified by C-18 column
chromatography using 70-100% acetonitrile/water as mobile phase, and the chromatography
fractions lyophilized to provide 0.1 g (25%) of a white solid. '"H NMR (CDClIs) & ppm 8.69-8.55 (m,
3H), 8.31 (s, 1H), 8.00-7.94 (m, 2H), 7.60-7.56 (m, 1H), 7.50-7.48 (m, 1H), 7.41 (bs, 2H), 7.17-
7.14 (m, 1H), 6.36-6.29 (m, 1H), 4.46 (s, 1H), 4.19 (bs, 2H), 4.10 (m, 2H), 3.11 (m, 6H), 2.94 (m,
5H), 2.41 (m, 1H), 2.27 (m, 2H), 1.93 (m, 1H), 1.61-1.55 (m, 10H), 1.49 (s, 16H), 1.41 (s, 28H),
1.33-1.28 (m, 11H), 1.14 (t, J = 5.0 Hz, 8H), 0.87 (t, J = 5.0 Hz, 9H). HRESI-MS: calcd. For
C74H122BrN100+17Sn 1621.7189 [M+H]*, found 1621.7179.

(13S, 17S)-8-(4-Bromobenzyl)-1-(3-iodo-5-((2-(2-(4,7,10-tris(2-(tert-butoxy)-2-oxoethyl)-
1,4,7,10-tetraazacyclododecan-1-yl)acetamido)ethyl)carbamoyl)phenyl)-1,7,15-trioxo-
2,8,14,16-tetraazanonadecane-13,17,19-tricarboxylic acid (16)

lodine (0.01 g, 0.09 mmol) was added to a solution of 15 (0.05 g, 0.03 mmol) in CH-Cl> (2 ml) and
the mixture stirred at RT for 2 h. The reaction mixture was concentrated and purified using a
Waters C18 Sep-Pak Plus cartridge and 4060 acetonitrile/water as mobile phase to give 0.07g
(yield > 100%) of a brown residue. This was used as such for next step. ESI-MS m/z: 1457.8 (M
+ H)*.

(13S, 17S)-8-(4-Bromobenzyl)-1-(3-iodo-5-((2-(2-(4,7,10-tris(carboxymethyl)-1,4,7,10-
tetraazacyclododecan-1-yl)acetamido)ethyl)carbamoyl)phenyl)-1,7,15-trioxo-2,8,14,16-
tetraazanonadecane-13,17,19-tricarboxylic acid (4)

A chilled solution of 50% TFA/CH2Cl. (2 ml) was added to crude 15 (0.07 g) and stirred at RT for
2 h. The reaction mixture was concentrated and purified using a Waters C18 Sep-Pak Plus
cartridge and a step wise gradient of 40/60 to 20/80 water/acetonitrile to give 0.025g (62% yield)
of 4 from 15. '"H NMR (CDsCN + D,0) 8 ppm 8.24-8.22 (m, 1H), 8.13-8.11 (m, 1H), 7.89 (m, 1H),
7.53 (m, 1H), 7.46-7.40 (m, 2H), 7.08-7.05 (m, 2H), 4.48 (s, 1H), 4.43 (s, 1H), 4.16-4.13 (m, 2H),
3.64 (bs, 7H), 3.44 (s, 3H), 3.31 (m, 4H), 3.24-3.14 (m, 10H), 2.41 (m, 1H), 2.34-2.29 (m, 3H),
1.83-1.79 (m, 2H), 1.67-1.42 (m, 9H), 1.38-1.36 (m, 5H), 1.23 (m, 4H). HRESI-MS: calcd. For
Cs0H71BrIN10O17 1289.3221 [M+H]*, found 1289.3243.

Radiochemistry
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(13S, 17S)-8-(4-Bromobenzyl)-1-(3-'?l-iodo-5-((2-(2-(4,7,10-tris(carboxymethyl)-1,4,7,10-
tetraazacyclododecan-1-yl)acetamido)ethyl)carbamoyl)phenyl)-1,7,15-trioxo-2,8,14,16-
tetraazanonadecane-13,17,19-tricarboxylic acid ('%°1-4)

Glacial acetic acid (2 pl) and 259 MBq (7 mCi) of 25| were added to a solution of 200 ug (123
nmol) of 15 in 100 ul methanol in a borosilicate screw cap vial. This was followed by addition of
N-chlorosuccinimide in methanol (25 pl; 1 mg/ml). The vial was capped, shaken, and allowed to
stand at RT for 20 min. The reaction mixture was concentrated to almost dryness using a stream
of nitrogen with gentle heating. Concentrated formic acid (200 ul) was added and the vial heated
at 60°C for 60 min. After cooling, the contents were diluted to 1ml with water, and purified by
HPLC. For this, a Phenomenex Luna C18 column (250 x 10 mm, 10 micron) was eluted at a
flow rate of 4 ml/min with a gradient consisting of 0.1% TFA in both water (solvent A) and
acetonitrile (solvent B); the proportion of B was linearly increased from 15% to 50% over 30 min.
Under these conditions, 2%1-4 (37 MBqg/1.0 mCi) eluted at a retention time of 21.5 min. Pooled
HPLC fractions containing '251-4 were diluted to 20 ml with water and loaded onto a Waters Oasis
HLB Sep-Pak. The cartridge was washed with 5 ml water, dried with a stream of nitrogen, and
the product eluted with 2 ml ethanol. The eluate was concentrated using a stream of nitrogen.

7SLutetium (lll) (13S, 17S)-8-(4-Bromobenzyl)-1-(3-'?%l-iodo-5-((2-(2-(4,7,10-
tris(carboxymethyl)-1,4,7,10-tetraazacyclododecan-1-
yl)acetamido)ethyl)carbamoyl)phenyl)-1,7,15-trioxo-2,8,14,16-tetraazanonadecane-
13,17,19-tricarboxylic acid ('?°I-4-Lu)

Sodium acetate buffer (0.1 M), pH 4.5 (150 ul) and a 25 pl of a solution of 5 mM Lu(NO3)3 in 0.1M
HCI were added to '?°I-4 and the solution mixed by a micropipette. This solution was heated at
60°C for 20 min, 100 yl 5 mM EDTA added to quench the reaction, and the mixture diluted with
600 ul water and purified by HPLC. For this, a Phenomenex Luna C18 column (250 x 10 mm, 10
micron) was eluted at a flow rate of 4 ml/min with a gradient consisting of 0.1% TFA in both water
(solvent A) and acetonitrile (solvent B); proportion of B was linearly increased from 15% to 50%
over 30 min. Under these conditions, the retention time of '?51-4-Lu and '?°1-4 was 22.5 and 21.5
min, respectively. Ten MBq (270 uCi) of '?°1-4-Lu was obtained. Molar activity of '?5|-4-Lu was
estimated to be 24 TBq 645 Ci/mmol based on the standard curve for 4. Pooled HPLC fractions
containing 2°1-4-Lu were diluted to 20 ml with water and loaded onto a Waters Oasis HLB Sep-
Pak. The cartridge washed with 5 ml water, dried with a stream of nitrogen and the product eluted
with 2 ml ethanol. Ethanol from the eluent was evaporated using a stream of nitrogen.
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Supplemental Figures

A ¢ 0.019 3 99.9

YCVII-30
=]
R

e

Supplemental Figure 1. PC3-ML-Luc cells were transduced with a lentiviral particle equipped to
express the full-length PSMA and established a stable PSMA-expressing clone confirmed by
fluorescence-activated cell sorting (FACS) (Supplemental Fig. 1A). Intravenous injection of
PSMA-expressing PC3-ML-Luc cells (one million cells in 200 pL saline) to NSG (NOD-SCID
IL2ry"") mice developed experimental metastatic lesions in kidney, liver, lung and bones. Tumor
progression can be monitored non-invasively by in vivo bioluminescence imaging (BLI)
(Supplemental Fig. 1B). The largest tumors (millimeters) and tumor burden are in the kidney
(Supplemental Fig. 1C) and liver (Supplemental Fig. 1D). Lungs have abundant small (hundreds
of micrometers) tumor metastases (Supplemental Fig. 1E). There were osteolytic bone lesions in
skull (Supplemental Fig. 1F), baculum (Supplemental Fig. 1G), and sternum (Supplemental Fig.
1H).
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Supplemental Figure 2. Cell uptake and internalization results. See text and [5] for the
experimental procedure.
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Supplemental Figure 3. Mice treated with varying doses of 2'"At-3-Lu consistently gained weight.
The body weight of each mouse was measured twice per week for 13 months. Only one data
point per week is presented in the graph.
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Supplemental Figure 4. Blood chemistry and complete blood count showed no treatment-related
long-term toxicity. CD-1 mice treated with the indicated doses were maintained in a clean
environment for 13 months. After euthanasia, whole blood was tested for indicated blood
chemistry and CBC. Data are presented as box and whiskers plots. Each dot represents one
animal. For the untreated group, one mouse was euthanized due to severe dermatitis, and data
are from four remaining mice for the group. BUN: blood urea nitrogen, ALP: Alkaline Phosphatase,
ALT: Alanine aminotransferase, WBC: white blood cells, RBC: red blood cells, HGB: hemoglobin,
HCT: hematocrit, MCV: mean corpuscular volume, MCH: mean corpuscular hemoglobin, MCHC:
mean corpuscular hemoglobin concentration, and PLT: platelet.

Biodistribution Tables

Supplemental Table 1. Biodistribution of '?°-4 and '*°1-4-Lu (%ID/g)

12514 125]-4-Lu

Organ 1h 4h 24 h 1h 4h 24 h
blood 1.60+0.26 | 0.49+0.08 | 0.09+0.02 | 2.44+0.45 | 0.46+0.16 | 0.06 + 0.03
heart 1.60+0.53 | 0.95+0.26 | 0.17+0.08 | 1.76 £ 0.38 | 0.57 £+ 0.27 | 0.09 + 0.04
lung 451+0.63 | 2.35+0.32 | 0.58+0.20 | 4.83+0.71 | 1.56+0.48 | 0.15+0.05
liver 0.90+0.15 | 0.42+0.21 | 0.09+0.02 | 0.93+0.13 | 0.24 £ 0.05 | 0.06 £ 0.02
spleen 70.0+204 | 37.5+89 [490+274|46.6+17.3 | 15771 1.18 £ 0.41
pancreas 1.83+0.28 | 1.46+0.05 | 0.26 +0.07 ] 1.36 £ 0.19 | 0.82+0.73 | 0.04 £ 0.02
stomach 1.03+0.12 | 0.96+0.70 | 0.18+0.07 | 0.93+0.35 | 0.41+0.18 | 0.07 £ 0.02
sm. Int. 0.76 £0.13 | 0.38+0.08 | 0.08 £+0.03 | 0.76 £ 0.21 | 0.21 £ 0.06 | 0.03 £ 0.02
Irg. Int. 1.20+0.62 | 0.58+0.19 | 0.12+0.06 | 1.05+0.20 | 0.26 £ 0.11 | 0.04 + 0.01
fat 317+0.73 | 414+1.46 | 0.38+0.28 | 3.45+1.57 | 1.54+£0.92 | 0.62 £ 0.84
muscle 1.05+0.21 | 0.64+0.23 | 0.10+0.05 | 1.00+0.45 | 0.33+0.18 | 0.03 + 0.02
salivary gland | 5.04 £+ 0.87 | 3.48+0.42 | 0.61+0.16 ]| 4.10+1.08 | 1.36 £ 0.46 | 0.15+ 0.06
lacrimal gland | 25.4 + 4.1 15.8+5.0 |260+0.76 | 18.7+3.53 | 5.52+2.52 | 0.70 £ 0.31
kidney 132+19 166 + 14 141+£18 145 + 26 199 + 34 50.4 +25.9
bladder 5.01+2.86 | 241+0.54 [ 1.61+0.75] 3.05+0.97 | 545+6.01 | 2.78 £ 1.43
PC-3 PIP 447+122 | 571+159 | 541+64 | 51.9+15.0 | 60.1+21.0 | 53.0+8.0
PC-3 flu 2.05+0.71 [ 1.22+0.28 | 0.20+0.09 ] 2.30+0.90 | 0.75+0.27 | 0.09 £ 0.02

Supplemental Table 2. Biodistribution of '?°I-3 and '®1-3-Lu (%ID/g)

1253 2513-Lu

Organ 1h 4h 24h 1h 4h 24h
blood 1.08 +0.27 | 0.23+0.03 | 0.02+0.01 | 1.20+0.39 | 0.06 + 0.06 | 0.01 + 0.00
heart 1.25+0.46 | 0.24+0.10 | 0.25+0.02 | 0.71 +0.34 | 0.06 + 0.02 | 0.01 + 0.00
lung 345+0.76 | 0.70+0.19 | 0.07 +0.03 | 1.75+0.54 | 0.16 £ 0.03 | 0.02 + 0.00
liver 0.64+0.17 | 0.16 £0.07 | 0.03+0.01 | 0.48 +0.18 | 0.08 + 0.07 | 0.02 + 0.00
spleen 40.2+16.4 | 469+1.22 | 0.67+0.39 | 7.41+2.57 | 0.64+0.20 | 0.13 +0.06
pancreas 1.53+0.94 | 0.93+1.45 | 0.03+0.01 | 0.44+0.11 | 0.16 + 0.26 | 0.00 + 0.00
stomach 1.12+0.25 | 0.43£0.19 | 0.05£0.03 | 0.68£0.38 | 0.10 £ 0.11 | 0.04£ 0.01
sm. Int. 0.71+0.29 | 0.17+0.04 | 0.02+0.02 | 0.45+0.15 | 0.08 £ 0.09 | 0.01 + 0.01
Irg. Int. 0.85+0.38 | 0.19+0.07 | 0.02+0.01 | 0.64+0.12 | 0.21 £ 0.33 | 0.02 + 0.01
fat 3.18+1.54 | 0.75+0.30 | 0.49+0.38 | 1.78 +1.12 | 0.44 £ 0.33 | 0.09 + 0.10
muscle 0.86 £0.51 | 0.14 £ 0.08 | 0.02 + 0.01 | 0.48 £ 0.34 | 0.07 £ 0.10 | 0.00 + 0.00
salivary gland | 5.13£3.36 | 0.72£0.16 | 0.27 £0.29 | 0.95+0.28 | 0.10+0.05 | 0.03 +0.01
lacrimal gland | 17.3+6.03 | 1.86 £ 0.45 | 0.47 +0.21 | 411+ 1.31 | 0.34+0.09 | 0.06 + 0.03
kidney 194 + 25 162 + 36 30.6 £ 14.0 | 180 + 36 18.2+3.9 | 3.30+1.15
bladder 3.24+1.77 | 488+3.94 | 1.91+2.24 ] 30.6+21.5 | 527+3.19 | 0.34 +£0.12
PC-3 PIP 58.6 +13.7 | 38.0+12.8 | 51.0+ 7.1 51.1+85 |278+17.3|24.0+6.2
PC-3 flu 1.45+0.58 | 0.27 +0.06 | 0.04 +0.27 | 0.87 +0.27 | 0.30 + 0.46 | 0.03 + 0.01
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Supplemental Table 3. Biodistribution of 2''At-3-Lu (%ID/g)
Organ 1h 4h 24 h

blood 0.75+0.18 | 0.11+0.03 | a

heart 0.28+0.06 | 0.11+0.04 | a

lung 1.04+0.38 | 0.27+0.11 | a

liver 040+0.13 |1 0.09+0.04 | a

spleen 2512094 | a a
pancreas 0.14+0.12 | 010£0.16 | a

stomach 0.39+£0.12 | 0.34+£0.20 | a

sm. int. 0.19+0.26 | 0.11+0.09 | a

large. int. 0.07+£0.13 1 012£0.20 | a

fat 0.40+0.50 | 0.12+0.12 | a

muscle 0.14+£0.09 | 0.01£0.10 | a

salivary gland. | 0.47 £0.19 | 0.19£0.09 | a
Lacrimalgland | 0.82+£0.91 | 0.29+1.14 | a

Kidney 89.5+42.7 | 2.12+0.63 | 0.02+0.20
bladder 157+113 |11.7+11.2 | a

PC-3 PIP 30.6+4.8 [ 17.1+£52 |9.46+0.96
PC-3 flu 043+0.15]10.12+0.04 | a

a. <0.05%ID/g of 2"At in tissue

Supplemental Table 4. Tumor/Organ ratios for '?°|-4 and '%51-4-Lu

125|_4 125|_4_Lu

1h 4 h 24 h 1h 4 h 24 h
blood 275 103+65|632+108 | 21+6 134 +43 | 1089 + 556
liver 499 142 +67 | 608 £+ 130 | 57 +£19 | 259 + 105 | 893 + 273
spleen 07+£02]113+£06 148 1.3+£0.7 |44+29 |49+17
stomach 44+14 | 71+36 | 337+106 | 65+ 31 175+90 | 859 + 263
Sm. Int. 59+17 | 136+56 |694+209|73+30 |314+182 | 2315+ 1743
Lrg. Int. 46+27 | 102+66 | 553 +240 | 51 +17 | 2563 + 120 | 1333 + 320
Sal.gland | 9+3 135 92 + 20 1316 47+ 21 397 £ 178
Lac.gland | 1.7£03 [ 28+£1.2 225 27205114 89 + 39
kidney 0.3+01]02+01]0.3%0.1 04+02]03%£01 1.3+£0.7
Supplemental Table 5. Tumor/Organ ratios for '*°I-3 and '?°I1-3-Lu

1253 1251.3-Lu

1h 4 h 24 h 1h 4 h 24 h
blood 54+6 166 £ 92 | 4077 £ 2880 | 46 + 19 824 + 496 | 4119 + 1446
liver 92 + 11 250+96 | 1663 + 560 118 +£49 | 575+404 | 1276 + 386
spleen 1.6+04 |6.8+4.1 96 + 55 58+35 |4325 213+ 119
stomach | 52+8 93 + 29 1192 £ 572 |92 +45 535+ 345 | 657 £ 179
Smint 88 +18 222+54 | 3706 £ 1792 | 125+48 | 813 +494 | 2127 + 1137
Lrgint 76 + 26 250+ 171 | 5197 £ 5785 | 84 + 30 551+ 475 | 1309 + 547
Salgland | 13+5 5315 328 + 186 58 £ 22 365 + 264 | 985 + 369
Lacgland | 3.5+0.6 174 126 + 58 1316 92 + 60 479 + 286
kidney 0.3+£0.04|0.2%0.1 1.9+£0.8 0.3+20.06 | 1.7+1.1 8.0+4.8
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Supplemental Table 6. Tumor/Organ Ratio for ?''At-3-Lu

organ 1hP 4 he 24 h99
blood 54 + 24 189 + 118 a
liver 75+ 19 168 + 118 a
spleen 11+3 97 + 137 a
stomach 84 + 25 73 £+ 91 a
Smint 113 £ 51 99+61e a
Lrg int 211 + 151 84 +105f a
Sal gland 75+ 34 129 + 99 a
Lac gland 44 + 26 164 + 220 a
kidney 0.5+0.2 7.8+6.0 130 £ 113
a. <0.05 %ID/g ?"At in tissue.
b. n=4, no PSMA+ PC3 PIP tumor in mouse #2
c. n=4,noPSMA+ PC3 PIP tumor in mouse #4
d. n=3,no PSMA+ PC3 PIP tumor in mouse #3 and #4
e. no ?"Atin small intestine in one mouse
f.  no2"Atin large intestine in 2 mice
g. one mouse had very low uptake in PSMA+ PC3 PIP tumor (0.44 %ID/g), data included
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Supplemental Table 7. Monthly urine protein values (mg/dL).

Treatment Mouse # Monthl | Month2 | Month3 Month4 Month5 Month6 Month7
21IAt-3-Lu Mouse 1 trace trace 30 30 30 100 30
1.48 MBq Mouse2 | trace 30 30 100 30 30 30
Mouse 3 trace 30 30 30 30 100 30
Mouse 4 trace 30 30 30 30 100 30
Mouse 5 30 30 30 30 30 100 30
21IAL-3-Lu Mouse 1 30 100 30 30 100 300 30
0.74 MBq Mouse2 | 30 30 30 30 30 100 100
Mouse 3 30 30 30 100 30 100 30
Mouse 4 30 30 30 30 30 100 30
Mouse 5 trace 30 300 30 30 100 30
21IAt-3-Lu Mouse 1 30 30 30 100 30 100 30
0.24 MBq Mouse 2 30 30 30 30 30 100 100
Mouse 3 30 30 100 30 30 100 30
Mouse 4 trace 30 30 100 30 100 100
Mouse 5 trace 30 100 30 30 30 30
Non-treated Mouse 1 trace 30 30 30 30 100 30
Mouse 2 trace 30 30 30 30 30 30
Mouse 3 trace 30 30 30 30 30 30
Mouse 4 30 30 30 30 100 30 30
Mouse 5 trace 30 30 30 30 100 30
Treatment Mouse # Month8 | Month9 | Month10 | Month1l | Month12 | Month13
21IAt-3-Lu Mouse 1 30 100 30 30 30 30
1.48 MBq Mouse 2 30 100 100 30 30 30
Mouse 3 30 30 100 30 30 30
Mouse 4 30 30 30 30 30 30
Mouse 5 30 30 30 30 30 30
211IAL-3-Lu Mouse 1 100 100 100 300 100 100
0.74 MBq Mouse 2 100 30 100 100 100 100
Mouse 3 30 30 100 100 100 100
Mouse 4 100 30 100 30 100 100
Mouse 5 100 100 100 100 100 100
21IAt-3-Lu Mouse 1 100 100 100 100 100 30
0.24 MBq Mouse 2 100 100 100 100 100 100
Mouse 3 100 100 100 100 100 100
Mouse 4 100 100 100 100 100 100
Mouse 5 100 30 100 30 100
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Non-treated

Mouse 1 100 100 300 300 30 30
Mouse 2 100 30 100 100 30 30
Mouse 3 100 30 300 100 N/A N/A
Mouse 4 100 30 30 30 30 300
Mouse 5 100 30 30 30 30 100
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Supplemental Table 8. Monthly urine specific gravity values (g/mL).

Treatment Mouse # | Monthl | Month2 | Month3 | Month4 | Month5 Month6 | Month7
2UAt-3-Lu Mouse 1 | 1.03 1.025 | 1.025 1.025 1.025 1.03 1.025
1.48 MBq Mouse2 | 1.025 1.025 | 1.03 1.025 1.025 1.03 1.025
Mouse3 | 1.025 | 1.025 | 1.02 1.025 1.025 1.025 1.025
Mouse4 |1.025 |1.015 | 1.02 1.025 1.025 1.025 1.025
Mouse 5 | 1.03 1.005 | 1.02 1.025 1.025 1.025 1.02
2UAt-3-Lu Mousel |1.025 |1.025 | 1.015 1.02 1.015 1.015 1.025
0.74 MBq Mouse 2 | 1.03 1.025 | 1.02 1.02 1.025 1.025 1.02
Mouse3 | 1.025 | 1.025 | 1.025 1.025 1.03 1.025 1.025
Mouse4 |1.025 |1.015 | 1.01 1.02 1.02 1.025 1.025
Mouse 5 | 1.03 1.025 | 1.025 1.025 1.025 1.025 1.025
2UAt-3-Lu Mouse 1 | 1.03 1.015 | 1.025 1.025 1.025 1.025 1.025
0.24 MBq Mouse2 | 1.03 1.025 | 1.025 1.02 1.02 1.025 1.025
Mouse 3 | 1.03 1.025 | 1.025 1.025 1.025 1.025 1.02
Mouse 4 | 1.03 1.025 | 1.025 1.025 1.025 1.025 1.025
Mouse 5 | 1.03 1.015 | 1.025 1.025 1.025 1.025 1.025
Non-treated | Mouse1 | 1.03 1.025 | 1.025 1.02 1.025 1.015 1.025
Mouse2 | 1.025 | 1.025 | 1.025 1.03 1.025 1.03 1.025
Mouse3 | 1.03 1.025 | 1.03 1.03 1.03 1.03 1.025
Mouse4 | 1.025 | 1.025 | 1.03 1.03 1.03 1.03 1.025
Mouse5 | 1.025 | 1.02 1.03 1.03 1.025 1.03 1.025
Treatment Mouse # | Month8 | Month9 | Monyj10 | Month1ll | Month12 | Month13
2UAt-3-Lu Mousel | 1.025 | 1.025 | 1.025 1.03 1.03 1.025
1.48 MBq Mouse2 | 1.025 1.025 | 1.025 1.03 1.025 1.025
Mouse3 | 1.025 | 1.025 | 1.025 1.025 1.025 1.025
Mouse4 | 1.025 | 1.02 1.01 1.01 1.025 1.025
Mouse5 | 1.025 | 1.025 | 1.025 1.025 1.025 1.025
2UAt-3-Lu Mouse1 | 1.025 | 1.02 1.025 1.025 1.025 1.025
0.74 MBq Mouse 2 | 1.025 1.025 | 1.025 1.025 1.025 1.025
Mouse3 | 1.025 | 1.025 | 1.025 1.025 1.025 1.025
Mouse4 | 1.025 | 1.025 | 1.025 1.025 1.025 1.025
Mouse5 | 1.025 | 1.01 1.025 1.025 1.025 1.025
2UAt-3-Lu Mousel |1.025 | 1.015 | 1.01 1.02 1.025 1.02
0.24 MBq Mouse2 | 1.025 1.025 | 1.025 1.025 1.025 1.025
Mouse3 | 1.025 | 1.025 | 1.02 1.025 1.025 1.025
Mouse4 | 1.025 | 1.025 | 1.025 1.01 1.025 1.025
Mouse5 | 1.025 | 1.025 | 1.025 1.025 1.025
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Non-treated

Mouse 1 1.025 1.025 1.025 1.02 1 1.03
Mouse 2 1.025 1.025 1.025 1.025 1.03 1.03
Mouse 3 1.025 1.025 1.025 1.025 N/A N/A
Mouse 4 1.025 1.025 1.025 1.025 1.03 1.25
Mouse 5 1.025 1.025 1.025 1.025 1.025 1.025

18| Page



	ADP6208.tmp
	Slide Number 1

	ADPF9B6.tmp
	Tri-tert-butyl 2,2',2''-(10-(2-((2-(3-(((2,5-dioxopyrrolidin-1-yl)oxy)carbonyl)-5-(tributylstannyl)benzamido)ethyl)amino)-2-oxoethyl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetate (13).
	A mixture of 2-aminoethyl-mono-amide-DOTA-tris(t-Bu ester) (11)  (0.05 g, 0.07 mmol), bis(2,5-dioxopyrrolidin-1-yl) 5-(tri-n-butylstannyl)isophthalate (12) (0.05 g, 0.07 mmol) [3] and Et3N (0.02 g, 0.22 mmol) in DMSO was stirred at RT for 2 h. The rea...




