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Prostate-specific membrane antigen (PSMA)-targeted radiophar-
maceutical therapy is a new option for patients with advanced pros-
tate cancer refractory to other treatments. Previously, we
synthesized a p-particle-emitting low-molecular-weight com-
pound, ""“Lu-L1 which demonstrated reduced off-target effects in
a xenograft model of prostate cancer. Here, we leveraged that scaf-
fold to synthesize a-particle—emitting analogs of L1, 2"*Bi-L1 and
225Ac-L1, to evaluate their safety and cell kill effect in PSMA-
positive (+) xenograft models. Methods: The radiochemical synthe-
sis, cell uptake, cell kill, and biodistribution of 2'®Bi-L1 and 22°Ac-L1
were evaluated. The efficacy of 22°Ac-L1 was determined in human
PSMA+ subcutaneous and micrometastatic models. Subacute tox-
icity at 8 wk and chronic toxicity at 1y after administration were eval-
uated for ?2°Ac-L1. The absorbed radiation dose of ?*°Ac-L1 was
determined using the biodistribution data and a-camera imaging.
Results: 2'®Bi- and ??°Ac-L1 demonstrated specific cell uptake
and cell kill in PSMA+ cells. The biodistribution of 2'*Bi-L1 and
225Ac-L1 revealed specific uptake of radioactivity within PSMA+
lesions. Treatment studies of 22°Ac-L1 demonstrated activity-
dependent, specific inhibition of tumor growth in the PSMA+ flank
tumor model. 22°Ac-L1 also showed an increased survival benefit
in the micrometastatic model compared with '"“Lu-L1. Activity-
escalated acute and chronic toxicity studies of 22°Ac-L1 revealed
off-target radiotoxicity, mainly in kidneys and liver. The estimated
maximum tolerated activity was about 1 MBg/kg. a-Cameraimaging
of 22°Ac-L1 revealed high renal cortical accumulation at 2 h followed
by fast clearance at 24 h. Conclusion: 22°Ac-L1 demonstrated
activity-dependent efficacy with minimal treatment-related organ
radiotoxicity. 22°Ac-L1 is a promising therapeutic for further clinical
evaluation.
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Prostate cancer is the most commonly diagnosed noncutaneous
malignancy in men, with an estimated 31,620 deaths in 2020, a
5% increase from 2019 (7). Prostate-specific membrane antigen
(PSMA) is a well-characterized tumor marker associated with met-
astatic castration-resistant prostate cancer (mCRPC), the most lethal
form of the disease (2—5). Several PSMA-targeted approaches,
including small-molecule (=1,000 Da) ligands, peptides, and mono-
clonal antibodies, have been used for imaging and treating patients
with mCRPC (5-7). In particular, PSMA-based radiopharmaceuti-
cal therapy (RPT) has appeared as a promising strategy for managing
patients with mCRPC (8,9). Coupled with PSMA-based PET for
patient selection and therapeutic monitoring, PSMA-based RPT is
the treatment arm of a new radiotheranostic (10). To date, this
approach has primarily applied agents that deliver therapeutic pay-
loads using '"’Lu (half-life, 6.7 d), which emits B-particles of rela-
tively low linear energy transfer (~0.2 keV/um) (11). Along with
other conventional B-particle strategies using *°Y (12) or *'I (13),
a-particle-emitting radionuclides are being pursued to improve effi-
cacy, leveraging short-range (50-100 wm), high—linear-energy-
transfer radiation (~80 keV/um) (14-16).

Among a-particle emitters, >*>Ac has received the most attention
because of its 10-d physical half-life and high net emission energy of
27 MeV per decay (17,18). ***Ac decays with the emission of 4
a-particles, generated by the daughter nuclides **'Fr (half-life, 4.8
m), 2'7At (half-life, 32 ms), 2"*Bi (half-life, 45.6 min), and >'*Po
(half-life, 4.2 ws) (17). Those a-particle-emitting daughters have
also been identified as a source of unwanted off-target radiotoxicity
(19). For example, ***Ac-PSMA-617 produced remarkable imaging
and prostate-specific antigen responses in patients with mCRPC
refractory to most advanced therapies. However, it concurrently led
to irreversible damage to the salivary glands, with attendant xerosto-
mia (/4,20). Additionally, although not an acute effect, renal toxicity
may develop over time as more patients are treated more frequently
and are studied over longer periods (20). Prospective clinical data
addressing that important issue are lacking for PSMA «-RPT.

Several preclinical efficacy studies using small-molecule agents
for PSMA «-RPT have appeared; however, only a few have
addressed long-term and activity-limiting toxicity (15,21-23).
Recently, we developed a series of such agents for '”’Lu-labeled
PSMA-based RPT with the goal of reduced off-target toxicity using
Glu-urea-Lys as the targeting moiety (24). A lead agent, '""Lu-L1
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FIGURE1. (A)Chemicalstructures of2"*Bi-L1 and ?**Ac-L1. (Band C) Cell
uptake and internalization (B) (mean = SD, n = 3) and cell kill effect (C) in
PSMA+ PC3 PIP and PSMA— PC3 flu cells after 2 h of incubation at
37°C. Dashed line indicates 95% confidence limit for regression fit.

demonstrated minimal chronic radiotoxicity to most normal organs,
including kidneys. As a next step, here we evaluated ***Ac-L1 and
2B3Bi-L1 (Fig. 1A) in relevant tumor models. Both compounds dem-
onstrated specific uptake and efficacy in the PSMA-positive (+) PC3
flank tumor xenograft. We have further investigated **>Ac-L1 for
acute and chronic toxicity in immunocompetent mice and treatment
efficacy in micrometastatic models. Compared with mice treated
with '"7Lu-L1, tumor growth control was more effective in the group
treated with >**Ac-L1 in the micrometastatic model, with minimal
off-target toxicity demonstrated.

MATERIALS AND METHODS

Reagents, Cell Lines, and Animal Models

213Bj was eluted from a 22> Ac/*'*Bi generator by following a stan-
dard operating procedure provided by the manufacturer, Oak Ridge
National Laboratory. ***Ac nitrate was also produced by Oak Ridge
National Laboratory. Sublines of the androgen-independent PC3
human prostate cancer cell line, derived from advanced androgen-
independent bone metastasis, were used (25). Six- to 8-wk-old male,
nonobese diabetic/Shi-scid IL2rg™"" (NSG; The Jackson Laboratory)
mice (Johns Hopkins Animal Resources Core) were implanted subcu-
taneously with PSMA+ PC3 PIP (3 X 10°) and PSMA-negative (—)
PC3 flu cells (1 X 10® in 100 wL) in the forward right and left flanks,
respectively (/5,25). Immunocompetent CD-1 mice (Crl:CDI[ICR],
8-10 wk old; Charles River Laboratories) were used for the toxicity
studies. Animal studies complied with the regulations of the Johns
Hopkins Animal Care and Use Committee. Compound L1 was synthe-
sized according to our recently reported method (24). Stable
analogs—bismuth-L1, lanthanum-L1, and lutetium-L1—were pre-
pared by following the method used for radiolabeling. The PSMA
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binding affinities of the stable analogs were determined using a
fluorescence-based competitive binding assay (25).

Radiolabeling

Freshly eluted 2'*Bi (18.5-30 MBq in 250 wL of a solution of 0.15 M
KIin 0.1 M HCI) was added to a solution of 5-10 nmol (5-10 uL) of L1
(1 mM) and 5 pL of ascorbic acid (1.1 M), and the pH was adjusted to
about 4-5 using 3 M NH4OAc. The solution was heated in a radiochem-
istry microwave chamber at 90°C for 5 min at a power of 40 W (Reso-
nance Instruments Inc.), and the resultant solution (~270 wL) was
purified by high-performance liquid chromatography (HPLC) using a
Phenomenex Luna C;g3 HPLC column (00G-4252-E0, 250 X 4.60
mm, 5 wm, 100 A). Radiosynthesis of ***Ac-L1 was also performed
using microwave-assisted synthesis. In brief, to a solution of
25 A¢(NO;); (7.4-11.1 MBq in 10-15 wL of 0.2 M HCIl) was added
10 nL of ascorbic acid (1.1 M), about 10 nmol (10 wL) of L1 (1 mM),
50 L of NH4OAc (0.2 M), and 1-2 uL of NH4OAc (5 M) to adjust
to a pH of about 4. After microwave heating for 5 min, the solution
was diluted with 200 wL of water and purified by HPLC. The flow
rate was 1 mL/min, with water (0.1% trifluoroacetic acid) (A) and
CH;CN (0.1% trifluoroacetic acid) (B) as the eluting solvents. To ensure
the highest purity, an isocratic solution of 79% A and 21% B was used to
separate excess ligand from the radiolabeled compound.

Cell Uptake Study
Cell uptake studies were performed as previously described (26).
Cells (1 X 10°) were incubated with a 37 kBg/mL concentration of
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FIGURE 2. (A) Biodistribution data of 2'3Bi-L1 and 2?°Ac-L1 (percentage
injected acthlty [%]A}/g, mean + SD, n = 4). (B) Ex vivo staining of PSMA+
PC3 PIP tumor after administration of 22°Ac-L1 H&E (scale bar, 1.2 mm; x2).
(C) PSMA immunohistochemistry of PSMA+ PIP tumor (scale bar, 50 um;
x20).
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FIGURE 3. Activity-dependent RPT of ?*>Ac-L1 in mice bearing either PSMA+ or PSMA— PC3
flu flank tumors after administration via tail-vein injection (n = 5). (A) Study design. (B) Relative
tumor volume (Vi/Vo) (top); tumor growth curves relative to tumor volume at day 0 (set to 1).
Kaplan-Meier curve illustrating time to grow Vy/V, = 10 after treatment with 22°Ac-L1 or control

(saline injection) (bottom).

each radiolabeled agent. To determine PSMA-binding specificity, cells
were preblocked with the known PSMA inhibitor ZJ43 (27) to a final
concentration of 10 uM. The obtained radioactivity values were con-
verted into percentage incubated dose (%ID) per million cells.

Clonogenic Survival Assay

Cells (500—1,000) were seeded in 60-mm culture dishes. **>Ac-L1 or
23Bj-L1 was diluted in a prewarmed medium at different concentrations
(0.04-74 kBg/mL for ***Ac-L1 and 0.37-185 kBq/mL for >'*Bi-L1) and
incubated with the cells for 2 h. The radiolabeled compound was
replaced with fresh medium, and cells were incubated for 2 wk or until
colonies had at least 50 cells. The colonies were stained with crystal vio-
let and counted, and the surviving fraction was normalized to the control
plating efficiency (28). Ag (activity to reduce survival to 37%) and the
95% confidence limits of the regression fit were determined.

In Vivo Experiments

In vivo experiments (experiments 1-10) are summarized in Supple-
mental Table 1, along with the relevant information (supplemental mate-
rials are available at http://jnm.snmjournals.org).

Biodistribution. Biodistribution (Supplemental Tables 2-4) was
determined according to our previously reported method (25). Mice
were injected via the tail vein with *"*Bi-L1 (185 kBq) or ***Ac-L1
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deposited locally with the absorbed fraction, ¢ =
1, for both the parent ***Ac and all radioactive
daughters except in the kidneys, for which
absorbed dose from additional free 2'*Bi was tab-
ulated. Potential human ADCs were estimated
using a standard mouse-to-human conversion for-
mula for time-integrated activities (30), which
were then input to OLINDA/EXM, version 1.0 (37).

Digital autoradiography was performed using the a-camera (32) to
visualize the activity and its distribution at subtissue levels. After admin-
istration of **>Ac-L1 (0.4 MBq) via tail-vein injection, the mice were
sacrificed at 2 and 24 h (n = 2) (experiment 5). Kidneys, salivary glands,
and tumors were harvested and immediately embedded in optimal-cut-
ting-temperature compound, frozen on dry ice, and cryostat-sectioned
in 8-wm sections. Image analysis was performed using ImageJ Fiji (ver-
sion 1.49g; National Institutes of Health). The relative 225 Ac¢-L1 activity
concentrations at the subtissue level versus the average of the whole tis-
sue sample were calculated.

RPT

Efficacy in a Flank Xenograft Model. Mice were injected subcuta-
neously within the flank with 2 X 10° PSMA+ PC3 PIP or 1 X 10°
PSMA — PC3 flu cells. Treatments (*'*Bi-L1 and >*>Ac-L1, experiments
6-7) were conducted 12—15 d later when tumor volume was less than
100-150 mm>. Tumors were then measured 2-3 times per week until
they reached 1,000 mm®. Three mice from each group (n = 3 per group)
were removed to evaluate acute toxicity after 8 wk.

Efficacy in a Micrometastatic Model. PC3-ML-fLuc-PSMA cells
were maintained as described previously (27). Briefly, mice were
injected intravenously with 1 X 10° PC3-ML-fLuc-PSMA cells
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FIGURE 4. Treatment effect in PSMA+ micrometastatic model. (A) Study design and Kaplan-Meier
curve showing activity-dependent survival benefit after single and multiple administrations. (B)
Kaplan-Meier curve showing improved survival after single administration of 22>Ac-L1 compared with

7Ly-LA.

(experiment 8A). One day later, mice were injected intravenously with
93 kBq of ***Ac-L1 (group 1) and with the fractionated activity of 9.3
kBq at a 48-h interval (group 2 [X4], group 3 [X6], group 4 [X8],
and control group [0 kBq]). Metastatic tumor progression was monitored
by in vivo bioluminescence imaging (IVIS Spectrum; Perkin-Elmer) and
survival. A second study was performed on a micrometastatic model
(experiment 8B) using ***Ac-L1 (37 and 74 kBq) and '"'Lu-L1 (37
MBq) and a control group (0 kBq).

Toxicity and Maximum Tolerated Activity (MTA). The MTA was
defined as the highest activity at which no animal died or lost more than
20% of its pretreatment weight. Mice (body weight, 34.9 = 0.5 g) were
weighed and inspected twice per wk for at least 12 mo. A toxicity study
was also performed using the fractionated activity scheme applied for the
micrometastatic model (0 kBq, 93 kBq, 9.3 kBq X 4, 9.3 kBq X 6, and
9.3 kBq X 8) (experiment 9). A separate study (experiment 10) was also
performed, in which we administered **° Ac-L1 intravenously at doses of
18.5 kBq X 2 (group 1) and 37 kBq X 2 (group 2)—doses that were
based on the activity used for the treatment of the flank tumor model.
The control group (group 3) received only saline vehicle. On sacrifice,
animals were evaluated by the Johns Hopkins Phenotyping Core.

23B1- AND %?° Ac-BASED RADIOTHERAPEUTICS  *

from 0.1-5.1 nM. In cellula experiments
demonstrated high and specific cell uptake
and killing efficiency for both *'*Bi-L1
and **’Ac-L1 in PSMA+ PC3 PIP cells
(Fig. 1B). PSMA— PC3 flu cells were
insensitive to either compound under sim-
ilar conditions. ***Ac-L1 (A, 9-12 kBg/
mL) was more effective than *’Bi-L1 (95-122 kBgq/mL) in
PSMA+ cells (Fig. 1B).

Biodistribution

The biodistribution of >'*Bi-L1 (Fig. 2A, experiment 1) was deter-
mined up to 2 h, considering its short half-life. PSMA+ PC3 PIP
tumor uptake was high as early as 10 min after injection (18.9 =
3.1 %ID/g) and increased at 2 h (29.4 = 8.0 %ID/g). The agent dis-
played rapid clearance from blood, showing a drop from 5.1 £ 1.7
%ID/g at 10 min to 0.57 %= 0.0 %ID/g at 2 h. Renal uptake was
49.0 = 21.2 %ID/g at 10 min and cleared rapidly to 23.1 = 6.7,
9.9 = 1.8,and 8.6 = 3.0 %ID/g at 30 min, 1 h, and 2 h, respectively.
Activity in the heart, liver, spleen, and salivary glands was less than 1
%ID/g after 2 h.

The biodistribution of ***Ac-L1 was determined up to 8 d after
administration (Fig. 2A, experiment 2). ***Ac-L1 cleared rapidly
from the blood pool (<0.5 %ID/g at all time points) and efficiently
accumulated in the PSMA + tumor to 45.8 = 17.9 %ID/g at 2 h and
44.5 = 12.9 %ID/g at 8 h, remaining high, at 49.0 £ 17.9 %ID/g, at
24 h. Clearance from tumor was protracted, at 22.0 = 7.5 %ID/g at
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A 1. Chronic toxicity (12 months follow up, experiment 9)
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2. Acute (8 weeks) and chronic toxicity (12 months follow up, experiment 10

Study design Treatment group
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with the previous report, “*Ac-L1 also dis-
played significantly lower liver uptake (=1
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and all other normal tissues showed low uptake
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Time (d) Time (d) displayed necrosis within the treated tumors.

PSMA  immunohistochemical  staining
within the PSMA+ PC3 PIP tumors
revealed a decrease in PSMA expression at
24-192 h compared with tumor harvested
from control animals that did not receive
radioactivity. This decrease could be attrib-
uted to a treatment effect that resulted in a
decrease in PSMA+ tumor cells with time.
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80~ Time after start of treatment (mo) PSMA+ or PSMA— and the PSMA-—
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£ did not show any significant difference in
2604 — O0kBq . . .
e — 93kBq the time to reach a 10-fold increase in tumor
2 — 93kBqx4 volume (V,) from the initial tumor volume
o i . . .
2 40+ — oskegxe | (Vo) (V/Vy = 10), with a median survival
g — 93kBqx8 | Of 17 d. Animals receiving any single dose
20 . . . . . . . . . . . . or 2 fractionated doses (7 d apart) demon-
605 1+ 2 4 5 6 7 8 9 10 1 12 strated a significant tumor growth delay in
Time after start of treatment (mo) PSMA+ tumors (P < 0.003) compared
) . . . o with the control groups. However, slow
FIGURES. (A) Study design (1 and 2) of the chronic and acute toxicity studies performed using immu-

nocompetent CD-1 mice. (B) Analysis of radiotoxicity parameters of 22°Ac-L1 in healthy CD-1 mice (n =
5) for 1-12 mo. Measured urine protein level by dipstick showed activity-dependent proteinuria occurring
in treatment groups (top). Urine protein (trace, 0-10 mg/dL; 1+, 30 mg/dL; 2+, 100 mg/dL, 3+, 300 mg/

dL) and mean body weight (bottom).

48h,18.3 £4.1 %ID/gat72h,19.2 * 6.4 %ID/gat96 h, 12.6 += 3.2
%ID/gat 120 h, and 10.0 = 2.2 %ID/g at 8 d. Renal uptake was high-
estat 2 h, at 27.5 = 14.9 %ID/g, followed by relatively rapid clear-
ance to 3.1 = 0.9 %ID/g at 8 h and 1.5 %= 0.5 %ID/g at 24 h and
dropping below 1% at later times. Tumor-to-kidney ratios increased
from 79.3 = 25.0at2hto314.5 = 185.8 at 8 h, 203.8 = 123.1 at 24
h, 101.0 = 64.3 at 48 h,242.5 = 107.8 at 72 h, 168.7 = 33.5at 96 h,
147.9 = 40.2 at 120 h, and 148 = 75 at 8 d. Biodistribution beyond
8 d was not determined because of a significant reduction in PSMA +
tumor volume.

Among normal organs, liver displayed moderate uptake at 8§ h (3.9 =
1.1 %ID/g) and remained at that level at 24 h (3.1 = 0.8 %ID/g),
decreasing to 2.1 = 0.4 %ID/g at 8 d after injection. Accordingly, a bio-
distribution study was performed on tumor-free CD-1 mice to determine
whether liver retention was related to the animal model or whether
25 Ac-L1 was chemically unstable in vivo (experiment 4). Our previous
studies revealed significantly higher liver uptake in immunodeficient
tumor-bearing NSG mice than in immunocompetent CD-1 mice when
administered with the anti-PSMA antibody '''In-5D3 (33). Consistent
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tumor regrowth was observed after 8 wk in
the treatment groups that received 9.3 kBq
X 1 and 9.3 kBq X 2 doses. In contrast, a
durable treatment effect was seen when
PSMA+ PIP-bearing animals received 18.5
kBq X 2 (Fig. 3B), where median V/V, =
10 was 168 d. Significantly, whereas the single administration of
18.5 kBq resulted in an increase in V/Vy > 10 within 8 wk for 3
mice from this group, the remaining 2 mice displayed significant
tumor growth control and increased body-weight recovery indicating
relatively lower radiotoxicity than in the rest of the treated groups. The
median time to reach a V/Vy = 10 is listed in Figure 3B. A prelimi-
nary efficacy study was also performed with 2'°Bi-L1 (3.7 MBq). It
showed expected tumor control (V¢/V, = 10 [35 d]) compared with
the untreated group (15 d) (Supplemental Fig. 4) in the PSMA + flank
tumor model.

Antitumor Effect in the PSMA+ Micrometastatic Model. The
study design and efficacy of ***Ac-L1 as single and fractionated
activity are shown in Figure 4A (experiment 8A). Mice that received
9.3 kBq X 6 of **Ac-L1 demonstrated the highest survival (P <
0.002), with a median survival of 72 d, compared with 44 d for the
untreated group, from initiation of the experiment.

A separate experiment was performed to compare the effect of a
single administration of *>>Ac-L1 with that of '"’Lu-L1 (37 MBq)
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(Fig. 4B, experiment 8B). No survival benefit for the group treated
with """Lu-L1 was observed compared with the untreated group,
with median survival times of 46 and 47 d, respectively. In contrast,
225Ac¢-L1 (37 and 74 kBq) displayed significantly increased survival
over controls (P < 0.001).

In Vivo Radiotoxicity and MTA. The designs of the chronic and
acute toxicity studies are shown in Figures 5A and 5B (experiments
9-10). Acute toxicity of >*>Ac-L1 was evaluated in tumor-bearing
NSG mice after 8 wk and in tumor-free CD-1 mice. In general, blood
counts and chemistry (Supplemental Tables 6—7) were not signifi-
cantly affected, acutely, compared with untreated control mice.

A chronic toxicity study was performed by following the fraction-
ated dosage scheme (Fig. 5A) used for the micrometastatic model,
which assessed the long-term effects of **Ac-L1 (Fig. 5B; Supple-
mental Table 8). All mice treated with 93 kBq (» = 5/5) and 9.3 kBq
X 4 survived for over 12 mo. Significantly, all treated mice dis-
played acceptable hematologic changes compared with the untreated
mice. Moderate changes in creatinine and blood urea alanine levels
(for kidney function) were seen only for the higher-treatment groups,
with renal cortical changes (H&E) not seen in the control group
(Supplemental Fig. 6). Elevated values of aspartate aminotransfer-
ase, alanine aminotransferase, and y-glutamyl transferase were con-
sistent with liver toxicity in these 2 groups.

Limited chronic toxicity testing was also performed applying the
activity used for flank tumor models (experiment 10). Although 3 of
5 CD-1 mice treated with 18.5 kBq X 2 survived after 12 mo (Sup-
plemental Table 9), the group treated with 37 kBq X 2 showed sig-
nificant weight loss after 6 mo. All mice from that latter group were
removed from the study to evaluate the activity-limiting toxicity.
Elevated aspartate aminotransferase, alanine aminotransferase, and
y-glutamyl transferase were consistent with liver damage in treated
animals, as seen from experiment 9. The parotid glands displayed
smaller acini and higher cytoplasmic variation after 1 y in mice
treated with 18.5 kBq X 2 than in controls (Supplemental Fig. 7).
There were more cytoplasmic variation and anisocytosis in the lac-
rimal gland tissue in 2 treated mice.

In summary, on the basis of the chronic toxicity studies, MTA was
conservatively determined as the fractionated administration of 9.3
kBq X 4. The fractionated dosage of 18.5 kBq X 2 may also be con-
sidered safe. Two mice that died at month 1011 were not available
for pathologic assessment. Lung tumors smaller than 5 mm in diam-
eter were identified in 2 treated animals from the chronic toxicity
studies. Such spontaneous tumorigenesis (adenoma of lung and
liver) is the common cause of death for older CD-1 mice (34,35).

a-Camera Imaging and Dosimetry

Figures 6A and 6B provide a selected list of the murine ADCs.
PSMA+ PC3 PIP tumors received the highest ADC (680 mGy/
kBq), followed by liver (94 mGy/kBq) and kidney (82 mGy/kBq).
The doses absorbed by other normal tissues were low. Therapeutic
PSMA + tumor—to—normal-organ ratios were calculated for selected
organs (Fig. 6B). Therapeutic ratios were high and followed the
order bone marrow (1,115) >> salivary gland (123) > blood (40)
> kidney (8.3) and liver (7.2), indicating either kidney or liver as
the absorbed dose—limiting organ. Estimated human average organ
ADCs from OLINDA/EXM, based on mouse-to-human time-
integrated activity conversion for selected organs, are listed in Sup-
plemental Table 5.

The distribution of radioactivity within the tumor, kidney, and sal-
ivary glands was further evaluated ex vivo by a-camera imaging at 2

23B1- AND %?° Ac-BASED RADIOTHERAPEUTICS  *

and 24 h after treatment (Fig. 6C, experiment 5). The kidney dis-
played a highly heterogeneous intraorgan distribution of radioactiv-
ity, with preferential renal cortical accumulation as anticipated from
the high levels of PSMA within this region (36) and the accumula-
tion of free 2'°Bi (37). Rapid clearance of *>>Ac was observed after
24 h, consistent with the biodistribution data and further reflecting
the favorable pharmacokinetics of **>Ac-L1. The ratio of signal
intensity within the renal cortex to that within the medulla was 4:1
at 2 h. A uniform distribution of radioactivity was noted in PSMA +
tumor at both time points, indicating sufficient internalization of 2> Ac
after 24 h to produce an antitumor effect. A nonuniform distribution of
radioactivity within the salivary glands was found for both parotid and
submandibular glands at 2 h, with radioactivity levels too low to
enable imaging at 24 h.

DISCUSSION

PSMA «-RPT holds great potential as a safe and effective treat-
ment option for patients with mCRPC. Although «-RPT with
225 Ac-PSMA-617 has demonstrated substantial responses, salivary
gland radiotoxicity has curtailed widespread adoption of this agent
(20). Here, we report a detailed preclinical investigation of a new
225 A ¢c-labeled compound, with attention to radiolabeling method,
biodistribution, efficacy in 2 human tumor models, radiotoxicity,
and a-camera—guided dosimetry. The goal was to provide an
225 Ac-labeled compound that might be as effective as, or more effec-
tive than, existing agents but with fewer off-target effects.

Since the initial demonstration of 2'*Bi-labeled and, more
recently, **"Th-labeled anti-PSMA antibodies for a-RPT (38,39),
several low-molecular-weight PSMA «-RPTs have been developed
preclinically for their fast and favorable pharmacokinetics as demon-
strated clinically by ***Ac-PSMA-617 (14). Unconventional radio-
isotopes to enable concurrent PET imaging (40) or efforts to
improve the therapeutic window, often at the expense of increased
retention in the blood (23), have been pursued. Studies are also
directed toward developing a more relevant tumor model to address
PSMA heterogeneity, which has been demonstrated in the clinical
setting (41). It is challenging to compare the safety and efficacy of
those reported compounds with ***Ac-L1 because of the different
tumor models and murine species involved and the lack of readily
available long-term toxicity data in the literature. We did not per-
form detailed safety and efficacy studies for >'*Bi-L1 because of
the inconveniently short half-life of >'*Bi and the sense that if we
were to move forward clinically, it would be with ***Ac-L1 or a
close analog.

There are several key outcomes from this work. First, we pre-
sented an optimized radiosynthesis method to provide the highest
possible molar specific activity for ***Ac-L1. Second, we used bio-
distribution studies together with a-camera—guided dosimetry to
uncover the dose-limiting organ, which could be kidney or liver
and, less likely, bone marrow. The data were supported by long-
term radiotoxicity studies, which revealed that the liver and—
less likely—kidney were the dose-limiting organs. Notably,
whereas a high single dose of '"’Lu-L1 (111 MBq) did not gener-
ate renal or hematologic toxicity after 1 y of follow-up (24), **>Ac-
L1 indeed displayed typical renal cortical damage at the higher
doses; 4 X 9.3 kBq was considered the MTA. Third, consistent
with our previous report on *'?Pb-based a-RPT (15), the data
also revealed superior efficacy of a-RPT compared with B-RPT
("”Lu-L1) in treating micrometastatic disease. Considering the
energy ratio of *>Ac (27 MBq) to '"’Lu (0.4 MBq) of 70 to 1,
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basis of the data of Current et al., the effi-
cacy of PSMA «-RPT correlates positively
with the PSMA expression per cell and the
fraction of PSMA+ cells per lesion. The

FIGURE®6. (A)Activity per unit mass (Bg/g) within kidneys of free in vivo-generated 2'*Bi and equilib-
rium 22°Ac-L1. (B) ADC of selected tissues and therapeutic ratio (ADC of PSMA+ tumor—to-normal-
organ ratio). (C) a-camera images showing suborgan activity distribution within kidney and in tumor
(significant renal cortical clearance was observed after 24 h) (left and middle) and a-camera image of
submandibular and parotid salivary glands (right). Scale indicates activity concentration normalized
with average activity in tumor at 2 h (left), in tumor at 24 h (middle), and in salivary glands at 2 h (right).

a-camera exposure is 30 min (left and middle) and 24 h (right).

25Ac-L1 (4 X 9.3 kBq) demonstrated an approximately 10- to
12-d survival benefit using a safe dose at the MTA compared
with 7"Lu-L1 (37 MBq). The administered dose of '"’Lu-L1I
was 14-fold higher than that of **>Ac-L1. Notably, a short half-
life 2''At-labeled compound displayed significantly higher sur-
vival benefit than **Ac-L1, although long-term toxicity data
revealed severe renal cortical damage at more than 10 mo after
treatment (27). That finding underlines the potential advantage of
225Ac a-RPT, even with concerns related to its a-emitting daugh-
ters. Fifth, low tumor-to-liver ratios were found for **Ac-L1,
which we believe are most likely associated with immunocompro-
mised NSG mice combined with the release of decayed daughters
within the liver. Mild hepatobiliary radiotoxicity was also identi-
fied in long-term toxicity with higher doses of ***Ac-L1 but not
with "’Lu-L1.

Human MTAs based on whole-organ dosimetry are 140 MBq for
the liver as the dose-limiting organ and 130 MBq for the kidney,
assuming a global relative biological effect of 5 relative to
external-beam thresholds in units of a 2-Gy-fraction-equivalent of
external-beam radiation (Supplemental Table 5C). However, liver
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number of PSMA receptors per PC3 PIP
cell was measured to be approximately
5.5 X 10° (flow cytometry). On the basis
of our study, ***Ac-L1 could provide a
curative dose of 50 Gy for the PSMA+
PC3 PIP tumor with an estimated dose of
31 MBq (Supplemental Table 5C). Addi-
tionally, our preclinical long-term toxicity
study (extrapolated from a 35-g mouse to a 73.7-kg male adult
human) revealed that the MTA for a male adult human is estimated
to be about 77 MBq. Accordingly, approximately 2.2 X 10° PSMA
receptors per cell would be treated safely using *>>Ac-L1 as a stand-
alone therapy and is within the range of PSMA expression in the
human prostate cancer cell lines C4-2 (41) and LNCaP (42).

Another limitation of our study is the use of a small number of
control animals for toxicity studies. That situation was associated
with the unexpected death of the treated mice during the 1-y-long
toxicity studies, with matched control mice sacrificed to enable com-
parison of radiotoxicity. Such long-term radiotoxicity studies with
more control animals will be important to initiate clinical translation
of the studied a-RPT agents.

CONCLUSION

We have evaluated the new PSMA-based a-RPT agents >'*Bi-L1
and **Ac-L1. ***Ac-L1 demonstrated a PSMA-specific tumor
growth delay in both large and micrometastatic tumor models with-
out causing off-target toxicity using fractionated activity administra-
tion. The results suggest testing ***Ac-L1 in patients with mCRPC.
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KEY POINTS

QUESTION: Can we deliver PSMA-targeted a-RPT using ?*°Ac-
labeled low-molecular-weight radioligands to tumor-bearing mice
safely and effectively?

PERTINENT FINDINGS: We investigated an optimized ?2°Ac-
labeled PSMA-targeted compound,??®Ac-L1, which safely demon-
strated tumor growth control in both flank and micrometastatic
models and did so more effectively than the corresponding '""Lu-
labeled analog. Our data indicate that it is possible to provide a safe
and therapeutically effective dose of 22°Ac-L1.

IMPLICATIONS FOR PATIENT CARE: 2?°Ac-L1, designed to mit-
igate off-target effects, is a promising candidate for clinical PSMA-
targeted a-RPT.
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