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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 b-particle–emitting low-molecular-weight com-
pound, 177Lu-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, 213Bi-L1 and
225Ac-L1, to evaluate their safety and cell kill effect in PSMA-
positive (1) xenograftmodels.Methods:The radiochemical synthe-
sis, cell uptake, cell kill, and biodistribution of 213Bi-L1 and 225Ac-L1
were evaluated. The efficacy of 225Ac-L1 was determined in human
PSMA1 subcutaneous andmicrometastaticmodels. Subacute tox-
icity at 8wk and chronic toxicity at 1 y after administrationwere eval-
uated for 225Ac-L1. The absorbed radiation dose of 225Ac-L1 was
determined using the biodistribution data and a-camera imaging.
Results: 213Bi- and 225Ac-L1 demonstrated specific cell uptake
and cell kill in PSMA1 cells. The biodistribution of 213Bi-L1 and
225Ac-L1 revealed specific uptake of radioactivity within PSMA1
lesions. Treatment studies of 225Ac-L1 demonstrated activity-
dependent, specific inhibition of tumor growth in the PSMA1 flank
tumor model. 225Ac-L1 also showed an increased survival benefit
in the micrometastatic model compared with 177Lu-L1. Activity-
escalated acute and chronic toxicity studies of 225Ac-L1 revealed
off-target radiotoxicity, mainly in kidneys and liver. The estimated
maximumtoleratedactivitywasabout 1MBq/kg.a-Camera imaging
of 225Ac-L1 revealed high renal cortical accumulation at 2 h followed
by fast clearance at 24 h. Conclusion: 225Ac-L1 demonstrated
activity-dependent efficacy with minimal treatment-related organ
radiotoxicity. 225Ac-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 (1). 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 (#1,000Da) ligands, peptides, andmono-
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 formanaging
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 177Lu (half-life, 6.7 d), which emits b-particles of rela-
tively low linear energy transfer (�0.2 keV/mm) (11). Along with
other conventional b-particle strategies using 90Y (12) or 131I (13),
a-particle–emitting radionuclides are being pursued to improve effi-
cacy, leveraging short-range (50–100 mm), high–linear-energy-
transfer radiation (�80 keV/mm) (14–16).
Among a-particle emitters, 225Ac 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). 225Ac decays with the emission of 4
a-particles, generated by the daughter nuclides 221Fr (half-life, 4.8
m), 217At (half-life, 32 ms), 213Bi (half-life, 45.6 min), and 213Po
(half-life, 4.2 ms) (17). Those a-particle–emitting daughters have
also been identified as a source of unwanted off-target radiotoxicity
(19). For example, 225Ac-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 (14,20). 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 a-RPT.
Several preclinical efficacy studies using small-molecule agents

for PSMA a-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 177Lu-labeled
PSMA-based RPT with the goal of reduced off-target toxicity using
Glu-urea-Lys as the targeting moiety (24). A lead agent, 177Lu-L1
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demonstrated minimal chronic radiotoxicity to most normal organs,
including kidneys. As a next step, here we evaluated 225Ac-L1 and
213Bi-L1 (Fig. 1A) in relevant tumor models. Both compounds dem-
onstrated specific uptake and efficacy in the PSMA-positive (1) PC3
flank tumor xenograft. We have further investigated 225Ac-L1 for
acute and chronic toxicity in immunocompetent mice and treatment
efficacy in micrometastatic models. Compared with mice treated
with 177Lu-L1, tumor growth control was more effective in the group
treated with 225Ac-L1 in the micrometastatic model, with minimal
off-target toxicity demonstrated.

MATERIALS AND METHODS

Reagents, Cell Lines, and Animal Models
213Bi was eluted from a 225Ac/213Bi generator by following a stan-

dard operating procedure provided by the manufacturer, Oak Ridge
National Laboratory. 225Ac 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 IL2rgnull (NSG; The Jackson Laboratory)
mice (Johns Hopkins Animal Resources Core) were implanted subcu-
taneously with PSMA1 PC3 PIP (3 3 106) and PSMA-negative (2)
PC3 flu cells (1 3 106 in 100 mL) in the forward right and left flanks,
respectively (15,25). Immunocompetent CD-1 mice (Crl:CD1[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

binding affinities of the stable analogs were determined using a
fluorescence-based competitive binding assay (25).

Radiolabeling
Freshly eluted 213Bi (18.5–30MBq in 250mL of a solution of 0.15 M

KI in 0.1 M HCl) was added to a solution of 5–10 nmol (5–10mL) of L1
(1 mM) and 5 mL of ascorbic acid (1.1 M), and the pH was adjusted to
about 4–5 using 3 MNH4OAc. 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 mL) was
purified by high-performance liquid chromatography (HPLC) using a
Phenomenex Luna C18 HPLC column (00G-4252-E0, 250 3 4.60
mm, 5 mm, 100 Å). Radiosynthesis of 225Ac-L1 was also performed
using microwave-assisted synthesis. In brief, to a solution of
225Ac(NO3)3 (7.4–11.1 MBq in 10–15 mL of 0.2 M HCl) was added
10 mL of ascorbic acid (1.1 M), about 10 nmol (10 mL) of L1 (1 mM),
50 mL of NH4OAc (0.2 M), and 1–2 mL of NH4OAc (5 M) to adjust
to a pH of about 4. After microwave heating for 5 min, the solution
was diluted with 200 mL of water and purified by HPLC. The flow
rate was 1 mL/min, with water (0.1% trifluoroacetic acid) (A) and
CH3CN (0.1% trifluoroacetic acid) (B) as the eluting solvents. To ensure
the highest purity, an isocratic solution of 79%A and 21%Bwas used to
separate excess ligand from the radiolabeled compound.

Cell Uptake Study
Cell uptake studies were performed as previously described (26).

Cells (1 3 106) were incubated with a 37 kBq/mL concentration ofFIGURE1. (A)Chemical structuresof 213Bi-L1and225Ac-L1. (BandC)Cell
uptake and internalization (B) (mean 6 SD, n 5 3) and cell kill effect (C) in
PSMA1 PC3 PIP and PSMA2 PC3 flu cells after 2 h of incubation at
37�C. Dashed line indicates 95% confidence limit for regression fit.

FIGURE 2. (A) Biodistribution data of 213Bi-L1 and 225Ac-L1 (percentage
injected activity [%IA]/g, mean6 SD, n5 4). (B) Ex vivo staining of PSMA1
PC3PIP tumor after administrationof 225Ac-L1H&E (scalebar, 1.2mm;32).
(C) PSMA immunohistochemistry of PSMA1 PIP tumor (scale bar, 50 mm;
320).
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each radiolabeled agent. To determine PSMA-binding specificity, cells
were preblocked with the known PSMA inhibitor ZJ43 (27) to a final
concentration of 10 mM. 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. 225Ac-L1 or

213Bi-L1 was diluted in a prewarmedmedium at different concentrations
(0.04–74 kBq/mL for 225Ac-L1 and 0.37–185 kBq/mL for 213Bi-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). A0 (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, alongwith 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 213Bi-L1 (185 kBq) or 225Ac-L1

(18.5 kBq) (experiments 1–3). 225Ac in each organ
was counted at 24 h after the sacrifice time to
ensure complete secular equilibrium and using
the 213Bi energy window of 400–480 keV. Tissues
were collected for histology at different time
points. Tumor sections were stainedwith hematox-
ylin and eosin (H&E) using a standard protocol.
Immunohistochemical staining was done as previ-
ously described by us (24) with an antihuman
PSMA antibody (clone 3E6, M3620; Dako).

To determine the amount of free
in vivo–generated 213Bi from 225Ac, the kidneys
and PSMA1 tumor were counted immediately
after sacrifice, repeatedly, using 1-min measure-
ment intervals at the 400- to 480-keV energy win-
dow for 213Bi for 5 h after sacrifice (experiment 4).
A biexponential expression was fitted to the decay
curves obtained to determine the equilibrium 225Ac
and free in vivo–generated 213Bi at the time of sac-
rifice. Differences in 213Bi radioactivity at the time
of sacrifice and the levels from the equilibrium of
225Ac reflect clearance or accumulation of 213Bi.
The time–activity curves of free 213Bi were then
constructed with free 213Bi activities at multiple
sacrifice time points.

Dosimetry and a-Camera Imaging.
Absorbed dose coefficients (ADCs) for normal tis-
sue and tumor were estimated for 225Ac-L1 after
accounting for the a-radiation deposited locally
within the mouse according to an established
method (29). Onlya-particle emission was consid-
ered in the calculations. It was assumed to be
deposited locally with the absorbed fraction, w 5

1, for both the parent 225Ac and all radioactive
daughters except in the kidneys, for which
absorbed dose from additional free 213Bi 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 (31).
Digital autoradiography was performed using the a-camera (32) to

visualize the activity and its distribution at subtissue levels. After admin-
istration of 225Ac-L1 (0.4 MBq) via tail-vein injection, the mice were
sacrificed at 2 and 24 h (n5 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-mm sections. Image analysis was performed using ImageJ Fiji (ver-
sion 1.49g; National Institutes of Health). The relative 225Ac-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 3 106 PSMA1 PC3 PIP or 1 3 106

PSMA2 PC3flu cells. Treatments (213Bi-L1 and 225Ac-L1, experiments
6–7) were conducted 12–15 d later when tumor volume was less than
100–150 mm3. Tumors were then measured 2–3 times per week until
they reached 1,000 mm3. Three mice from each group (n5 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 (21). Briefly, mice were
injected intravenously with 1 3 106 PC3-ML-fLuc-PSMA cells
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(experiment 8A). One day later, mice were injected intravenously with
93 kBq of 225Ac-L1 (group 1) and with the fractionated activity of 9.3
kBq at a 48-h interval (group 2 [34], group 3 [36], group 4 [38],
and control group [0 kBq]).Metastatic tumor progressionwasmonitored
by in vivo bioluminescence imaging (IVIS Spectrum; Perkin-Elmer) and
survival. A second study was performed on a micrometastatic model
(experiment 8B) using 225Ac-L1 (37 and 74 kBq) and 177Lu-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, 34.96 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 kBq3 4, 9.3 kBq3 6, and
9.3 kBq3 8) (experiment 9). A separate study (experiment 10) was also
performed, in whichwe administered 225Ac-L1 intravenously at doses of
18.5 kBq 3 2 (group 1) and 37 kBq 3 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.

Complete blood count, serum chemistry,
necropsy, and histopathology (.30 tissues)
were performed. Urinalysis (Chemstrip Test
Strips; Roche Diagnostics) for specific grav-
ity and protein was performed monthly for
each animal.

Statistical Analysis
Statistical significance was calculated using

an unpaired 2-tailed t test. Kaplan–Meier
curves were analyzed, and survival was com-
pared, using the log-rank test.

RESULTS

Radiolabeling
We developed a fast microwave-

assisted radiolabeling method to synthe-
size 213Bi-L1 and 225Ac-L1 with high
yield (>90% [decay corrected]) and purity
(.98%) and with molar activity higher
than 8.9 MBq/nmol. The HPLC method
also enabled separation of 213Bi-L1 from
225Ac-L1 and the excess ligand because
of their different retention times. 213Bi-
L1 is assumed to be generated from start-
ing 225Ac(NO3)3 that had 213Bi as the
decay product. Because actinium has no
stable isotope, we have evaluated several
conventional surrogates—Bi-L1, La-L1,
and Lu-L1—as reference compounds for
HPLC (Supplemental Figs. 1–3). 225Ac-
L1 demonstrated a longer retention time
than those surrogate compounds. PSMA
binding affinities of stable analogs ranged
from 0.1–5.1 nM. In cellula experiments
demonstrated high and specific cell uptake
and killing efficiency for both 213Bi-L1
and 225Ac-L1 in PSMA1 PC3 PIP cells
(Fig. 1B). PSMA2 PC3 flu cells were
insensitive to either compound under sim-
ilar conditions. 225Ac-L1 (A0, 9–12 kBq/

mL) was more effective than 213Bi-L1 (95–122 kBq/mL) in
PSMA1 cells (Fig. 1B).

Biodistribution
The biodistribution of 213Bi-L1 (Fig. 2A, experiment 1)was deter-

mined up to 2 h, considering its short half-life. PSMA1 PC3 PIP
tumor uptake was high as early as 10 min after injection (18.9 6

3.1 %ID/g) and increased at 2 h (29.46 8.0 %ID/g). The agent dis-
played rapid clearance from blood, showing a drop from 5.1 6 1.7
%ID/g at 10 min to 0.57 6 0.0 %ID/g at 2 h. Renal uptake was
49.0 6 21.2 %ID/g at 10 min and cleared rapidly to 23.1 6 6.7,
9.96 1.8, and 8.66 3.0 %ID/g at 30 min, 1 h, and 2 h, respectively.
Activity in the heart, liver, spleen, and salivary glandswas less than 1
%ID/g after 2 h.
The biodistribution of 225Ac-L1 was determined up to 8 d after

administration (Fig. 2A, experiment 2). 225Ac-L1 cleared rapidly
from the blood pool (,0.5 %ID/g at all time points) and efficiently
accumulated in the PSMA1 tumor to 45.86 17.9 %ID/g at 2 h and
44.56 12.9 %ID/g at 8 h, remaining high, at 49.06 17.9 %ID/g, at
24 h. Clearance from tumor was protracted, at 22.06 7.5 %ID/g at

FIGURE 4. Treatment effect in PSMA1 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 225Ac-L1 compared with
117Lu-L1.
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48 h, 18.36 4.1%ID/g at 72 h, 19.26 6.4%ID/g at 96 h, 12.66 3.2
%ID/g at 120 h, and 10.06 2.2%ID/g at 8 d. Renal uptakewas high-
est at 2 h, at 27.56 14.9 %ID/g, followed by relatively rapid clear-
ance to 3.1 6 0.9 %ID/g at 8 h and 1.5 6 0.5 %ID/g at 24 h and
dropping below 1% at later times. Tumor-to-kidney ratios increased
from 79.36 25.0 at 2 h to 314.56 185.8 at 8 h, 203.86 123.1 at 24
h, 101.06 64.3 at 48 h, 242.56 107.8 at 72 h, 168.76 33.5 at 96 h,
147.96 40.2 at 120 h, and 1486 75 at 8 d. Biodistribution beyond
8 dwas not determined because of a significant reduction in PSMA1
tumor volume.
Among normal organs, liver displayedmoderate uptake at 8 h (3.96

1.1 %ID/g) and remained at that level at 24 h (3.1 6 0.8 %ID/g),
decreasing to 2.16 0.4%ID/g at 8 d after injection. Accordingly, a bio-
distribution studywas performed on tumor-freeCD-1mice to determine
whether liver retention was related to the animal model or whether
225Ac-L1was 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 111In-5D3 (33). Consistent

with the previous report, 225Ac-L1 also dis-
played significantly lower liver uptake (#1
%ID/g) at all time points in CD-1 mice. Blood
and all other normal tissues showed low uptake
(,1%) after 8 h.

Morphologic changes in the tissues were
evaluated by H&E staining (Fig. 2B).
Whole-tumor H&E staining at 96 h and 8 d
displayed necrosis within the treated tumors.
PSMA immunohistochemical staining
within the PSMA1 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 PSMA1 tumor cells with time.

RPT
Antitumor Effect in the Flank Tumor

Model. The study design and activity-
dependent treatment effects of 225Ac-L1 in
this model are shown in Figure 3 (experi-
ment 7). The control groups (untreated
PSMA1 or PSMA2 and the PSMA2
tumor-bearing group with 18.5 kBq 3 2)
did not show any significant difference in
the time to reach a 10-fold increase in tumor
volume (Vt) from the initial tumor volume
(V0) (Vt/V0 # 10), with a median survival
of 17 d. Animals receiving any single dose
or 2 fractionated doses (7 d apart) demon-
strated a significant tumor growth delay in
PSMA1 tumors (P , 0.003) compared
with the control groups. However, slow
tumor regrowth was observed after 8 wk in
the treatment groups that received 9.3 kBq
3 1 and 9.3 kBq 3 2 doses. In contrast, a
durable treatment effect was seen when
PSMA1 PIP-bearing animals received 18.5
kBq 3 2 (Fig. 3B), where median Vt/V0 #

10 was 168 d. Significantly, whereas the single administration of
18.5 kBq resulted in an increase in Vt/V0 . 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 Vt/V0 # 10 is listed in Figure 3B. A prelimi-
nary efficacy study was also performed with 213Bi-L1 (3.7 MBq). It
showed expected tumor control (Vt/V0 # 10 [35 d]) compared with
the untreated group (15 d) (Supplemental Fig. 4) in the PSMA1 flank
tumor model.

Antitumor Effect in the PSMA1 Micrometastatic Model. The
study design and efficacy of 225Ac-L1 as single and fractionated
activity are shown in Figure 4A (experiment 8A).Mice that received
9.3 kBq 3 6 of 225Ac-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 225Ac-L1 with that of 177Lu-L1 (37 MBq)
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(Fig. 4B, experiment 8B). No survival benefit for the group treated
with 177Lu-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 225Ac-L1 was evaluated in tumor-bearing
NSGmice after 8 wk and in tumor-free CD-1mice. 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 225Ac-L1 (Fig. 5B; Supple-
mental Table 8). All mice treated with 93 kBq (n5 5/5) and 9.3 kBq
3 4 survived for over 12 mo. Significantly, all treated mice dis-
played acceptable hematologic changes comparedwith 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 g-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 kBq3 2 survived after 12 mo (Sup-
plemental Table 9), the group treated with 37 kBq3 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
g-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 3 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,MTAwas

conservatively determined as the fractionated administration of 9.3
kBq3 4. The fractionated dosage of 18.5 kBq3 2 may also be con-
sidered safe. Two mice that died at month 10–11 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.

PSMA1 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
PSMA1 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 radioactivitywithin the tumor, kidney, and sal-

ivary glands was further evaluated ex vivo bya-camera imaging at 2

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 213Bi (37). Rapid clearance of 225Ac was observed after
24 h, consistent with the biodistribution data and further reflecting
the favorable pharmacokinetics of 225Ac-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 PSMA1
tumor at both time points, indicating sufficient internalization of 225Ac
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 a-RPT holds great potential as a safe and effective treat-
ment option for patients with mCRPC. Although a-RPT with
225Ac-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
225Ac-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
225Ac-labeled compound thatmight be as effective as, ormore effec-
tive than, existing agents but with fewer off-target effects.
Since the initial demonstration of 213Bi-labeled and, more

recently, 227Th-labeled anti-PSMA antibodies for a-RPT (38,39),
several low-molecular-weight PSMA a-RPTs have been developed
preclinically for their fast and favorable pharmacokinetics as demon-
strated clinically by 225Ac-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 225Ac-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 213Bi-L1 because of
the inconveniently short half-life of 213Bi and the sense that if we
were to move forward clinically, it would be with 225Ac-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 225Ac-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 177Lu-L1 (111 MBq) did not gener-
ate renal or hematologic toxicity after 1 y of follow-up (24), 225Ac-
L1 indeed displayed typical renal cortical damage at the higher
doses; 4 3 9.3 kBq was considered the MTA. Third, consistent
with our previous report on 212Pb-based a-RPT (15), the data
also revealed superior efficacy of a-RPT compared with b-RPT
(177Lu-L1) in treating micrometastatic disease. Considering the
energy ratio of 225Ac (27 MBq) to 177Lu (0.4 MBq) of 70 to 1,
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225Ac-L1 (4 3 9.3 kBq) demonstrated an approximately 10- to
12-d survival benefit using a safe dose at the MTA compared
with 177Lu-L1 (37 MBq). The administered dose of 177Lu-L1
was 14-fold higher than that of 225Ac-L1. Notably, a short half-
life 211At-labeled compound displayed significantly higher sur-
vival benefit than 225Ac-L1, although long-term toxicity data
revealed severe renal cortical damage at more than 10 mo after
treatment (21). 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 225Ac-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 225Ac-L1 but not
with 177Lu-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

dosimetry included all daughters from the
225Ac decay chain, which is undoubtedly
an overestimation of the absorbed dose
because the liver is the likely source of
the free daughters (221Fr and 213Bi) seen
to accumulate in the kidney. Conversely,
the kidney absorbed dose is likely underes-
timated in terms of toxicity threshold
assessment because the activity was local-
ized to portions of the cortex, most likely
within the proximal tubules, based on
a-camera imaging. A full dosimetric analy-
sis of these and the value of suborgan rela-
tive biological effect representing the
radiobiologic effects of a-particles is
beyond the scope of this article. Regardless,
projections of activity limits to humans
from the murine studies are highly uncer-
tain, and any clinical application should
be performed in dose increments from val-
ues well below the calculated MTA.
We recognize that the high levels of

PSMA in the PSMA1 PC3 PIP tumor
xenograft present an unnatural situation—
a limitation of our studies. A recent report
by Current et al. using variable ratios of
PSMA1 PC3 PIP with PSMA2 PC3 flu
cells might address that issue (41). On the
basis of the data of Current et al., the effi-
cacy of PSMA a-RPT correlates positively
with the PSMA expression per cell and the
fraction of PSMA1 cells per lesion. The
number of PSMA receptors per PC3 PIP
cell was measured to be approximately
5.5 3 105 (flow cytometry). On the basis
of our study, 225Ac-L1 could provide a
curative dose of 50 Gy for the PSMA1
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 2.23 105 PSMA
receptors per cell would be treated safely using 225Ac-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, withmatched controlmice 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 213Bi-L1
and 225Ac-L1. 225Ac-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 225Ac-L1 in patients with mCRPC.

FIGURE6. (A) Activity per unitmass (Bq/g) within kidneys of free in vivo–generated 213Bi and equilib-
rium 225Ac-L1. (B) ADC of selected tissues and therapeutic ratio (ADC of PSMA1 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).
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KEY POINTS

QUESTION: Can we deliver PSMA-targeted a-RPT using 225Ac-
labeled low-molecular-weight radioligands to tumor-bearing mice
safely and effectively?

PERTINENT FINDINGS: We investigated an optimized 225Ac-
labeled PSMA-targeted compound,225Ac-L1, which safely demon-
strated tumor growth control in both flank and micrometastatic
models and did so more effectively than the corresponding 177Lu-
labeled analog. Our data indicate that it is possible to provide a safe
and therapeutically effective dose of 225Ac-L1.

IMPLICATIONS FOR PATIENT CARE: 225Ac-L1, designed to mit-
igate off-target effects, is a promising candidate for clinical PSMA-
targeted a-RPT.

REFERENCES

1. Key statistics for prostate cancer. American Cancer Society website. https://www.
cancer.org/cancer/prostate-cancer/about/key-statistics.html. Revised January 12,
2021. Accessed February 8, 2021.

2. SilverDA,Pellicer I, FairWR,HestonWD,Cordon-CardoC.Prostate-specificmem-
brane antigen expression in normal and malignant human tissues. Clin Cancer Res.
1997;3:81–85.

3. Sweat SD, Pacelli A,MurphyGP, BostwickDG. Prostate-specificmembrane antigen
expression is greatest in prostate adenocarcinoma and lymph node metastases.Urol-
ogy. 1998;52:637–640.

4. Haberkorn U, Eder M, Kopka K, Babich JW, EisenhutM. New strategies in prostate
cancer: prostate-specific membrane antigen (PSMA) ligands for diagnosis and ther-
apy. Clin Cancer Res. 2016;22:9–15.

5. Kiess AP, Banerjee SR,Mease RC, et al. Prostate-specificmembrane antigen as a tar-
get for cancer imaging and therapy. Q J Nucl Med Mol Imaging. 2015;59:241–268.

6. Morris M, Vogelzang NJ, Sartor O, et al. Phase 1 study of the PSMA-targeted small-
molecule drug conjugate EC1169 in patients with metastatic castrate-resistant pros-
tate cancer (mCRPC) [abstract]. Ann Oncol. 2017;28(suppl):793PD.

7. Rahbar K, Ahmadzadehfar H, Kratochwil C, et al. German multicenter study inves-
tigating 177Lu-PSMA-617 radioligand therapy in advanced prostate cancer patients. J
Nucl Med. 2017;58:85–90.

8. Hofman MS, Violet J, Hicks RJ, et al. 177Lu-PSMA-617 radionuclide treatment in
patients with metastatic castration-resistant prostate cancer (LuPSMA trial): a
single-centre, single-arm, phase 2 study. Lancet Oncol. 2018;19:825–833.

9. HofmanMS, Lawrentschuk N, Francis RJ, et al. Prostate-specific membrane antigen
PET-CT in patients with high-risk prostate cancer before curative-intent surgery or
radiotherapy (proPSMA): a prospective, randomised, multicentre study. Lancet.
2020;395:1208–1216.

10. Herrmann K, Schwaiger M, Lewis JS, et al. Radiotheranostics: a roadmap for future
development. Lancet Oncol. 2020;21:e146–e15.

11. Kassis AI. Therapeutic radionuclides: biophysical and radiobiologic principles.
Semin Nucl Med. 2008;38:358–366.

12. RathkeH,FlechsigP,MierW,et al.Dosimetry estimate and initial clinical experience
with 90Y-PSMA-617. J Nucl Med. 2019;60:806–811.

13. Zechmann CM, Afshar-Oromieh A, Armor T, et al. Radiation dosimetry and first
therapy results with a 124I/131I-labeled small molecule (MIP-1095) targeting PSMA
for prostate cancer therapy. Eur J Nucl Med Mol Imaging. 2014;41:1280–1292.

14. Kratochwil C, Bruchertseifer F, Rathke H, et al. Targeted a-therapy of metastatic
castration-resistant prostate cancer with 225Ac-PSMA-617: dosimetry estimate
and empiric dose finding. J Nucl Med. 2017;58:1624–1631.

15. Banerjee SR,Minn I, Kumar V, et al. Preclinical evaluation of 203/212Pb-labeled low-
molecular-weight compounds for targeted radiopharmaceutical therapy of prostate
cancer. J Nucl Med. 2020;61:80–88.

16. SathekgeM, Bruchertseifer F, VorsterM, et al. Predictors of overall and disease-free
survival in metastatic castration-resistant prostate cancer patients receiving 225Ac-
PSMA-617 radioligand therapy. J Nucl Med. 2020;61:62–69.

17. Scheinberg DA, McDevitt MR. Actinium-225 in targeted alpha-particle therapeutic
applications. Curr Radiopharm. 2011;4:306–320.

18. MorgensternA,ApostolidisC,KratochwilC, SathekgeM,Krolicki L,Bruchertseifer
F. An overview of targeted alpha therapy with 225actinium and 213bismuth. Curr
Radiopharm. 2018;11:200–208.

19. Song H, Hobbs RF, Vajravelu R, et al. Radioimmunotherapy of breast cancer metas-
tases with alpha-particle emitter 225Ac: comparing efficacy with 213Bi and 90Y.Can-
cer Res. 2009;69:8941–8948.

20. LangbeinT,Chauss�eG,BaumRP. Salivary gland toxicity of PSMAradioligand ther-
apy: relevance and preventive strategies. J Nucl Med. 2018;59:1172–1173.

21. KiessAP,Minn I, VaidyanathanG, et al. (2S)-2-(3-(1-carboxy-5-(4-211At-astatoben-
zamido)pentyl)ureido)-pentanedioic acid for PSMA-targeted a-particle radiophar-
maceutical therapy. J Nucl Med. 2016;57:1569–1575.

22. Nonnekens J, Chatalic KL, Molkenboer-Kuenen JD, et al. 213Bi-labeled prostate-
specific membrane antigen-targeting agents induce DNA double-strand breaks in
prostate cancer xenografts. Cancer Biother Radiopharm. 2017;32:67–73.

23. Kelly JM,Amor-CoarasaA,PonnalaS, et al.A singledoseof 225Ac-RPS-074 induces
a complete tumor response in anLNCaPxenograft model. J NuclMed. 2019;60:649–
655.

24. Banerjee SR, Kumar V, Lisok A, et al. 177Lu-labeled low-molecular-weight agents
for PSMA-targeted radiopharmaceutical therapy. Eur J Nucl Med Mol Imaging.
2019;46:2545–2557.

25. Banerjee SR, PullambhatlaM, Byun Y, et al. Sequential SPECT and optical imaging
of experimental models of prostate cancer with a dual modality inhibitor of the
prostate-specific membrane antigen. Angew Chem Int Ed Engl. 2011;50:9167–9170.

26. Ray Banerjee S, Chen Z, Pullambhatla M, et al. Preclinical comparative study of
68Ga-labeled DOTA, NOTA, and HBED-CC chelated radiotracers for targeting
PSMA. Bioconjug Chem. 2016;27:1447–1455.

27. Olszewski RT, Bukhari N,Zhou J, et al. NAAGpeptidase inhibition reduces locomo-
tor activity and some stereotypes in the PCP model of schizophrenia via group II
mGluR. J Neurochem. 2004;89:876–885.

28. Franken NAP, RodermondHM, Stap J, Haveman J, van Bree C. Clonogenic assay of
cells in vitro. Nat Protoc. 2006;1:2315–2319.

29. BolchWE, Eckerman KF, Sgouros G, Thomas SR. MIRD pamphlet no. 21: a gener-
alized schema for radiopharmaceutical dosimetry—standardization of nomenclature.
J Nucl Med. 2009;50:477–484.

30. Josefsson A, Nedrow JR, Park S, et al. Imaging, biodistribution, and dosimetry of
radionuclide-labeledPD-L1 antibody inan immunocompetentmousemodel of breast
cancer. Cancer Res. 2016;76:472–479.

31. Stabin MG, Sparks RB, Crowe E. OLINDA/EXM: the second-generation personal
computer software for internal dose assessment in nuclear medicine. J Nucl Med.
2005;46:1023–1027.

32. B€ackT, Jacobsson L. Thea-camera: a quantitative digital autoradiography technique
using a charge-coupled device for ex vivo high-resolution bioimaging ofa-particles.
J Nucl Med. 2010;51:1616–1623.

33. Banerjee SR, Kumar V, Lisok A, et al. Evaluation of 111In-DOTA-5D3, a surrogate
SPECT imaging agent for radioimmunotherapy of prostate-specific membrane anti-
gen. J Nucl Med. 2019;60:400–406.

34. Brayton CF, Treuting PM, Ward JM. Pathobiology of aging mice and GEM: back-
ground strains and experimental design. Vet Pathol. 2012;49:85–105.

35. Engelhardt JA,GriesCL,LongGG. Incidenceof spontaneousneoplastic andnonneo-
plastic lesions in Charles River CD-1 mice varies with breeding origin. Toxicol
Pathol. 1993;21:538–541.

36. Bacich DJ, Pinto JT, Tong WP, Heston WDW. Cloning, expression, genomic local-
ization, and enzymatic activities of the mouse homolog of prostate-specific mem-
brane antigen/NAALADase/folate hydrolase.Mamm Genome. 2001;12:117–123.

213BI- AND
225AC-BASED RADIOTHERAPEUTICS � Banerjee et al. 987

https://www.cancer.org/cancer/prostate-cancer/about/key-statistics.html
https://www.cancer.org/cancer/prostate-cancer/about/key-statistics.html


37. Miederer M, McDevitt MR, Sgouros G, Kramer K, Cheung N-KV, Scheinberg DA.
Pharmacokinetics, dosimetry, and toxicity of the targetable atomic generator, 225Ac-
HuM195, in nonhuman primates. J Nucl Med. 2004;45:129–137.

38. McDevitt MR, Barendswaard E,MaD, et al. An a-particle emitting antibody (213Bi-
J591) for radioimmunotherapy of prostate cancer. Cancer Res. 2000;60:6095–6100.

39. Hammer S, HagemannUB,Zitzmann-Kolbe S, et al. Preclinical efficacy of a PSMA-
targeted thorium-227 conjugate (PSMA-TTC), a targeted alpha therapy for prostate
cancer. Clin Cancer Res. 2020;26:1985–1996.

40. UmbrichtCA,K€osterU,Bernhardt P, et al.Alpha-PETfor prostate cancer: preclinical
investigation using 149Tb-PSMA-617. Sci Rep. 2019;9:17800.

41. Current K, Meyer C, Magyar CE, et al. Investigating PSMA-targeted radioligand
therapy efficacy as a function of cellular PSMA levels and intra-tumoral PSMA het-
erogeneity. Clin Cancer Res. 2020;26:2946–2955.

42. L€uckerath K, Stuparu AD, Wei L, et al. Detection threshold and reproducibility of
68Ga-PSMA11 PET/CT in a mouse model of prostate cancer. J Nucl Med. 2018;
59:1392–1397.

988 THE JOURNAL OF NUCLEAR MEDICINE � Vol. 62 � No. 7 � July 2021



<<
	/CompressObjects /Off
	/ParseDSCCommentsForDocInfo true
	/CreateJobTicket false
	/PDFX1aCheck false
	/ColorImageMinResolution 300
	/GrayImageResolution 300
	/DoThumbnails false
	/ColorConversionStrategy /LeaveColorUnchanged
	/GrayImageFilter /FlateEncode
	/EmbedAllFonts true
	/CalRGBProfile (sRGB IEC61966-2.1)
	/MonoImageMinResolutionPolicy /Warning
	/ImageMemory 1048576
	/LockDistillerParams true
	/AllowPSXObjects false
	/DownsampleMonoImages false
	/PassThroughJPEGImages true
	/ColorSettingsFile (Color Management Off)
	/AutoRotatePages /None
	/Optimize false
	/MonoImageDepth -1
	/ParseDSCComments true
	/AntiAliasGrayImages false
	/GrayImageMinResolutionPolicy /Warning
	/JPEG2000ColorImageDict <<
		/TileHeight 256
		/Quality 30
		/TileWidth 256
	>>
	/ConvertImagesToIndexed true
	/MaxSubsetPct 100
	/Binding /Left
	/PreserveDICMYKValues true
	/GrayImageMinDownsampleDepth 2
	/MonoImageMinResolution 1000
	/sRGBProfile (sRGB IEC61966-2.1)
	/AntiAliasColorImages false
	/GrayImageDepth 8
	/OtherNamespaces [
		<<
			/IncludeSlug false
			/CropImagesToFrames true
			/IncludeNonPrinting false
			/OmitPlacedBitmaps false
			/AsReaderSpreads false
			/Namespace [
				(Adobe)
				(InDesign)
				(4.0)
			]
			/FlattenerIgnoreSpreadOverrides false
			/OmitPlacedEPS false
			/OmitPlacedPDF false
			/SimulateOverprint /Legacy
			/IncludeGuidesGrids false
			/ErrorControl /WarnAndContinue
		>>
		<<
			/IncludeProfiles false
			/AddBleedMarks false
			/ConvertColors /ConvertToCMYK
			/IncludeLayers false
			/FormElements false
			/FlattenerPreset <<
				/PresetSelector /MediumResolution
			>>
			/IncludeInteractive false
			/AddColorBars false
			/DestinationProfileSelector /DocumentCMYK
			/MultimediaHandling /UseObjectSettings
			/UseDocumentBleed false
			/AddCropMarks false
			/PreserveEditing true
			/PDFXOutputIntentProfileSelector /DocumentCMYK
			/DestinationProfileName ()
			/UntaggedRGBHandling /UseDocumentProfile
			/GenerateStructure false
			/AddRegMarks false
			/Namespace [
				(Adobe)
				(CreativeSuite)
				(2.0)
			]
			/Downsample16BitImages true
			/IncludeHyperlinks false
			/IncludeBookmarks false
			/AddPageInfo false
			/UntaggedCMYKHandling /LeaveUntagged
		>>
	]
	/PreserveFlatness true
	/CompressPages true
	/GrayImageMinResolution 300
	/CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
	/PDFXBleedBoxToTrimBoxOffset [
		0.0
		0.0
		0.0
		0.0
	]
	/AutoFilterGrayImages false
	/EncodeColorImages true
	/AlwaysEmbed [
		true
	]
	/EndPage -1
	/DownsampleColorImages false
	/ASCII85EncodePages false
	/PreserveEPSInfo true
	/PDFXTrimBoxToMediaBoxOffset [
		0.0
		0.0
		0.0
		0.0
	]
	/CompatibilityLevel 1.3
	/MonoImageResolution 1200
	/NeverEmbed [
		true
	]
	/CannotEmbedFontPolicy /Error
	/AutoPositionEPSFiles true
	/PreserveOPIComments false
	/JPEG2000GrayACSImageDict <<
		/TileHeight 256
		/Quality 30
		/TileWidth 256
	>>
	/PDFXOutputIntentProfile (None)
	/JPEG2000ColorACSImageDict <<
		/TileHeight 256
		/Quality 30
		/TileWidth 256
	>>
	/EmbedJobOptions true
	/MonoImageDownsampleType /Average
	/DetectBlends true
	/EncodeGrayImages true
	/ColorImageDownsampleType /Average
	/EmitDSCWarnings true
	/Namespace [
		(Adobe)
		(Common)
		(1.0)
	]
	/AutoFilterColorImages false
	/DownsampleGrayImages false
	/GrayImageDict <<
		/QFactor 0.15
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/AntiAliasMonoImages false
	/GrayImageAutoFilterStrategy /JPEG
	/GrayACSImageDict <<
		/QFactor 0.15
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/ColorImageAutoFilterStrategy /JPEG
	/ColorImageMinResolutionPolicy /Warning
	/ColorImageResolution 300
	/PDFXRegistryName ()
	/MonoImageFilter /CCITTFaxEncode
	/CalGrayProfile (Gray Gamma 2.2)
	/ColorImageMinDownsampleDepth 1
	/JPEG2000GrayImageDict <<
		/TileHeight 256
		/Quality 30
		/TileWidth 256
	>>
	/ColorImageDepth 8
	/DetectCurves 0.0
	/PDFXTrapped /False
	/ColorImageFilter /FlateEncode
	/TransferFunctionInfo /Remove
	/PDFX3Check false
	/ParseICCProfilesInComments true
	/ColorACSImageDict <<
		/QFactor 0.15
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/DSCReportingLevel 0
	/PDFXOutputConditionIdentifier ()
	/PDFXCompliantPDFOnly false
	/AllowTransparency false
	/PreserveCopyPage false
	/UsePrologue false
	/StartPage 1
	/MonoImageDownsampleThreshold 1.5
	/GrayImageDownsampleThreshold 1.5
	/CheckCompliance [
		/None
	]
	/CreateJDFFile false
	/PDFXSetBleedBoxToMediaBox true
	/EmbedOpenType false
	/OPM 1
	/PreserveOverprintSettings true
	/UCRandBGInfo /Remove
	/ColorImageDownsampleThreshold 1.5
	/MonoImageDict <<
		/K -1
	>>
	/GrayImageDownsampleType /Average
	/Description <<
		/ENU (DJS standard print-production joboptions; for use with Adobe Distiller v7.x; djs rev. 1.0)
		/PTB <>
		/FRA <>
		/NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
		/KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
		/NOR <>
		/DEU <>
		/SVE <>
		/ITA <>
		/DAN <>
		/JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
		/CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
		/SUO <>
		/ESP <>
		/CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
	>>
	/CropMonoImages true
	/DefaultRenderingIntent /Default
	/PreserveHalftoneInfo false
	/ColorImageDict <<
		/QFactor 0.15
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/CropGrayImages true
	/PDFXOutputCondition ()
	/SubsetFonts false
	/EncodeMonoImages true
	/CropColorImages true
	/PDFXNoTrimBoxError true
>>
setdistillerparams
<<
	/PageSize [
		792.0
		1224.0
	]
	/HWResolution [
		2400
		2400
	]
>>
setpagedevice


