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Auger electron emitters such as 1251 have a high linear energy transfer
and short range of emission (<10 wm), making them suitable for
treating micrometastases while sparing normal tissues. We used
a highly specific small molecule targeting the prostate-specific
membrane antigen (PSMA) to deliver 125 to prostate cancer cells.
Methods: The PSMA-targeting Auger emitter 2-[3-[1-carboxy-5-(4-125]-
iodo-benzoylamino)-pentyl]-ureido]-pentanedioic acid (12%I-DCIBzL)
was synthesized. DNA damage (via phosphorylated H2A histone
family member X staining) and clonogenic survival were tested in
PSMA-positive (PSMA+) PC3 PIP and PSMA-negative (PSMA-)
PC3 flu human prostate cancer cells after treatment with 25-DCIBzL.
Subcellular drug distribution was assessed with confocal microscopy
using a related fluorescent PSMA-targeting compound YC-36. In vivo
antitumor efficacy was tested in nude mice bearing PSMA+ PC3 PIP
or PSMA- PC3 flu flank xenografts. Animals were administered (in-
travenously) 111 MBq (3 mCi) of 25-DCIBzL, 111 MBq (3 mCi) of
125|-Nal, an equivalent amount of nonradiolabeled DCIBzL, or saline.
Results: After treatment with 25]-DCIBzL, PSMA+ PC3 PIP cells
exhibited increased DNA damage and decreased clonogenic survival
when compared with PSMA- PC3 flu cells. Confocal microscopy of
YC-36 showed drug distribution in the perinuclear area and plasma
membrane. Animals bearing PSMA+ PC3 PIP tumors had significant
tumor growth delay after treatment with 25-DCIBzL, with only 1
mouse reaching 5 times the initial tumor volume by 60 d after treat-
ment, compared with a median time to 5 times volume of less than
15 d for PSMA- PC3 flu tumors and all other treatment groups (P =
0.002 by log-rank test). Conclusion: PSMA-targeted radiopharma-
ceutical therapy with the Auger emitter '25-DCIBzL yielded highly
specific antitumor efficacy in vivo, suggesting promise for treatment
of prostate cancer micrometastases.
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Only 4% of the more than 240,000 men in the United States
who present with prostate cancer (PC) annually will have gross
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metastases at diagnosis (/,2). Nevertheless, approximately 10%
will have micrometastatic disease and will eventually develop me-
tastases after completing definitive treatment (3,4). There are limited
therapeutic options for metastatic PC, and aside from androgen-
deprivation therapy these have shown only modest survival benefits.
Recent success with the a-particle emitter 22>RaCl, for patients with
metastatic PC demonstrates the potential for systemic radiopharma-
ceutical therapy (RPT) to improve survival with limited toxicity (5).
Unlike 223RaCl,, which is limited to treatment of bone metastases,
we investigated Auger electron—emitting RPT that targets the prostate-
specific membrane antigen (PSMA) for treatment of micrometastases
in bone as well as lymph nodes and other soft tissues.

Auger emitters such as 2] have greater linear energy transfer and
cause more DNA damage than traditional x-rays or (3-particle emitters
(e.g., 1) (6). The short range (<10 wm) of Auger electrons is well
suited for treatment of micrometastases with sparing of nearby normal
tissues. However, the challenge is to target cancer cells specifically and
achieve intracellular uptake for maximum DNA damage (7). PSMA is
overexpressed 1,000-fold on the surface of PC cells, and we have de-
veloped a highly specific small-molecule Auger emitter targeting
PSMA, 2-[3-[1-carboxy-5-(4-'*I-iodo-benzoylamino)-pentyl]-ureido]-
pentanedioic acid, or 'ZI-DCIBzL (8-10). Other radiolabeled ureas
similar to '>I-DCIBzL have been safely administered to human subjects
for imaging of PC (/1,12). '®I-DCIBzL was chosen over other urea-
based candidates because of sustained tumor uptake for at least 48 h in
human PC xenografts (8). We expect that these small molecules are
more able to overcome barriers to solid tumor drug delivery than larger
molecules, including antibodies. Given the potential of '>5I-DCIBzL for
RPT, we have tested its PSMA-specific uptake and cytotoxicity in vitro
as well as its antitumor efficacy in vivo in a human PC xenograft model.

MATERIALS AND METHODS

Chemistry

Methods have been previously described for the synthesis of '231-
DCIBzL (Fig. 1A) (8). This compound has demonstrated high PSMA
binding affinity, with a low K; (inhibitory constant) of 0.01 nM (8).
For this study, the specific radioactivity for each synthesis was greater
than 44.4 GBg/pmol (1,200 Ci/mmol). Methods for synthesis of
the fluorescent PSMA-targeting analog 1-(3-carboxy-4-(3-hydroxy-6-
oxo-6H-xanthen-9-yl)phenylamino)-9,16,24-trioxo-1-thioxo-2,8,17,23,25-
pentaazaoctacosane-7,22,26,28-tetracarboxylic acid (YC-36; Fig. 1B),
used for microscopy, are included in the supplemental materials (avail-
able at http://jnm.snmjournals.org).

In Vitro Studies
Isogenic PC3 PIP (PSMA-positive [PSMA +]) and PC3 flu (PSMA-
negative [PSMA—]) PC cell lines were obtained from Dr. Warren Heston
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H2AX (Ser139) antibody at 1:1,000 for 1 h
(EMD Millipore), Alexafluor 488 goat anti-
I mouse IgG at 1:500 for 1 h (Molecular
Probes), and Hoechst 33342 dye at 1:1,000
for 2 min (Molecular Probes). Images were
captured from 3 high-power (40x) fields per
o o well using a Nikon 80i epifluorescence micro-
scope, and yYH2AX foci and the number of
cells were counted per high-power field (27).

FIGURE 1. Chemical structures of 125|-DCIBzL and YC-36.

(Cleveland Clinic) and maintained as previously described (/3). The
PC3 cell line was originally derived from a human PC bone metastasis
and was androgen-independent (/4,15). The PSMA+ PC3 PIP line
was stably transfected to overexpress PSMA (/3). To measure the
number of PSMA binding sites on these cell lines, a radiometric bind-
ing saturation assay was performed as previously described (16,17).
The human PC cell line LNCaP was also measured for comparison, as
this line is not engineered to overexpress PSMA. Briefly, for each cell
line, 10° cells were seeded in 24-well culture plates and incubated
for 4 h at 4°C with an excess (3.7 MBg/mL [100 pnCi/mL]) of '>I-
DCIBzL, with or without pretreatment with an excess of nonradiola-
beled DCIBzL for blocking (to assess nonspecific binding). Cells were
washed and detached, and the cell numbers were counted. The PSMA-
specific uptake was quantified using a y counter (1282 Compugamma
CS; Pharmacia/LLKB Nuclear) and converted to number of PSMA bind-
ing sites per cell using the specific activity of '»I-DCIBzL.

To test cellular drug uptake, 10° PC3 cells (PIP or flu) were seeded in
24-well culture plates. The test compounds were diluted in prewarmed
medium at different concentrations (0, 3.7, 18.5, 37, and 370 kBg/mL)
and incubated with the cells for 18 h at 37°C. For blocking studies (to
assess nonspecific uptake), medium also contained an excess (I wM) of
nonradiolabeled DCIBzL. After incubation, cells were washed to
remove extracellular DCIBzL, detached, and counted, as previously
described (/8). Cellular radioactivity was quantified using a y counter.

For determination of subcellular localization of PSMA-targeting
compounds, we used the fluorescent-labeled compound YC-36 that
has the same PSMA-binding urea scaffold as DCIBzL. Previously
published reports by Chen et al. have shown that these small-
molecule optical agents have high PSMA binding affinity and
targeted uptake in PSMA+ PC3 PIP tumors for at least 24 h, similar
to DCIBzL (19,20). Cells (10*) were plated onto 8-well chamber
slides and incubated at 37°C for 1 d. Cells were incubated with the
fluorescent PSMA compound YC-36 for 1 h at 37°C, then washed and
fixed with formalin. Thirty Z stacks of confocal images were taken at
0.05-pm intervals using a Nikon Al Confocal system (Nikon Instru-
ments). Fluorescent pixel values were measured from each cell (n =
15) for the entire cell, the plasma membrane, and the perinuclear area
using Image J software (National Institutes of Health). Other intracel-
lular distribution was calculated by subtracting the values of plasma
membrane and perinuclear area from that of the entire cell. This was
performed in PSMA+ PC3 PIP cells but not PSMA— PC3 flu cells
because previous fluorescence-activated cell sorting after staining with
YC-36 showed that no PC3 flu cells stained with any detectable in-
tensity (supplemental materials).

To assess DNA damage (double-strand breaks) after '2I-DCIBzL
treatment, staining for phosphorylated H2A histone family member X
(YH2AX) was performed. Cells (10*) were plated onto 8-well chamber
slides and incubated at 37°C for 1 d. Cells were incubated with different
concentrations of 25I-DCIBzL (0, 3.7, 18.5, 37, and 370 kBq/mL) for
18 h in medium at 37°C, with or without an excess of nonradiolabeled
DCIBzL for blocking (n = 3 wells per treatment group). After washing,
fixing, and blocking, they were incubated with mouse anti-phospho-histone
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In vitro cell survival was tested using the

clonogenic survival assay. Cells (200-1,000)

were seeded in 60-mm culture dishes. The

test compounds were diluted in prewarmed medium at different con-

centrations (0, 3.7, 18.5, 37, and 370 kBq/mL) and incubated with the

cells for 18 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 violet and

counted, and the surviving fraction was normalized to the control
plating efficiency (22).

Dosimetry

Absorbed doses to the cell nuclei for each time point were calculated
as the sum of contributions from individual cell Auger and photon
emissions and the Petri dish-wide photon emissions. The cellular
activity per cell and the distribution (cytoplasm vs. cell membrane vs.
perinuclear) were determined from the drug uptake and distribution
studies. The activity was assumed to decay only by physical decay, and
the time-integrated activity (or number of events) was determined by
integrating to the 14-d time point for the cellular decays and to 18 h for
the photon background. The cell dosimetry was modeled using
GEANT4 Monte Carlo simulations, a software package developed by
the European Organization for Nuclear Research (23). Cells were mod-
eled with a diameter of 26 wm and nuclear diameter of 18 wm based on
median measurements from 100 PSMA+ PC3 PIP cells. From these
simulations, absorbed fractions of dose to the nucleus from the cellular
125 Augers in 3 different configurations (cell membrane, cytoplasm,
perinuclear) were calculated and then weighted per the activity distri-
bution results.

In Vivo Studies

All animal studies were undertaken in compliance with and approval
of the Johns Hopkins Animal Care and Use Committee. Male athymic
nude mice (Charles River Laboratories) were used at 8 wk of age (20 g).
The maximum-tolerated dose was defined as the highest dose at which
no animal died or lost more than 20% of its initial treatment weight.
Treatment was administered as a single intravenous dose of !2°I-
DCIBzL, with doses of 3.7, 18.5, 37, and 111 MBq (0.1, 0.5, 1 and 3
mCi; n = 3 mice per dose), and animals were then weighed and
inspected twice per week for 60 d. As PSMA-targeted RPT would be
most likely to affect kidney and hematologic function, serum creatinine
and complete blood counts were measured at 4 d after injection (9).

In vivo antitumor efficacy was assessed using a flank xenograft
tumor growth delay model. Cells were grown to 80%—-90% confluence
before trypsinization and formulation in RPMI for implantation into
mice. Male nude mice were injected subcutaneously in the flank area
with 1 x 10 PSMA+ PC3 PIP or PSMA- PC3 flu cells. Treatments
were administered 7-10 d later when tumor diameter was only 3—4
mm, to mimic micrometastases. Animals were treated with a single
intravenous dose of 111 MBq (3 mCi) of '>I-DCIBzL, 111 MBq (3
mCi) of '%I- sodium iodide, an equivalent amount of nonradiolabeled
DCIBzL, or saline. The equivalent molar amount of nonradiolabeled
DCIBzL was calculated using the specific molar activity of !2°I-
DCIBzL. Animals receiving '2°I-Nal were pretreated with potassium
iodide in their water to block thyroid uptake. The tumors were then
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measured 3 times per week until they reached 5 times the initial
treatment volume or 60 d. To minimize error, we used high-resolution
calipers and the same author, who was masked to the treatment group
information, for all measurements. The probability of reaching 5 times
the initial tumor volume was characterized using Kaplan—Meier curves,
and comparison was performed using the log-rank test. In addition, we
conducted SPECT/CT at 24 h after treatment with '2’I-DCIBzL in 2
mice bearing PSMA+ PC3 PIP and 2 mice bearing PSMA- PC3 flu to
confirm PSMA-specific tumor uptake (supplemental methods).

RESULTS

In Vitro Studies

Using confocal microscopy to assess subcellular drug distribution,
we observed that YC-36 (Fig. 1) was localized to the perinuclear
area as well as the plasma membrane. Figure 2 shows subcellular
drug distribution after treatment of PSMA+ PC3 PIP cells stained
with YC-36 for 1 h (n = 15). Approximately 14% (£0.7% SEM) of
the total cellular drug was localized to the perinuclear area, in 1 or 2
discrete foci per cell. As discussed below, those foci may represent
the mitotic spindle poles or recycling endosomal compartment.
Given the short range of Auger electrons, such perinuclear localiza-
tion has important implications for the potential of '?’I-DCIBzL to
cause DNA damage (Fig. 1).

We determined the number of PSMA binding sites on cells
using a radiometric binding saturation assay (/6,7/7). The mean
number of PSMA binding sites was 4.9 x 10° sites/cell for PC3
PIP cells and 2.5 X 103 sites/cell for PC3 flu cells. In comparison,
LNCaP had 5.9 x 107 sites/cell, less than 1 order of magnitude
lower than PC3 PIP. Drug uptake of '>I-DCIBzL in PSMA+ PC3
PIP cells was significantly higher than in PSMA—-PC3 flu cells and
increased linearly with extracellular drug concentration (Fig. 3A).
When blocked with a nonradiolabeled excess of DCIBzL, there
was minimal nonspecific uptake of '2’I-DCIBzL in either cell line.
Those results are consistent with the high PSMA binding affinity
(K; = 0.01nM) of '>5I-DCIBzL (8).

To measure cellular damage caused by the Auger electrons from
1251.DCIBzL, we quantified double-strand DNA breaks by count-
ing YH2AX foci per cell in 3 high-resolution fields from each of 3
wells per treatment group. As shown in Figure 3B (and Supple-
mental Fig. 2), the extent of DNA damage after treatment with
1251.DCIBzL in PSMA+ PC3 PIP cells was significantly higher
than that in PSMA- PC3 flu cells. The number of YH2AX foci per
cell increased in a dose-dependent manner only in PSMA+ PC3
PIP cells, indicating PMSA-targeted localization of 25I-DCIBzL

(Fig. 3B). The lack of DNA damage over baseline seen in PSMA—
PC3 flu cells is consistent with the high specificity of DCIBzL for
PSMA. Furthermore, in the control groups, exposure to the highest
extracellular concentration of 12°I-DCIBzL (370 kBg/mL) for 18 h
still did not result in significant DNA damage, suggesting that
specific uptake and proximity of '?°I to the nucleus is important.
The in vitro clonogenic survival assay showed a significant
decrease in surviving fraction in PSMA+ PC3 PIP cells after
treatment with '>[-DCIBzL when compared with PSMA— PC3
flu cells (Fig. 4A). These results mirror those seen above for
PSMA-specific drug uptake and DNA damage in PSMA+ PC3
PIP cells. Cells treated with an equivalent molar amount of non-
radiolabeled DCIBzL showed only a mild decrease in surviving
fraction, suggesting that the PSMA-targeting scaffold itself did not
have cytotoxic activity. The curve of surviving fraction for
PSMA+ PC3 PIP cells is roughly an exponential function of
extracellular drug concentration. However, when that was mod-
eled using Monte Carlo simulations as a function of estimated
dose to the nucleus, it was not perfectly linear on a logarithmic
scale (Fig. 4B), as would have been expected for Auger electrons,
which may be due to overestimation of the highest dose to the
nucleus (~50 Gy), as discussed below. Note also that the cellular
dose was almost entirely due to the cellular Auger emissions; the
contribution from the background photons was consistently on the
order of 0.01%. This is essentially due to the small size of the
cellular nucleus compared with the Petri dish and the short period
of time that the background decays are present (18 h), which more
than compensate for the fact that the photon energy per decay is
greater (42 keV) than the fraction of Auger energy deposited in the
cells from '23I located on the nuclear surface (6.7 keV), in the
cytoplasm (1.5 keV), or on the cell surface (0.84 keV).

In Vivo Studies

In our in vivo I-DCIBzL dose-escalation study, no animal
died at any dose level from 3.7 (0.1 mCi) to 111 MBq (3 mCi)
(n = 3 mice per dose level). Therefore, the maximum-tolerated
dose of '25I-DCIBzL may be greater than 111 MBq (3 mCi) in
mice, which is roughly equivalent to 296 GBq (8 Ci) in humans,
but this is near the upper limit that is clinically feasible to admin-
ister from a radiation safety perspective. PSMA is known to be
expressed in the renal proximal tubules, and our previously pub-
lished biodistribution data for '>’I-DCIBzL showed tumor-to-kidney
ratios of 0.1 for up to 48 h (8). Therefore, we measured serum
creatinine in the treated mice and 3 control mice at 4 d after
injection for kidney toxicity. All animals
tested had normal creatinine values (0.2—
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0.4 mg/dL). We also measured hemato-
logic function with complete blood counts
at 4 d after injection, and these showed
mild elevation in neutrophil count (up to
4.42 K/pL after 111 MBq [3 mCi]; con-
trol, 1.89-2.11 K/pL) and eosinophil
count (up to 0.28 K/pL after 111 MBq
[3 mCi]; control, 0.05-0.07 K/pL), possi-
bly indicating a mild acute inflammatory
reaction. These acute toxicity and survival
data were used to select a dose (111 MBq
[3 mCi])) for further in vivo studies, but as

Other
intracellular

FIGURE 2. Subcellular distribution of YC-36 in PSMA+ PC3 PIP cells. Confocal microscopic
images (A) and quantified regional intensity (B) show localization to perinuclear area and cell
membrane. Scale bar indicates 10 wm, and error bars indicate SEM (n = 15).
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noted below, they do not assess the dose-
limiting late toxicities that may occur 6-12
mo after treatment.
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FIGURE 3. Cellular drug uptake (A) and DNA damage (B) after treat-
ment with 125]-DCIBzL in PSMA+ PC3 PIP cells or PSMA- PC3 flu cells.
Error bars indicate SEM (n = 3/time point).

Nude mice bearing PSMA+ PC3 PIP tumors had significant
tumor growth delay after treatment with 111 MBq (3 mCi) of
125.DCIBZL, with only 1 animal reaching 5 times the initial tumor
volume by 60 d after treatment, compared with a median time to 5
times tumor volume of less than 15 d for PSMA— PC3 flu tumors
and all other treatment groups (Fig. 5SA; n = 5 mice per group). The
difference among treatment groups was statistically significant (P =
0.002) by the log-rank test. Individual tumor volume measurements
for each animal are shown in Supplemental Figure 3. There was
also a mild treatment benefit seen in animals treated with 111 MBq
(3 mCi) of '2I-Nal, but there was no significant difference for this
group nor any others besides the PSMA+ PIP group treated with
I25.DCIBzL. There was no treatment benefit seen in animals treated
with nonradiolabeled DCIBzL, again suggesting that the PSMA-
targeting scaffold does not contribute significantly to the efficacy of
125.DCIBzL. SPECT/CT images (Fig. 5B) at 24 h after treatment
with 12[-DCIBzL confirmed uptake in the PSMA+ PC3 PIP
tumors (left) but not in the PSMA- PC3 flu tumors (right), as
expected. There was also uptake in the kidneys and thyroid gland,
as discussed below.

DISCUSSION

We have investigated a novel Auger electron—based RPT target-
ing PSMA. The compound was delivered not only to the cell
membrane but also to the perinuclear area of PSMA-expressing
PC cells. Treatment with '>I-DCIBzL resulted in PSMA-specific
DNA damage and decreased clonogenic survival in vitro. Finally,
1251-DCIBzL demonstrated excellent antitumor efficacy in vivo in
mice bearing PSMA+ human PC xenografts, with only 1 animal
reaching 5 times the initial tumor volume by 60 d after treatment,
a significant tumor growth delay compared with PSMA~- tumors
and all other control groups (P = 0.002).

This is one of the few studies to demonstrate antitumor efficacy
after systemic administration of an Auger RPT. Auger emitters are
recognized to have potential advantages for treatment of micro-
metastatic cancer, including higher linear energy transfer and
much shorter range (<10 wm) than 3 emitters or x-rays (6,7,24-27),
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though B emitters are likely to remain more effective for treatment
of macroscopic disease. The potential for Auger emitter therapy
was confirmed by our results, with sustained tumor responses for
at least 60 d in treated animals, likely due in part to the high
PSMA affinity of 125I-DCIBzL, enabling sustained tumor seques-
tration, and the long physical half-life of 2°I of 59 d, which
provides continuous exposure and resulting DNA damage. In ad-
dition, the dose-escalation study showed no animal deaths, weight
loss, or renal or hematologic toxicity at any dose up to 111 MBq
(3 mCi) at the time points assessed. However, given kidney uptake of
125[.DCIBZL, late toxicity data up to 1 y after treatment are required
to assess for potential nephrotoxicity.

With the short range of Auger electrons, a major challenge is to
achieve close proximity to DNA to cause strand breaks. Using
confocal microscopy with a fluorescent analog of DCIBzL, we
showed that this agent was localized not only to the plasma
membrane but also to the perinuclear area of PSMA-expressing
cells, in 1 or 2 discrete foci per cell (Fig. 2A). Previous studies
have shown that PSMA is internalized via a clathrin-dependent
endocytic mechanism and may then be localized to the recycling
endosomal compartment (28). Recent work by Rajasekaran et al.
suggests that PSMA is specifically localized to the mitotic spindle
poles, associating with the anaphase-promoting complex and pos-
sibly inducing aneuploidy in PC cells (29). The discrete perinu-
clear foci that we have observed are consistent with localization to
the mitotic spindle poles, which would bring the Auger emitter
close to DNA during mitosis, especially in anaphase when the
condensed chromosomes are pulled toward the spindle poles.
Proximity is critical for direct DNA damage because, though 231
emits approximately 20 Auger electrons per decay, most of these
have a range of less than 1 wm (30). This provides an additional
layer of cancer specificity for '>I-DCIBzL, as the close vicinity
between the spindle poles and chromosomes would occur only in
actively dividing tumors. This may effectively spare the kidney,
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FIGURE 4. (A) Cellular clonogenic survival after treatment with 125]-

DCIBzL in PSMA+ PC3 PIP cells or PSMA- PC3 flu cells. Error bars
indicate SEM (n = 3/time point). (B) Clonogenic survival plotted as
logarithmic function of Monte Carlo modeled nuclear dose in PSMA+
PC3 PIP cells.
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FIGURE 5. (A) Tumor growth delay in nude mice bearing PSMA+ PC3
PIP or PSMA- PC3 flu flank xenografts after treatment with 111 MBq
(8 mCi) of 125]-DCIBzL or equal amount of control compounds (n = 5
mice per group; P = 0.002 by log-rank test). (B) Small-animal SPECT/CT
maximume-intensity-projection images obtained in 2 of the mice at 24 h
after treatment with 125|-DCIBzL. Tumor drug uptake is demonstrated in
PSMA+ PC3 PIP tumor (left) but not in PSMA- PC3 flu tumor (right).

which has significant expression of PSMA but a low mitotic index.
There are some studies that suggest that Auger emitters may cause
cytotoxicity by indirect DNA damage or damage to the plasma
membrane or intracellular proteins, but most evidence shows that
direct DNA damage predominates (6,26,31).

Although the potential for cancer therapy with Auger electrons
has long been established, there have been many barriers to
successful translation of these therapies (6,25). The most-studied
Auger therapy has been the thymidine analog '2°I-IUdR. That
agent is successfully incorporated into DNA, but it is unstable
(dehalogenated) when delivered systemically and also causes tox-
icity due to uptake by normal proliferating cells. Therefore,
locoregional delivery, such as intratumoral injection, has been
used but with limited scope clinically (7). '’I-DCIBzL is rela-
tively stable in vivo after intravenous injection (8) and is taken up
by PC cells in a highly specific manner. Notably, there was more
thyroid uptake of '2°I on the SPECT/CT image in Figure 5B than
on the SPECT/CT image in the work by Chen et al. (8), suggesting

PSMA AUGER RADIOPHARMACEUTICAL THERAPY

possible in vitro radiolysis after synthesis of the larger, more con-
centrated batch. Radiolysis may be preventable by dilution and
addition of free radical scavengers, but stability will need to be
confirmed in vitro by high-performance liquid chromatography
and in vivo by serial SPECT/CT. Furthermore, long-term follow-
up will be needed to assess the safety of systemic delivery. Other
targeted Auger therapies have also been developed for breast can-
cer, ovarian cancer, and lymphoma, but only a few have been
tested in vivo, including the radioimmunotherapy '!'In-anti-CD74
for B-cell lymphoma (32,33).

Because PSMA is overexpressed more than 1,000-fold in human
PCs, both in the primary site and in the regional and distant
metastases, it has been identified as a therapeutic target for PC
(9,10). We have tested several lysine-glutamate urea-based scaf-
folds for targeting PSMA. The !'2’I-DCIBzL compound has the
highest PSMA binding affinity (K; = 0.01 nM) of all the urea-
based PSMA agents we have prepared to date and has shown high
and sustained tumor uptake in biodistribution studies (14% in-
jected dose per gram) (8). It has also been co-crystallized with
PSMA, showing that the bulky iodophenyl moiety is accommo-
dated by a hydrophobic auxiliary subpocket extending beyond the
normal binding pocket, and the additional hydrophobic—hydrophobic
interactions likely account for the high binding affinity (34). Sim-
ilar agents have been safely administered to patients in low doses
for imaging of PC, with successful visualization of small metas-
tases not visible on conventional imaging (/1,12).

Several systemic RPTs have been approved for PC by the Food
and Drug Administration, including the bone-seeking 3 — emitters
153Sm and 3°Sr as well as the a-particle emitter 22>RaCl, that has
recently demonstrated survival benefit in castrate-resistant PC and
is now supplanting the 3 emitters (5). Those agents all success-
fully target gross PC bone metastases but do not target other sites
of disease. Because '’I-DCIBzL has the potential to target all
sites, including prostate, pelvic and paraaortic lymph nodes, bone,
liver, and lung, it may complement the other modes of RPT,
especially for patients with biochemical progression who have no
visible bone metastases. Several PSMA-targeted (3-emitter RPTs
are also being investigated, including the small-molecule 3'I-
MIP1466, which demonstrated PSMA-specific growth inhibition
in tumor xenografts and patients (35). The anti-PSMA antibody
J591 has been radiolabeled with a variety of (3 emitters, including
77Lu (36). Although well tolerated, that radiolabeled antibody
was dose-limited by myelosuppression, particularly thrombocyto-
penia, which is not expected with small-molecule therapy (due to
more rapid clearance) and was not seen in blood counts after
treatment with 2I-DCIBzL. As noted above, there are several
potential advantages of Auger emitters over 3 emitters for treat-
ment of micrometastases, but 3 emitters will likely also have their
place for treatment of macroscopic disease.

The in vitro characterization of '2’I-DCIBzL was consistent with
the proposed mechanism of PSMA-specific uptake and direct DNA
damage. The results showed specific cell uptake, DNA damage, and
cytotoxicity in PSMA+ PC3 PIP cells but not in PSMA- PC3 flu
cells (Figs. 3 and 4; Supplemental Figs. 1 and 2). Treatment with
nonradiolabeled DCIBzL showed minimal effect in vitro and in
vivo, demonstrating that the PSMA-targeting scaffold itself did
not have significant cytotoxic activity. The uptake of '’I-DCIBzL
(including all membrane-bound drug) was proportional to extracel-
lular medium concentration (Fig. 3A), suggesting that there was no
saturation of the PSMA binding sites (4.9 X 10° sites/cell), possibly
due to recycling of PSMA protein. The approximate amount of
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DNA damage was also roughly proportional to the concentration
within extracellular medium (Fig. 3B), according to number of
vYH2AX foci. Phosphorylation of histone H2AX is an early focal
event in response to DNA double-strand breaks, and this type of
DNA damage, if not repaired, results in mitotic catastrophe and cell
death (21).

We found that clonogenic survival for PSMA+ PC3 PIP cells
was roughly an exponential function of extracellular '>I-DCIBzL
concentration, as would be expected for radiation-induced cell
death. However, when that was modeled using Monte Carlo simu-
lations as a function of estimated dose to the nucleus, it was not
perfectly linear on a logarithmic scale (Fig. 4B). On the basis of
work by Kassis, Humm, and others, the dose-response curve of
Auger emitters should be monoexponential (linear) if close enough
to DNA to cause double-strand breaks (24,26). We suspect that the
modeled dose to the nucleus may be overestimated at high doses, as
we assumed 15% perinuclear drug distribution at all drug concen-
trations. That percentage was based on fluorescent drug distribution
after 1-h exposure to YC-36, but at high drug concentrations (18-h
exposure to 370 kBg/mL of '2I-DCIBzL), the relative amount of
perinuclear drug may be lower due to potential saturation of in-
tracellular PSMA trafficking mechanisms. That highlights the im-
portance of rigorous macro- to microlevel dosimetry for targeted
RPTs, especially those with short ranges such as Auger and o
emitters (26,37). Our ongoing work will model the dosimetry of
1251-DCIBZL at the subcellular, cellular, and organ level for tumor,
kidney, and bone marrow. We will correlate kidney dose estimates
with long-term nephrotoxicity and histopathology up to 1 y after
treatment. We will also correlate tumor dose estimates with tumor
response using serial SPECT/CT. SPECT/CT is particularly valu-
able for quantification of drug delivery, and given the long half-life
of 121, serial SPECT/CT can be used to assess drug kinetics as well
as tumor volume measurements over time.

Concerns regarding dosimetry and toxicity of PSMA-targeted
agents have been primarily focused on potential nephrotoxicity,
because PSMA is physiologically expressed in the renal proximal
tubules (9). Our previously published biodistribution data for 12°1-
DCIBzL showed tumor-to-kidney ratios of 0.1 for at least 48 h
after injection (8). There was less relative kidney uptake in the
current SPECT/CT image (Fig. 5B) than the image from the work
of Chen et al. (8), but this may be due in part to the later time point
after injection, higher PSMA expression in current PC3 PIP
tumors, different window/level of images, and different injected
dose. In our dose-escalation study, no changes in creatinine were
noted 4 d after injection, even at doses of 111 MBq (3 mCi) per
mouse. Furthermore, no animals died or lost weight during the
60-d observation period. However, the half-life of '>[-DCIBzL is
59 d and radiation toxicity can manifest long after exposure (often
greater than 6 mo for radiation nephropathy). Therefore, as noted
above, careful toxicity and dosimetry studies will be required for
translation of this agent, with long-term follow-up for 1 y and in
larger animals. In addition, given thyroid uptake seen in Figure
5B, drug stability and thyroid toxicity will need to be assessed,
and uptake may need to be blocked with pretreatment iodide.

Future work with 125I-DCIBzL will also require testing in addi-
tional tumor models and direct comparison with other RPTs. In our
flank xenograft model, tumors were treated when only 3-4 mm to
mimic the micrometastatic setting; however, this is a limited model
of micrometastases, especially with the small scale of a 20-g mouse.
Antitumor efficacy needs to be tested in a true metastatic model,
and we are currently preparing a PSMA- and luciferase-expressing
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metastatic PC model for this purpose. We will test in animals with
gross metastases as well as those with microscopic metastases not
yet visible on imaging.

CONCLUSION

PSMA-targeted RPT with the Auger electron emitter '>>I-DCIBzL
yielded specific PC cell kill in vitro and in vivo after systemic ad-
ministration, showing promise for treatment of PC micrometastases.
Given kidney uptake of '>I-DCIBzL, long-term nephrotoxicity and
dosimetry studies are under way to assess safety for further translation.
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