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This study evaluates targeted liposomes loaded with the a-particle
generator 225Ac to selectively kill prostate-specific membrane anti-
gen (PSMA)-expressing cells with the aim to assess their potential
for targeted antivascular radiotherapy. Methods: In this study,
PEGylated liposomes were loaded with 225Ac and labeled with the
mouse antihuman PSMA J591 antibody or with the A10 PSMA
aptamer. The targeting selectivity, extent of internalization, and kill-
ing efficacy of liposomes were evaluated on monolayers of prostate
cancer cells intrinsically expressing PSMA (human LNCaP and rat
Mat-Lu cells) and on monolayers of HUVEC induced to express
PSMA (induced HUVEC). Results: The loading efficiency of 225Ac
into preformed liposomes ranged from 58.0% * 4.6% to 85.6% =
11.7% of introduced radioactivity. The conjugation reactions
resulted in approximately 17 £ 2 J591 antibodies and 9 = 2 A10
aptamers per liposome. The average size of liposomes, 107 = 2 nm
in diameter, was not affected by conjugation or loading. LNCaP
cells exhibit 2:1:0.5 relative PSMA expression, compared with
MatLu and induced HUVEC, respectively, based on flow cytometry
detecting association of the J591 antibody. J591-labeled liposomes
display higher levels of total specific binding to all cell lines than A10
aptamer-labeled liposomes. Specific cell association of targeted
liposomes increases with incubation time. Cytotoxicity studies dem-
onstrate that radiolabeled J591-labeled liposomes are most cyto-
toxic, with median lethal dose values, after 24 h of incubation, equal
to 1.96 (5.3 x 1079), 2.92 x 102 (7.9 x 1073), and 2.33 x 10" Bg/mL
(6.3 x 10~ uCi/mL) for LNCaP, Mat-Lu, and induced HUVEC, re-
spectively, which are comparable to the values for the radiolabeled
J591 antibody. For A10 aptamer-labeled liposomes, the corre-
sponding values are 3.70 x 10" (1.0 x 1079), 1.85 x 108 (5.0 x
10723), and 4.07 x 10% Bg/mL (1.1 x 10~1 wCi/mL), respectively.
Conclusion: Our studies demonstrate that anti-PSMA-targeted lip-
osomes loaded with 225Ac selectively bind, become internalized,
and kill PSMA-expressing cells including endothelial cells induced
to express PSMA. These findings—combined with the unique ability
of liposomes to be easily tuned, in terms of size and surface mod-
ification, for optimizing biodistributions—suggest the potential of
PSMA-targeting liposomes encapsulating a-particle emitters for se-
lective antivascular o radiotherapy.
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The development of vasculature is needed for solid tumors to
grow beyond 1-2 mm?3 (/), and antivascular therapy aims to
damage and kill tumor cells by cutting the blood flow via the
neovasculature, depriving the tumor of growth factors (2). With-
out adequate vasculature, tumor cells are shown to become ne-
crotic or apoptotic (3). Within this framework, epitopes exclu-
sively expressed by the tumor endothelium have been identified,
and targeting molecules have been developed and demonstrated
the ability to selectively target the tumor neovasculature. Pow-
erful therapeutics such as a-particle emitters have been sug-
gested as ideal because of their high energy and short range,
resulting in high killing efficacies and low irradiation of the
surrounding healthy tissues (4). However, the absence of a tar-
geted therapeutic modality that combines fast and selective de-
livery of lethal doses to tumor neovasculature and exhibits rapid
removal from circulation to keep toxicities at a minimum still
holds.

In this study, we aim to address the selectivity part of the above
challenges by following a bottom-up design, which includes 3
base elements. First, the targeting receptor is chosen to be the
prostate-specific membrane antigen (PSMA), and 2 different
targeting ligands—an antibody and an aptamer—are evaluated.
Second, as the therapeutic radionuclide, the atomic-sized o-parti-
cle generator 22>Ac is used, and third, the delivery vehicle is a self-
assembled nanometer-sized liposome. The rationale for these
choices is briefly described below.

Studies on patients with different types of primary tumors report
selective expression of PSMA by the tumor neovasculature (5,6).
The absence of PSMA on the endothelium of healthy tissues may
enable, therefore, the targeting of vascular PSMA to potentially
become a therapeutic strategy for selective delivery of drugs to the
tumor vasculature. In this study, we evaluated 2 different targeting
ligands. The first ligand was the anti-PSMA monoclonal antibody
J591, which binds to the extracellular domain of PSMA with high
affinity and is also rapidly internalized (6,7). In a phase I trial,
J591 was shown to specifically target the tumor neovasculature in
humans bearing multiple solid tumor types (8), a finding that
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renders J591 and PSMA a unique ligand-receptor pair for selec-
tive in vivo targeting of the neovasculature of different types of
cancer. We also evaluate the A10 PSMA aptamer, which has been
designed to identify the extracellular domain of PSMA (9), is
shown to target PSMA-expressing cells when conjugated on the
surface of nanometer-sized particles (/0), and is commercially
available.

Second, as a therapeutic radionuclide, we chose an a-particle
emitter because of the high cytotoxicity of « particles and their
potential antivascular effect (4). The killing efficacy of a particles
is independent of the cell oxygenation state or cell cycle during
irradiation, and only a few tracks across the nucleus result in cell
death (/7-14) due to their high energy deposited per unit distance
traveled (high linear energy transfer), which is approximately 80
keV/pm. In addition, their short range, 50-100 wm, allows for
localized irradiation of targeted cells with minimal exposure of
surrounding healthy tissues. We chose the atomic-sized a-particle
generator 22Ac, which decays with a 10-d half-life and generates
3 a-particle—emitting daughters (>?'Fr [half-life, 4.9 min], 2'7At
[half-life, 32.3 ms], and 2'3Bi [half-life, 45.6 min]), generating 4 «
particles per 22°Ac decay.

However, although the retention of 22> Ac daughters at the target
increases efficacy, escape and distribution throughout the body
increases toxicity (/5). During circulation, radiolabeled antibodies
and other nanocarriers (up to 100 nm) (/6) loaded with ?>3Ac
cannot retain any of the daughters because the bond between the
chelate holding the radionuclide may be broken on transformation
of the parent into the new daughter. As a result, daughters are
released in the circulation and accumulate at the kidneys. Renal
toxicity caused by escaped radioactive daughters of 223Ac is still
a challenge (15).

To address the above issues, we followed a liposome-based
strategy to potentially deliver 22Ac at the tumor neovasculature
that will ultimately combine 2 critical properties. The first prop-
erty is the fast binding and intracellular localization to exten-
sively retain radioactive daughters within the targeted tumor
endothelial cells, and the second is rapid sequestration of
225Ac-loaded liposomal carriers, followed by their accumulation
in less radiosensitive sites, such as the spleen (/7), to spare
radiosensitive kidneys from escaped daughters.

The objective of this study was to develop anti-PSMA
liposomes encapsulating the a-particle generator 22>Ac for se-
lective targeting of PSMA-expressing cells and to evaluate their
potential for targeted antivascular radiotherapy. We have pre-
viously shown that these liposomes can be stably loaded with
high radioactivities of 22°Ac (/8). In this study, we compared
the targeting selectivity and killing efficacy of liposomes la-
beled with the mouse antihuman PSMA J591 antibody (6) and
with the A10 PSMA aptamer (/0) on monolayers of cells, which
either intrinsically express variable levels of PSMA or are in-
duced to express PSMA. The first category of cell lines includes
the PSMA-expressing LNCaP prostate cancer human cells,
which are used as a positive control in our studies, and the
PSMA-expressing Mat-Lu prostate cancer rat cells. The latter
are mainly aimed to be used in our subsequent in vivo studies
because of their vasculogenic mimicry (/9) and will, therefore,
be used as in vivo surrogates of tumor vasculature. The second
category of cell line includes monolayers of HUVEC, which are
induced to express PSMA (20) (induced HUVEC) because this
cell line represents a closer analog to the tumor endothelium of
interest.
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MATERIALS AND METHODS

All materials are described in the supplemental data (supplemental
materials are available at http://jnm.snmjournals.org).

Liposome Preparation and Radiolabeling with 225Ac

Liposomes were composed of 1,2-dinonadecanoyl-sn-glycero-3-
phosphocholine (DNPC):cholesterol: 1,2-distearoyl-sn-glycero-3-phos-
phoethanolamine-N-[methoxy(polyethyleneglycol)-2000] (ammonium
salt) (DSPE-PEG):1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-
N-(lissamine rhodamine B sulfonyl) (ammonium salt) (DPPE-rhoda-
mine) at the mole ratio of 6.61:2.83:0.47:0.09 and were prepared to
encapsulate citrate buffer and DOTA using the lipid hydration method
(detailed methods are given in the supplemental data) (/8). The size
distribution of liposome suspensions was measured using a Zetasizer
NanoSeries (Malvern Instruments Ltd.).

225Ac was loaded into preformed liposomes encapsulating DOTA as
described before (/8). Loading was mediated by the A23187 ionophore
by heating the liposome suspension in 4-(2-hydroxyethyl)-1-piperazine-
ethanesulfonic acid (HEPES) buffer above the transition temperature of
the lipid membrane (65°C—67°C). On completion of loading, and addi-
tion of DTPA, ?*Ac-loaded liposomes were purified by size-exclusion
chromatography, and the loading efficiency of ?>>Ac was determined by
measuring the radioactivity of liposome suspensions before and after
size-exclusion chromatography by counting the y emissions of 2!3Bi
decay on reaching secular equilibrium (detailed methods are given in
the supplemental data). To ensure identical radiolabeling levels (radioac-
tivity-to-lipid ratio) across all liposome types, the levels of radioactivity
introduced to the liposome suspension for encapsulation were adjusted in
advance based on the loading efficacy measured for each liposome com-
position. Antibodies were radiolabeled following a published protocol
described in detail in the supplemental data (27).

For ligand conjugation to liposomes, standard 3-(2-(pyridyldithio)
propionate (PDP)-based and 1-ethyl-3(3-dimethylaminopropyl)carbo-
diimide (EDC)/N-hydroxysuccinimide (NHS)-based chemistry was fol-
lowed to conjugate J591 antibodies and the A10 aptamers to liposomes,
respectively (detailed methods are given in the supplemental data) (22).

Cell Lines

All cell lines (LnCaP, Mat-Lu, HUVEC, BT474, and MDA-MB-
231) were acquired from American Type Culture Collection (ATCC)
and were cultured in medium suggested by ATCC supplemented with
10% fetal bovine serum, penicillin (100 units/mL), and streptomycin
(100 pg/mL) in an incubator at 37°C and 5% CO,. F12K medium,
used for HUVEC, was additionally supplemented with Heparin
(Sigma-Aldrich) sodium salt (0.1 mg/mL) and endothelial cell growth
supplement (ECGS) (0.03 mg/mL). To induce PSMA expression on
HUVEC cells, monolayers of HUVEC on Matrigel (BD Biosciences)
were exposed to MDA-MB-231 cell-conditioned media and were in-
duced to express PSMA following a published method described in
detail in the supplemental data (20).

Detection of Induced PSMA Expression on HUVEC
by Immunofluorescence

PSMA expression induced on HUVEC was determined using J591-
based immunofluorescence (a detailed protocol is given in the
supplemental data) (7). The binding of rhodamine-labeled J591-con-
jugated liposomes to PSMA-expressing HUVEC cells after a 6-h in-
cubation was imaged using an Olympus IX 70 inverted microscope
with an exciter bandpass filter (540 = 25 nm) and an emitter bandpass
filter (605 = 55 nm) (Chroma Technology Corp.).

Binding and Internalization of Liposomes by Cell

Monolayers, Followed by Cytotoxicity Studies
Rhodamine-labeled liposomes were incubated with well-plated

cells at a liposome-to-receptor ratio of 1-to-10 and 1-to-1. After
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completion of incubation, cells were washed, scrapped, and suspended
in phosphate-buffered saline. The fraction of liposomes bound to cells
was quantified by measuring the fluorescence intensity of rhodamine
corrected for potential light scattered by cells. The cell-internalized
intensity was measured on cells treated with a stripping buffer
(detailed methods are given in the supplemental data). These studies
were repeated for the J591 antibody on all cell lines at the same
antibody-to-receptor ratios.

To evaluate cytotoxicity, radioactivities ranging From 37 x 107 to
370 kBg/mL (107° to 10! wCi/mL) were added to well-plated cell
monolayers in a total final volume of 0.2 mL per well. At the end of
incubation, cells were gently washed and were further incubated with
sterile fresh complete medium (detailed methods are given in the
supplemental data). Cell viability was evaluated using an (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay (MTT
assay). In parallel experiments, liposome-mediated radioactivity in-
ternalized by cells in monolayers was measured by cell trypsinization,
followed by counting of the cell populations and associated radio-
activities. For the radiolabeled antibody, cell-internalized radioactivity
was calculated on the basis of measured immunoreactivity and extent
of internalization.

Results are reported as the arithmetic mean of n independent
measurements * the SD. The Student 7 test was used to calculate
significant differences in the behavior between the differently labeled
liposomes for all cell lines studied. P values of less than 0.05 were
considered to be significant.

RESULTS

Liposome Loading with 225Ac, Conjugation of Anti-PSMA
Ligands, and Vesicle Characterization

The loading efficiencies of 2*’Ac into preformed liposomes
were 58.0% * 4.6% for liposomes with PDP-terminated PEG
chains (Lp-PDP) and 85.6% =*= 11.7% for liposomes with
carboxyl-terminated PEG chains (Lp-COOH) (n = 5 independent
loading experiments for each liposome type), and to facilitate
comparison, all liposomes were prepared at the same radioactiv-
ity-to-lipid ratio. Antibody radiolabeling efficiency with 22°Ac
ranged from 2.6% * 0.2% to 3.0% = 0.1%. The radioactivity
that was stably retained by the J591 antibody was 86.7% =
3.7% after a 24-h incubation in 10% serum-supplemented me-
dium. The conjugation reaction resulted in 33 = 4 pg of J591
antibody per 2.5 pmol of total lipid or approximately 17 = 2 J591
antibodies per liposome (n = 5). For A10 aptamer, optimization of
the conjugation reaction (Supplemental Fig. 1) resulted in 2.3 =
0.5 pg of A10 aptamer per 2.5 pwmol of total lipid or approxi-
mately 9 = 2 A10 aptamers per liposome (n = 5). Ligand densi-
ties are calculated using the measured average size of liposomes
of 107 = 2 nm in diameter (polydispersity index, 0.07 £ 0.04).
The immunoreactivities of radiolabeled J591 and of J591 conju-
gated on liposomes were 76.9% * 2.7% and 21.3% = 3.0%,
respectively. Receptor blocking with unlabeled J591 anti-
body minimized cell association to 1.4% = 0.2% and 1.1% =
0.2%, respectively. The immunoreactivity of A10 aptamer conju-
gated on liposomes was 11.2% = 1.0%, and receptor blocking by
excess A10 aptamer decreased binding to 0.9% = 0.8%. Specific
binding was confirmed by lack of binding on PSMA-negative
BT474 cells, which ranged from 0.2% * 1.2% to 2.2% * 0.3%
for the antibody and all targeted constructs. Conjugation of J591
antibody or A10 aptamer did not result in measurable change
in liposome size. Liposomes with and without conjugated anti-
PSMA ligands exhibited similar retention of encapsulated ?>>Ac
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at 6 h (72.8% = 2.3%) and 24 h (69.4% *
supplemented medium (n = 3).

1.2%) in serum-

Induced Expression of PSMA on HUVEC and Binding of
J591-Labeled Liposomes to PSMA-Expressing HUVEC

The micrographs shown in Supplemental Figure 2 illustrate that
HUVEC cultured on Matrigel form tubular structures. However,
detectable levels of PSMA expression—evaluated by binding of
the anti-PSMA antibody J591—are confined only to HUVEC ex-
posed to conditioned medium derived from MDA-MB-231 cells
(Supplemental Fig. 2 on the bottom left, fluorescence image), in
agreement with Liu et al. (20). Conjugation of J591 antibodies to
liposomes does not affect the antibody’s targeting selectivity. Sup-
plemental Figure 3 shows that J591-labeled liposomes demon-
strate enhanced binding to PSMA-expressing HUVECs relative
to nontargeted liposomes, respectively.

Binding Selectivity of Liposomes to PSMA-Expressing
Cell Monolayers

Flow cytometry detecting J591 cell surface association on all
cell lines was used to evaluate the effective relative PSMA
expression (Supplemental Fig. 4). With this method of measure-
ment, LNCaP cells exhibit 2:1:0.5 greater PSMA expression
relative to Mat-Lu and induced HUVEC, respectively. On the
basis of this relative PSMA expression level, LNCaP and Mat-Lu
were incubated with 2 different concentrations of liposomes
corresponding to liposome-to-receptor ratios of 1:1 and 1:10.
Because of experimental limitations imposed by the low number
of harvested HUVEC cells, binding experiments on monolayers of
HUVEC cells were conducted at only the ratio of 1:1 liposomes(or
antibody) to receptors. The same liposome concentrations were
used in incubations with A10 aptamer—labeled liposomes.

Table 1 illustrates that J591-labeled liposomes display higher
levels of total specific binding to both LNCaP and Mat-Lu than
A10 aptamer—labeled liposomes. The extent of specific binding of
targeted liposomes is significant at 6 h and becomes more pro-
nounced after 24 h of incubation. Table 1 shows a similar trend
with respect to incubation time in the binding profile of J591-
targeted liposomes to PSMA-expressing HUVEC whereby the
total specific binding increases with incubation time. However,
in contrast to LNCaP and Mat-Lu, the A10 aptamer—labeled lip-
osomes do not show appreciable specific binding to PSMA-
expressing HUVEC at either time point (<2.9%).

Table 1 also indicates that the LNCaP cell line exhibits approx-
imately 26%-29% internalization of bound J591-labeled lipo-
somes, which is essentially independent of the incubation time.
J591-labeled liposomes are internalized at greater extents, 31%—
35%, by Mat-Lu cells. Following the same trend, A10 aptamer—
labeled liposomes are internalized to a greater extent by Mat-Lu
cells (30%-36% at 24 h) than by LNCaP cells (25%-29%). Both
J591-labeled liposomes and A10-labeled liposomes are internal-
ized to a significant extent by PSMA-expressing HUVEC.

For comparison, J591 antibody exhibits on all cell lines and
independent of incubation time greater extents of binding than any
of the targeted liposomes. The extent of antibody internalization
ranges between 27% and 38% of bound antibody.

At both time points, nontargeted liposomes display negligible
association to LNCaP, Mat-Lu, and PSMA-expressing HUVEC
(<1%, Supplemental Table 1). Both J591-labeled liposomes and
A10 aptamer—labeled liposomes do not show specific binding to
PSMA -negative cells (<1%).
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the extracellular domain of the PSMA pro-
tein. The variability in PSMA expression
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study. These include the highly expressing
LNCaP cell line, with 180,000 copies per
cell (23); the rat cell line Mat-Lu, which
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FIGURE 1.

tions, 2 wells per run). 1 mCi = 37 MBq.

Cytotoxicity Profiles of 225Ac-Loaded Liposomes

Cytotoxicity studies shown in Figures 1 and 2 demonstrate that
J591-labeled liposomes loaded with 223Ac are most cytotoxic,
compared with other liposomal constructs tested on the PSMA-
expressing LNCaP, Mat-Lu, and induced HUVEC (median lethal
dose [LDsg] values are summarized in Table 2, P < 0.05 for most
cases studied). The efficacy of J591-labeled liposomes, at the
longer incubation times (24 h), is comparable (P > 0.05) to that
of the radiolabeled J591 antibody. Radiolabeled A10 aptamer—
labeled liposomes display higher cytotoxicity (P < 0.05) than
nontargeted 2?>Ac-loaded liposomes when compared on the
LnCaP cell line.

On PSMA-negative BT-474 cells (Figs. 3A and 4A) and in
HUVEC with no detectable PSMA expression (Figs. 3B, 3C,
4B, and 4C), there is no significant difference in cytotoxicity
between any of the 22>Ac-loaded liposome constructs (P > 0.05).

Nontargeted liposomes and nonliposomal 22>Ac-DOTA exhibit
some degree of cytotoxicity, which may be affected by their mea-
sured nonspecific partition on Matrigel (Supplemental Table 2).
Liposomes not containing radionuclides were not cytotoxic (Sup-
plemental Figs. 5 and 6).

DISCUSSION

In this study, we evaluated the potential of targeted liposomes
loaded with the a-particle generator 2?°Ac to selectively kill
PSMA-expressing cells in the form of monolayers in vitro. The
targeting ligands evaluated include the anti-PSMA antibody J591
(7) and the A10 PSMA aptamer (9), which are known to recognize

Toxicity of 225Ac after 6-h incubation on PSMA-positive cell monolayers of LNCaP
(A), Mat-Lu (B), and PSMA-expressing HUVEC (C). 225Ac is encapsulated in J591-targeted lip-
osomes (O), in A10 aptamer-labeled liposomes (OJ), in nontargeted liposomes (A), and in free
chelated form (¢). Crossed hexagons are 225Ac-labeled J591 antibody. Lines are guides to the
eye. Error bars correspond to SD of repeated measurements (2 independent liposome prepara-

HUVEC monolayers induced to express
PSMA (20) at, however, a significantly
lower level (25% relative to LNCaP).

Our studies demonstrate the superiority
of J591-labeled liposomes over both A10
PSMA-labeled liposomes and nontargeted
liposomes in terms of their binding and in-
ternalization efficacies among all different cell lines and in terms of
the observed LDsy values on cell monolayers for both incubation
periods tested. A comparison between cell-associated radioactivity
and cytotoxicity mediated by both types of targeted liposome con-
structs and the radiolabeled antibody demonstrates that the latter
exhibits greater efficacy, closely followed by the antibody-targeted
liposomes on the cell lines with lower PSMA expression (Fig. 5).
Although on Figure 5, because of the experimental limitations only
the internalized radioactivities per cell are presented, evaluation of
the total cell-associated radioactivity would have resulted in similar
trends since the measured extents of internalization for each modal-
ity are similar (Table 1) for a given cell line. The difference in effi-
cacy of the 3 modalities could be potentially attributed to different
intracellular trafficking; this would affect the intracellular localiza-
tion and, therefore, the microdosimetry of the intracellularly emitted
o particles given the subcellular range of a-particle trajectories (50—
100 pm) and the potentially affected apparent diffusivities of the
parent radionuclide and the emitted radioactive daughters (24).

The distributions of PSMA expression levels by endothelial
tumor cells may vary (5), but for cases with moderate to low
PSMA expression levels the above findings suggest that the
J591-targeted liposomal approach to deliver 223 Ac, compared with
the radiolabeled antibody approach, could overall be more or as
efficacious despite an expected significant decrease in the binding
affinity of J591-labeled liposomes relative to the J591 antibody
alone (25). The rationale for this suggestion is 3-fold.

First, the specific activity of each carrier (defined here as
radioactivity per delivery carrier; i.e., liposome vs. antibody) is
significantly greater for liposomes than for the antibody. In
particular, we have demonstrated that we
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can stably encapsulate up to three 225Ac
nuclides per every 2 liposomes (/8). For
comparison, the specific radioactivity for
antibodies labeled with ?*>Ac is reported
to be as high as 2.22 kBq (60 nCi) per
0.3 pg of antibody, roughly corresponding
to one 225Ac per 435 antibodies (26). Us-

o
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ing these protocols, we were able to pre-
pare as high as 1.15 kBq (31 nCi) per 0.3

Radioactivity (uCifmL)

FIGURE 2. Toxicity of 225Ac after 24-h incubation on PSMA-positive cell monolayers of LNCaP
(A), Mat-Lu (B), and PSMA-expressing HUVEC (C). 225Ac is encapsulated in J591-targeted lip-
osomes (O), in A10 aptamer-labeled liposomes (), in nontargeted liposomes (A), and in free
chelated form (¢). Crossed hexagons are 225Ac-labeled J591 antibody. Lines are guides to the
eye. Error bars correspond to SD of repeated measurements (2 independent liposome prepara-

tions, 2 wells per run). 1 mCi = 37 MBq.
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ng of antibody, roughly corresponding to
one 2% Ac per 840 antibodies.

Second, particularly for 22°Ac, the po-
tentially lower renal toxicities expected
from a nanoparticle-based delivery ap-
proach—due to faster clearance—may en-
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TABLE 2

LDso Values of Liposome-Based Constructs and Radiolabeled J591 Antibody

LDso (Ba/mL [wCi/mL]).

Incubation time (h) LNCaP Mat-Lu HUVEC
6
J591-labeled liposomes 3.70 x 102 (1.0 x 1073 1.22 x 10% (3.3) *
A10 aptamer-labeled liposomes 3.22 x 10% (8.7 x 10~") 3.14 x 10° (8.5) *
J591 antibody 5.92 x 10" (1.6 x 1073) 3.29 x 10* (8.9 x 107") 3.28 x 10* (8.9 x 107")
Nontargeted liposomes 1.25 x 10° (3.4) * *
24
J591-labeled liposomes 1.96 (5.3 x 10~ 2.92 x 102 (7.9 x 10~9) 2.33 x 10" (6.3 x 10~
A10 aptamer- labeled liposomes 1.85x 10° (5.0 x 107?) 4.07 x 103 (1.1 x 10~

J591 antibody

°)

37 (1.0 x 1079

5)

Nontargeted liposomes )

(
1.87 (3.7 x 10~
1.52 x 10% (4.1 x 10~

*LDsg not reached at highest concentration.

1.52 x 102 (4.1 x 1079)
4.07 x 104 (1.1)
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FIGURE 3. Toxicity of 225Ac after 6-h incubation on PSMA-negative cell monolayers of BT474
(A), PSMA-negative HUVEC grown on Matrigel (B), and PSMA-negative HUVEC (C) grown in
absence of Matrigel. 22°Ac is encapsulated in J591-targeted liposomes (O), in A10 aptamer—
labeled liposomes (OJ), in nontargeted liposomes (A), and in free chelated form (¢). Crossed hex-
agons are 225Ac-labeled J591 antibody. Lines are guides to the eye. Error bars correspond to SD of
repeated measurements (2 independent liposome preparations, 2 wells per run). 1 mCi = 37 MBgq.
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FIGURE 4. Toxicity of 225Ac after 24-h incubation on PSMA-negative cell monolayers of BT474 (A),
PSMA-negative HUVEC grown on Matrigel (B), and PSMA-negative HUVEC (C) grown in absence of
Matrigel. 225Ac is encapsulated in J591-targeted liposomes (O), in A10 aptamer-labeled liposomes
(0), in nontargeted liposomes (A), and in free chelated form (¢). Crossed hexagons are 2?5Ac-labeled
J591 antibody (crossed hexagons). Lines are guides to the eye. Error bars correspond to SD of
repeated measurements (2 independent liposome preparations, 2 wells per run). 1 mCi = 37 MBg.

accumulation in less radiosensitive sites to
spare radiosensitive organs from escaped
daughters. Liposomes circulate for signifi-
cantly shorter times in the blood, compared
with antibodies, and therefore may result
in a significant decrease in the cumulated
radioactivity at the kidneys caused by es-
caped daughters occurring during circula-
tion of 22>Ac. For example, liposomes can
be engineered to exhibit half-lives on the
order of 6 h by modifying their size and
surface characteristics (27). This is signif-
icantly faster than the circulation half-lives
of antibodies (28). In particular for J591,
blood clearance in patients was reported to
be described by a double exponential de-
cay with a fast half-life of less than 3 h (for
20% of administered radioactivity) and
with a slower half-life of 44 h (for 80%
of administered radioactivity) (29). There-
fore, for the same initial administered ra-
dioactivity A,, the decrease of the average
circulation half-life of the a-particle gen-
erator from several hours (when labeled on
antibodies) to only a few hours (when en-
capsulated in liposomes) would roughly
correspond to up to D = 81% decrease in
the cumulated radioactivity (A) at the kid-
neys caused by escaped daughters, where
D= (Alipos — Anp) X 100/A 5, and A1ipos
= Ay X [(In2/t“y5) + (In2/t72d) oA (—1)
and Axp = A, X [0.2 X [(In2/tAb1 ) +
(In2/t2d; ,HIN—=1) + 0.8 X [(In2/tAPs,)5)
+ (In2/t29, ,NA(=1D)]. (Ajipos is the cumu-

able the liposomal approach to ultimately become a justifiable
antivascular therapy. 225Ac generates 3 a-particle—emitting daugh-
ters, and, during circulation, carriers loaded with 225Ac cannot
retain any of the daughters, increasing renal toxicity (/5). There-
fore, 22°Ac must be delivered at the tumor neovasculature using
a strategy that combines fast binding to the target with rapid
sequestration of 2?>Ac-loaded carriers from the bloodstream and

112

lated radioactivity at the kidneys caused by escaped daughters of
225A¢ encapsulated in liposomes and Ay, is the cumulated radio-
activity at the kidneys caused by escaped daughters of >2°Ac la-
beled on antibodies.) This simplified calculation uses a single
exponential function for the radioactive decay with t2d,, =
9.9 d for 225Ac (30), a single exponential decay for the clearance
of liposomes t~;,, = 6 h, and a double exponential decay for
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extracellular domain of the PSMA protein.
J591-labeled liposomes exhibit cytotoxic-

% cell viability
% cell viability
% cell viability

ities comparable to the radiolabeled J591
antibody, followed by the less cytotoxic
A10 aptamer—labeled liposomes. The rela-
tively low LDsq values of J591-labeled lip-
osomes both on LNCaP and on PSMA-
expressing HUVEC suggest the potential
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of these liposomes for selective antivascu-

lar a-radiotherapy.

FIGURE 5. Cell viability as function of cell internalized radioactivity mediated by J591-labeled

liposomes (O), A10 aptamer—labeled liposomes (), and radiolabeled J591 antibody (crossed

DISCLOSURE

hexagons) after 24 h of incubation with LnCaP (A), MatLu (B), and PSMA-positive HUVEC mono-

layers (C). Lines are guides to the eye. Error bars correspond to SD of repeated measurements
(2 independent liposome preparations, 2 wells per run). 1 mGCi = 37 MBq.

antibodies with a fast (t*>f,, = 3 h) and a slow (t*®%,,, = 44 h)
decay weighted as reported (29).

Although the shorter circulation of liposomes is expected to
also limit the actual extent of binding to the tumor endothelium,
simultaneous liposome extravasation into the tumor interstitial
space followed by retention within it enhanced permeability and
retention effect (EPR effect) (3/) may compensate for the deliv-
ered dose. Given the short penetration depths reported for nano-
meter-sized carriers (only 20-30 pm are reported for liposomes)
(32) and the a-particle trajectories ranging from 50 to 100 wm, the
extravasated liposomes would significantly contribute to the irra-
diation of the tumor vasculature.

Third, effective shift in the normal-organ toxicity of liposomes
(liposome uptake) from the liver to the spleen can be achieved by
just altering the size of the carrier without altering the preparation
and loading protocols (33). The spleen, being less radiosensitive
than the kidneys (/7)—and although important to the defense of
the body—could even be compromised under certain circumstances
(34-36).

Finally, solely from geometric considerations, internalized
a-particle emitters will have a higher probability to hit the nuclear
DNA (37,38). Our studies demonstrate variable extents of inter-
nalization, which generally do not exceed approximately a third of
specifically bound liposomes. Although these values are somewhat
lower than the extent of internalization of the J591 antibody alone
(Table 1 and (23)), as mentioned above, in an vivo setting, addi-
tional irradiation of the tumor endothelium by extravasated lip-
osomes may compensate for lower liposome internalization.

This study demonstrates that anti-PSMA J591-labeled lip-
osomes loaded with 22Ac selectively target and kill cell mono-
layers with variable PSMA expression including PSMA-express-
ing HUVEC. Liposomes targeted with A10 PSMA aptamer seem
promising for cell targets with relatively high PSMA expression.
The approach of anti-PSMA liposomes loaded with 2*>Ac, there-
fore, may provide a potential strategy for selective PSMA-target-
ing a radiotherapy.

CONCLUSION

This study evaluated the potential of targeted liposomes loaded
with the a-particle generator 22>Ac to selectively kill PSMA-
expressing human (LNCaP and HUVEC induced to express
PSMA) and rat (Mat-Lu) cell lines in the form of monolayers in
vitro. The targeting ligands evaluated include the anti-PSMA an-
tibody J591 and the A10 PSMA aptamer, both recognizing the
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