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Abstract

Targeted delivery of drug-encapsulated nanoparticles is a promising new approach to safe and
effective therapeutics for cancer. Here we investigate the pharmacokinetics and biodistribution of a
prostate-specific membrane antigen (PSMA)-targeted nanoparticle based on a poly(lactic acid)-
polyethylene glycol copolymer by utilizing single photon emission computed tomography
(SPECT) and fluorescence imaging of a low-molecular-weight, PSMA-targeting moiety attached
to the surface and oriented toward the outside environment. Tissue biodistribution of the
radioactive, PSMA-targeted nanoparticles in mice containing PSMA(+) PC3 PIP and PSMA(-)
PC3 flu (control) tumors demonstrated similar accumulation compared to the untargeted particles
within all tissues except for the tumor and liver by 96 h postinjection. For PSMA(+) PC3 PIP
tumor, the targeted nanoparticle demonstrated retention of 6.58% injected dose (ID)/g at 48 h and
remained nearly at that level out to 96 h, whereas the untargeted nanoparticle showed a 48 h
retention of 8.17% ID/g followed by a significant clearance to 2.37% ID/g at 96 h (P< 0.02). On
the other hand, for control tumor, both targeted and untargeted particles displayed similar 48 h
retentions and rates of clearance over 96 h. Ex vivo microscopic analysis with near-infrared
versions of the nanoparticles indicated retention within PSMA(+) tumor epithelial cells as well as
tumor-associated macrophages for targeted particles and primarily macrophage-associated uptake
for the untargeted particles. Retention in control tumor was primarily associated with tumor
vasculature and macrophages. The data demonstrate the utility of radioimaging to assess
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nanoparticle biodistribution and suggest that active targeting has a modest positive effect on tumor
localization of PSMA-targeted PLA-PEG nanoparticles that have been derivatized for imaging.
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INTRODUCTION

The key contribution of nanoparticle-based therapeutics to cancer lies in the ability to
increase the concentration of therapeutic payload where it is needed, at the tumor site.1~7
Since the appearance of DOXIL, which was designed to mitigate the side effects of
systemically administered doxorubicin, a number of micro- and nanoparticle-based
anticancer therapeutics have emerged.8-12 One such agent, BIND-014 (Clinical Trials.gov
identifier NCT01300533), is a poly(lactic acid)— polyethyene glycol (PLA-PEG)
copolymer-based particle that contains and ultimately releases docetaxel while targeting the
prostate-specific membrane antigen (PSMA) by virtue of surface expression of a low-
molecular-weight targeting ligand that binds with high affinity to PSMA.13.14 Often debated
is the utility of actively targeting such particles, such as with an affinity agent, rather than
merely allowing them to accumulate passively at tumor sites through the enhanced
permeability and retention (EPR) effect or more recently described super enhanced EPR
(SUPR) effects.1516 |t has been proposed that active targeting would increase the
concentration of the nanoagent to the target site over that achievable by EPR, particularly at
small metastatic sites (<100 mm?3) that are poorly vascularized and do not induce EPR.15
However, there are a number of factors beyond the placement of affinity agents on the
surface of nanoparticles that determine the effect of active targeting on the efficacy of a
nanoencapsulated drug, such as the concentration of the targeting ligand or access of the
particle to the target, which may be hampered by improper orientation of the targeting units
or insufficient steric freedom.1718 In addition to facilitating the binding of particles to target
cells or tissues, functionalizing the surface of a particle with affinity agents may alter its
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pharmacokinetics, ability to penetrate barriers, or its immunogenicity.19 Studies performed
in vitro may provide hints as to whether targeting will improve target cell localization or
uptake of the payload within the particle, but they cannot predict the ultimate performance of
nanoparticles /n vivo.

One way to ascertain the effects of active targeting on particle biodistribution is to perform
pharmacokinetic studies with radiolabeled or fluorescent particles and extract organs of
interest for quantification of particle uptake. A less invasive procedure would involve
imaging. Other benefits of imaging include the ability to be performed repeatedly (and
quantitatively) in the same subject and the ability to translate to the clinic, which is currently
easiest with radionuclide-based techniques due to their high sensitivity of detection and
limited attenuation of signal through tissue. The generation of particles that can be imaged
as well as used for therapy (theranostics) is a burgeoning field. By using multimodal /in vivo
imaging techniques, Bartlett et al. demonstrated that theranostic untargeted and transferrin
(Tf)-targeted polymeric nanoparticles containing siRNA have the same whole body
distribution (and kinetics) and accumulation in tumor, but the targeted particles led to more
pronounced inhibition of gene expression within cancer cells.2? The same investigators and
others concluded that targeting does not increase total accumulation of nanoparticles in
tumor as compared with untargeted controls but rather increases targeted particle
localization within cancer cells.18:21.22 Therefore, the real value of targeting drug-loaded
nanoparticles may lie in their ability to be internalized upon receptor-mediated endocytosis.
Cell internalization is potentially important because many FDA-approved nanoparticle-based
medications, such as ABRAXANE (paclitaxel) and DOXIL (doxorubicin), contain drugs
that act on intracellular targets, and it is expected to be critical for agents that do not
otherwise enter cells such as many oligonucleotide therapeutics. Commonly used targeting
ligands, such as Tf, epidermal growth factor (EGF), and antibodies, already benefit from
receptor-mediated endocytosis. Even ligands that do not naturally internalize often undergo
internalization when displayed in multivalent fashion on the nanoparticle surface. Relatively
few studies have attempted to address how the pharmacokinetics and biodistribution of
nanoparticles are affected by attachment of targeting ligands, yet such studies are important
for designing more effective nanoparticle carriers.

Leveraging urea-based inhibitors of PSMA that we have developed for imaging and
localization of PLGA and other nanoparticles,23-26 we have synthesized and tested a PSMA-
targeted PLA-PEG particle that is radiolabeled with 111In (half-life, 2.8 days, y — 245 keV
(94% abundance), 171 keV (90% abundance), 23 keV (69% abundance)) and could be
followed through quantitative tissue biodistribution and semiquantitative single photon
emission computed tomography (SPECT)-computed tomography (CT) ex vivoand in vivo,
respectively, in experimental models of prostate cancer. We found that targeting provides a
small but measurable increase in particle localization to target-expressing tumor. Moreover,
in vivo near-infrared (NIR) fluorescence imaging studies using IRDye680RD-labeled,
PSMA-targeted nanoparticles (TNPs) and untargeted nanoparticles (UNPs) followed by ex
vivo tissue microscopy revealed a marked difference of nanoparticle distribution within
tumor tissues; the TNPs and UNPs differed with respect to their distribution within
malignant cells versus noncancer cells such as PSMA(+) tumor epithelium versus vascular
endothelium and leukocytes. While TNPs and UNPs both accumulate within tumors to a
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greater extent than within tissues other than those of the reticuloendothelial system, the
UNPs do so mainly through association with macrophages rather than malignant cells.

EXPERIMENTAL SECTION

Solvents and chemicals obtained from commercial sources were of at least analytical grade
and were used without further purification. A detailed description of the synthesis and
characterization of the nanoparticles employed has been published elsewhere.13 Size of the
nanoparticles is approximately 100 nm.13 Carrier-free [111In]InCl3 was purchased from
MDS Nordion (Ottawa, ON, Canada). DOTA-mono-NHS-tris (#Bu ester) was purchased
from Macrocyclics (Dallas, TX). NHo—PEGg4-alkyne was purchased from Click Chemistry
Tools (Scottsdale, AZ). IRDye680RD alkyne was purchased from LI-COR (Lincoln, NE)
and was stored in the dark as a dry powder under nitrogen, at —80 °C, until use. PLA-PEG
nanoparticles functionalized with 10% of the terminal PEG end groups as azide moieties
were supplied by BIND Therapeutics (Cambridge, MA). A Phenomenex Cyg 150 x 3.9 mm?
column was used for the purification of 111In-DOTA-PEG-alkyne by reverse phase high
performance liquid chromatography (HPLC) (see Supporting Information for HPLC
chromatograms). HPLC purification of [111In]DOTA-PEG-alkyne was performed on a
Varian Prostar System (Palo Alto, CA), equipped with a model 490 UV absorbance detector
and a Bioscan Nal scintillation detector connected to a Bioscan Flow-count system
(Bioscan, Washington, DC). HPLC was performed according to the following methods.
Solvent A (0.1% trifluoroacetic acid (TFA) in water) and solvent B (0.1% TFA in
acetonitrile) at a flow rate 1 mL/min. Zeba Spin 7K MWCO size exclusion spin columns
(Thermo Scientific, Rockford, IL) were used for nanoparticle purification.

Chemistry and Radiochemistry

2,2’,2”-(10-(2-Ox0-6,9,12,15-tetraoxa-3-azaoctadec-17-yn-1-yl)-1,4,7,10-
tetraazacyclododecane-1,4,7-triyl)triacetic acid, (DOTA-PEG-Alkyne)—To a
solution of DOTA-mono-NHS-tris (£Bu ester) (106 mg, 0.13 mmol in 1 mL DMSQ) was
added NH,—PEGg-alkyne (34.4 mg, 0.157 mmol in 0.5 mL DMSO) followed by DIEA (227
uL, 1.3 mmol), and the resulting solution was stirred at room temperature for 4 h. The
solution was the diluted with 6 mL of water and purified by HPLC and lyophilized. ESI-MS:
876 [M + H]*. The obtained colorless solid was then treated with 4 mL of ice-cold TFA/
CH,Cl, (1/1) followed by warming to room temperature while stirring for 4 h. After solvent
evaporation, the residue was further purified by HPLC (Supporting Information for spectral
data). HR-ESI-MS: 618.2913 [M + H]™.

Radiolabeling of Nanoparticles Was Performed Following a Two-Step Procedure

Step 1: Synthesis of 2,2",2”-(10-(2-Ox0-6,9,12,15-tetraoxa-3-azaoctadec-17-
yn-1-yl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetic

acid 1 indium(lil), 111n-DOTA-PEG-Alkyne—To a solution of 111InCl; (1998 MBq
(54 mCi) in 30 £ 0.1 M HCI) in a 0.5 mL polypropylene vial was added 40 /1 of 0.2 M
NaOAc and DOTA-PEG-alkyne (100 g, 162 nmol in 50 zL of 0.2 mM NaOAc) with the
reaction mixture incubated at 65 °C for 30 min. Completion of radiolabeling was monitored
by injecting aliquots of 1-2 1 onto the HPLC. After 30 min, the radiolabeled solution was
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diluted with 600 4L of water followed by purification by HPLC. The radiolabeled

product, 111In-DOTA-PEG-alkyne, was obtained in ~50-70% radiochemical yield with
radiochemical purity >95% as measured by HPLC and instant thin layer chromatography
(ITLC) (Gelman, Ann Arbor, MI) in 10 mM EDTA. The R values for free In(l111) and for the
product were 0.9 and 0.0, respectively. A gradient HPLC method with a flow rate of 1 mL/
min, starting at 92/8 water/acetonitrile (0.1% TFA in each solvent) to 90/10 water/
acetonitrile at 30 min, was used.

Step 2: Synthesis of Radiolabeled Nanoparticles 111In-TNP (PSMA-targeted)
and 111In-UNP (Untargeted Nanoparticle)—All reagents and buffer solutions were
purged under nitrogen thoroughly before the click reaction was attempted. 111In-DOTA-
PEG-alkyne, 316.4 MBq (8.55 mCi) was dissolved in 10 zL of 10x PBS buffer before the
mixture was transferred to a 0.5 mL polypropylene vial. To that solution was added 80 L of
azide-functionalized nanoparticles, either targeted with a urea-bearing moiety (ACUPA) for
the PSMA-targeted nanoparticle (TNP) (84.5 mg/mL, ACUPA 2.5%,13 10% azide) or not
(untargeted nanoparticle, UNP, control), (83.0 mg/mL, 10% azide), followed by 5 sl of
ascorbic acid (100 mM). The mixture was purged with nitrogen briefly (1 min) and finally 2
UL of CuSO,4 (100 mM) was added, after which the lid of the vial was closed and the
contents were mixed gently for 2 min at room temperature. The vial was then incubated at

4 °C for 24 h. Zeba Spin 7K MWCO size exclusion spin columns were pre-equilibrated with
0.9% saline and used for purification. The nanoparticle solutions were purified four times to
remove any unreacted [111In]DOTA-PEG-alkyne. Yield ~40%. Specific radioactivity ~1923
MBg/nmol (52 mCi/nmol) or 20 MBg/mg (0.55 mCi/mg). Ratio of 111In/particle ~0.6-1.1.
An example of radiolabeling yield and calculation of specific radioactivity for the particles
are shown in the Supporting Information (Table S1).

Synthesis of IRDye680RD-Labeled Nanoparticles—IRDye680RD-alkyne (50 /g, 53
nmol) was dissolved in 20 gL of 10x PBS and was added to a 0.5 mL Eppendorf vial
containing 160 zL (13.4 mg) of azide-functionalized nanoparticles, either TNP or UNP,
followed by 5 gl of ascorbic acid (100 mM). The mixture was purged with nitrogen briefly
(1 min) and finally 2 /1 of CuSO,4 (100 mM) was added, after which the lid of the vial was
closed and the contents of the vial were mixed gently for 2 min at room temperature. The
vial was then incubated at 4 °C for 24 h. Zeba Spin 7K MWCO size exclusion spin columns
were pre-equilibrated with 0.9% saline and used for purification. The nanoparticle solutions
were purified four times to remove any unreacted IRDye680RD-alkyne. Yield ~60%
(determined from the fluorescence intensity measurement associated with the particles at
680 nm).

Animal Studies and Generation of Experimental Models

All animal studies were conducted in compliance with guidelines of the Johns Hopkins
Animal Care and Use Committee. Mice were prepared as described previously,2” except that
athymic nude mice averaging 25-30 g were used instead of nonobese diabetic severe-
combined immunodeficiency (NOD SCID) mice. PSMA(+) PC-3 PIP cells were selected for
PSMA expression by using 20 g/mL of puromycin in the culture media prior to harvesting
cells and subcutaneous implantation. The percent of cells expressing PSMA was assessed
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using fluorescence activated cell sorting (FACS) for membrane-bound PSMA expression
(Supplementary Figure 5) and was observed to be =99+%.

Ex Vivo and in Vivo Testing of the 111in-Labeled PLA-PEG Nanoparticles

Acute Blood Measurements—PSMA(+) PC-3 PIP and PSMA(-) PC-3 flu dual
xenograft bearing mice were injected with either 111In-TNP or 111In-UNP. Three mice per
group were injected intravenously with 3.26 + 0.26 MBq (88 + 7 4Ci) of TNP or 3.59 + 0.33
MBq (97 £ 9 4Ci) of UNP, respectively, which correspond to 0.16-0.18 mg (8-9 mg/kg) of
particles. The mice underwent a 45 min uptake time prior to sacrifice by cervical dislocation
followed by cardiac puncture for blood collection (500 £1.) into cold lithium heparin-
containing microtainers (Becton Dickenson, Franklin Lakes, NJ). The packed cells were
separated from plasma via centrifugation at 1500g at 4 °C and were each assessed for
radioactivity using a 1282 Compugamma CS Universal gamma counter (LKB Wallac, Mt.
Waverly Vic., AUS) with results expressed as percentage injected dose per gram (%I1D/g) of
cells or volume of plasma + standard deviation (SD).

Biodistribution—PSMA(+) PC-3 PIP and PSMA(-) PC-3 flu dual xenograft bearing mice
were injected intravenously with 5.55 + 0.12 MBq (150 + 3.24 4Ci) of either 111In-TNP

or 111In-UNP (0.28 + 0.006 mg; 14 mg/kg) in physiological saline when the tumors reached
5-8 mm in diameter. Mice were sacrificed by cervical dislocation after 48, 72, and 96 h
postinjection with tissues rapidly removed, weighed, and counted using a gamma counter.
All tissue counts were compared with two diluted standard doses, which allowed the values
to be expressed as %ID/g + SD, n=>5 per group.

In Vivo SPECT-CT Imaging—Two mice each bearing PSMA(+) PC-3 PIP and PSMA(-)
PC-3 flu dual xenografts were injected intravenously with 31.45 + 0.37 MBq (0.87 + 0.01
mCi) of either 111In-TNP or 111In-UNP (79 mg/kg or 1.57 + 0.02 mg) or in 0.9% saline. At
48, 72, and 96 h postinjection, the mice were anesthetized using 3% isoflurane in oxygen (2
L/min) and were placed in mixed pairs (TNP and UNP) upon the scanner bed and scanned
with SPECT (X-SPECT, Gamma Medica-ldeas, Inc., Northridge, CA). The mice were
scanned using dual medium energy pinhole collimators (0.5 mm), over 64 projections at 55
s/projection. The SPECT data were reconstructed and coregistered with CT using the
manufacturer’s software and displayed using AMIDE (www.amide.sourceforge.net). CT
scans were acquired over 512 projections and were reconstructed using the manufacturer’s
software.

Ex Vivo Fluorescence Imaging and Microscopy—Two mice each of which bore
PSMA(+) PC-3 PIP and PSMA(-) PC-3 flu subcutaneous xenografts in opposite flanks,
were injected with ~79 mg/kg (1.57 + 0.02 mg) of fluorescently labeled TNP or UNP. Mice
were sacrificed 72 h later. Mice were then imaged using a L1-COR Pearl Impulse Near-IR
fluorescence imager (Lincoln, NE) using the 680 nm excitation/710 nm emission filter set.
All four mice were scanned, and the images were normalized for exposure time. Xenografts
were rapidly harvested and frozen over dry ice before being cryosectioned to 20 ym
thickness onto charged glass slides (VWR, Radnor, PA). Some slides were scanned using a
LI-COR Biosciences Odyssey fluorescence scanner using the 680 nm/710 nm excitation and
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emission filter set. Some slides were probed with mouse-anti-PSMA GCP05 (Abcam;
ab66912, 1:83; Cambridge, MA), rat-anti-CD31-PE (ab25644, 1:67), and rat-anti-CD68
(ab53444, 1:83) as indicated for 1 h in 10% FBS in PBS at room temperature. The slides
were washed twice with PBS for 5 min each prior to incubation with goat-antimouse-FITC
(ab6785, 1:250) or donkey-antimouse-PE (ab7003, 1:250) or sheep-antirat-FITC (ab6848-1,
1:250) as indicated for 30 min at room temperature. Slides were then incubated with
Hoechst 33342 (Sigma, St. Louis, MO; 1:1000) for 1.5 min before being washed twice with
PBS. Slides were mounted in Dako Cytomation (Carpinteria, CA) aqueous mounting media
with a glass coverslip and viewed 30 min later using a Nikon 80i upright epifluorescence
microscope equipped with a Nikon DS-QilMc darkfield CCD camera and excited by a
Nikon Intensilight C-HGFI lamp (Melville, NY). All images were recorded and processed
using Nikon Imaging Software Elements.

PSMA(+) PC-3 PIP and PSMA(-) PC-3 flu cells were cultured at 37 °C in 5% CO, in
humidified air in an eight-well chamber slide (Fisher Scientific, Waltham, MA) to 90%
confluence using RPMI 1640 media supplemented with 10% fetal bovine serum (Sigma, St.
Louis, MO) with penicillin—streptomycin (Corning, Tewksbury, MA), 1000 1U/mL, 1000 g/
mL). Media for the PSMA(+) PC-3 PIP cells also contained 20 pg/mL of puromycin
(Sigma). Four-hundred micrograms of either TNP-IRDye680RD or UNP-IRDye680RD in a
final volume of 510 z1_ in culture media was applied to live cells, and the cells were returned
to the incubator for 20 min for particle binding and uptake. After 20 min, the culture media
was removed, the cells were washed twice briefly with PBS, and then the cells were fixed
for 30 min at room temperature with formalin. The cells were then washed twice with PBS
followed by addition of 10% FBS in PBS containing anti-PSMA antibody (Abcam, 1:67,
#ab66912) and antitubulin antibody (Novus Biologicals, Littleton, CO), 1:67, #NB600-
506PE), which incubated at room temperature for 1 h. Cells were then washed twice with
PBS, and then secondary antibody was applied (Abcam (Cambridge, MA), 1:250,
#ab97022) for 30 min. Hoechst 33342 (Sigma, 1:1000) was applied for 1.5 min followed by
two washes with PBS. Slides were then mounted and visualized as described above.

In vitro FACS Analysis—PSMA(+) PC3-PIP or PSMA(-) PC3-flu cells were detached
using enzyme-free cell dissociation buffer (Gibco), and the harvested cells were washed
twice with flow cytometry buffer (1x PBS with 2 mM EDTA and 0.5% FBS) and stained
with antihuman PSMA antibody conjugated with phycoerythrin (PE) (catalog # 341503,
clone LNI-17, Bioegend) according to the manufacturer’s protocol. PSMA expression was
analyzed on a FACS Calibur flow cytometer (Becton Dickinson). Data analysis was carried
out using FlowJo (Ashland, OR) Tree Star software.

RESULTS

Synthesis

To ensure the stability of the PLA-PEG particles,13 we performed the radiolabeling of those
nanoparticles at 4 °C. Since efficient radiolabeling of DOTA with 111In requires
temperatures of at least 40-45 °C, we developed the two-step radiolabeling method shown in
Scheme 1. Copper-assisted click chemistry proved efficient to radiolabel the azide-
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functionalized nanoparticles at 4 °C. The first step involved radiolabeling of DOTA-PEG-
alkyne with 111InCl3 to produce 111In-DOTA-PEG-alkyne. For the second step, a copper-
assisted click reaction was undertaken between the azide-functionalized version of the
nanoparticles, either PSMA-targeted TNP or untargeted UNP, and alkyne-function-

alized 111In-DOTA-PEG-alkyne from step 1. Both steps proceeded smoothly with particles
produced in moderate yields and sufficient specific radioactivity for biodistribution and
imaging.

Acute Blood Measurements

We evaluated the distribution of both 111In-TNP and 111In-UNP within the blood of tumor-
bearing mice at an early time point following injection (45 min) to determine whether the
particles were soluble in plasma or were rapidly associated with phagocytic or other blood
cells. Tumor-bearing mice were injected with equal mass and radioactivity doses of

either 111In-TNP or 111In-UNP. For the TNP, 35.0 + 5.2% ID/g of the particles was
associated with the plasma fraction, while 4.7 + 1.2% ID/g of the particles was associated
with the cellular fraction. For the UNP, 50.2 + 3.1% ID/g of the particles was associated with
the plasma fraction and 3.8 + 0.2% ID/g with the cellular fraction. These results indicate that
the bulk of the particles remain in the plasma and are not associated with blood cells.

Biodistribution and in Vivo SPECT-CT Imaging

The pharmacokinetics and biodistribution of systemically injected, 111In-TNP and 111In-
UNP in tumor-bearing mice were evaluated at 48, 72, and 96 h postinjection. Table 1
displays the values obtained at all time points, expressed as %ID/g of tissue + SD (n=4). At
48 h, the 111 In-UNP achieved a nonsignificant but slightly higher average retention across
all tissues including both tumor types relative to the 111In-TNP (8.2 + 4.2 vs 6.6 + 2.4%
ID/g in PSMA(+) PC-3 PIP and 6.3 + 4.5 versus 5.0 + 1.3% ID/g in PSMA(-) PC-3 flu).
Blood circulation also remained higher for 111In-UNP over 111In-TNP at this time (4.8
+1.1vs 2.3 £ 0.5% ID/g). By 72 h postinjection, the 111In-TNP exhibited almost equal
retention in several tissues (liver, spleen) and slightly higher retention in PSMA(+) PC-3 PIP
as well as PSMA(-) PC-3 flu tumors (5.0 £ 3.1 vs 3.5 + 1.2% ID/g in PSMA(+) PC-3 PIP;
2.5+ 1.7vs 1.7 = 1.1% ID/g in PSMA(-) PC-3 flu). By 96 h postinjection, 111In-TNP
exhibited slightly higher average retention over 111In-UNP in the liver and PSMA(+) PC-3
PIP tumors (4.6 £ 1.6 vs 2.4 + 1.9% ID/g) and PSMA(-) PC-3 flu tumors (4.0 £ 0.3 vs 2.6
+0.2% 1D/g). Indeed, the clearance of 111In-UNP from PSMA(+) PC-3 tumor uptake was
significantly faster (2 < 0.016) during 48 h-to-96 h compared to 111 In-TNP in PSMA(+)
PC-3 tumor (P< 0.176). The highest retention across all time points occurred in the spleen
for both nanoparticles with UNP having the highest retention in spleen at 48 h postinjection
(46.3 £ 22.6 vs 23.6 £ 3.2% ID/g) and lowest at 96 h (12.8 £ 8.2 vs 6.0 + 1.8% ID/qg).

Four mice with similarly paired tumors, as described for the biodistribution, were injected
with ~31 MBq (838 Ci) of either 111In-TNP or 111In-UNP and were serially imaged. Of
note, the injected dose of particles in SPECT imaging studies was five-times higher than the
dose used in the biodistribution studies. The mice were imaged by SPECT-CT at 48, 72, and
96 h postinjection. The mice were scanned together as a pair side-by-side of those

receiving 112In-TNP or 111In-UNP for comparison. Representative images are shown in
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Figure 1. The mice were staggered slightly in position to align their tumors. Tumor uptake
by TNP was higher across all three scan times relative to the UNP. The SPECT-CT images
suggested that nanoparticle uptake in both PSMA(+) PC-3 PIP and PSMA(-) PC-3 flu
tumors was largely confined to the outer rim, which is well perfused and densely populated
by macrophages.28:2% As noted in the biodistribution studies, both PSMA(+) PC-3 PIP and
PSMA(-) PC-3 flu sequester TNP and the vascularity of the tumor may be a positive factor
in this uptake. Low tumor uptake by UNP in Figure 1 demonstrated, in this particular pair of
mice, the heterogeneous nature of particle uptake, which is also reflected in the Table 1
tumor SD values.

Four mice bearing subcutaneous xenografts as above were injected with ~79 mg/kg of
fluorescently labeled TNP (/7= 2) or UNP (7= 2) to ascertain whether a pattern of
localization existed for each nanoparticle type within each tumor type. Mice were first
imaged /in vivoat 24, 48, and 72 h postinjection (Supporting Figures S1 and S6). At 72 h
postinjection, the mice were sacrificed and imaged ex vivo with the skin reflected back
(Figure 2A). Near-infrared fluorescence (NIRF) imaging revealed similar gross tumor
uptake among TNP and UNP for both tumor types, although heterogeneous tumor uptake
was seen among different mice (Supporting Figure S1). Those results support the
biodistribution and SPECT-CT findings and may reflect the heterogeneous stromal
composition among individual tumors, including vascularity and phagocyte content. Because
of the heterogeneous nature of tumor uptake among TNP and UNP in both radiolabeled and
fluorescently labeled formats, we then undertook ex vivo fluorescence imaging of whole
tumor sections, augmented with additional immunostaining. Whole-section fluorescence
imaging (Figure 2B) showed similar uptake in all sections for both TNP and UNP,
demonstrating uptake in both the tumor rim and focal uptake in the center. Epifluorescence
micrographs (Figure 3) showed delivery of TNP (Figure 3A, red) to CD68+ tumor-
associated macrophages (green) at the edges of tumor sections for both PSMA(+) PC-3 PIP
and PSMA(-) PC-3 flu.

Figure 3B depicts TNP distribution (red) within the tumor parenchyma colocalized with
PSMA(+) PC-3 PIP tumor epithelium (green). Linear colocalization between TNP and anti-
PSMA antibody suggests tumor vascular binding in the PC-3 flu section. Slides costained
with anti-CD68 antibody to delineate macrophages frequently show nanoparticle
localization to these phagocytic cells (Figure 3A, 4) for both TNP and UNP. Intracellular
delivery of TNPs and colocalization with internalized PSMA at the tubulin-rich centrosome
were confirmed in cultured PSMA(+) PC-3 PIP cells (Figure 5), consistent with our prior
report using a fluorescent PSMA-targeted small molecule.39 TNPs incubated with PSMA(-)
PC-3 flu and UNP incubated with both PSMA(+) PC-3 PIP and PSMA(-) PC-3 flu cells
exhibited a small amount of background uptake and internalization as well (Supporting
Figures S2-54).

DISCUSSION

The goal of this study was to use imaging to investigate the effect /n vivo of active targeting
using a small-molecule PSMA-targeting moiety that has been attached to a PLA-PEG
nanoparticle. We did this to assess the feasibility of developing a theranostic agent based on
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a targeted nanoparticle therapeutic.3 To provide fully quantitative results and corroborate
cellular and intracellular location of the nanoparticles, we also performed ex vivo
biodistribution and microscopy studies, respectively. The two-step, copper-assisted click
chemistry procedure produced radiolabeled nanoparticles under mild conditions to ensure
their stability. The nanoparticles were similarly labeled with a NIRF probe using copper-
assisted click chemistry.

We evaluated two parameters in this study, namely, targeted versus untargeted nanoparticles
(TNP vs UNP) and PSMA(+) and PSMA(-) PC-3 tumor xenografts that were otherwise
isogenic. We observed similar but slightly higher overall tumor targeting on SPECT-CT with
the TNP in the PSMA(+) PC-3 PIP tumor xenografts as compared to the PSMA(-) control
tumors. The biodistribution studies showed similar relative accumulation of TNP and UNP
in almost all tissues except for liver and tumor (Table 1), in keeping with the observation that
irrespective of the presence of targeting agent, the pharmacokinetics of nanoparticles is
dependent on particle size, shape, and surface properties.2 The targeting moiety likely serves
to enhance cellular uptake when the target receptor, as in the case of PSMA, is internalized
(Figure 4) and recirculated.3%:31 Such internalization and recirculation have been posited to
provide multiple opportunities for interaction between receptor and targeting ligand. In the
biodistribution studies, which were performed to uncover more subtle differences in overall
tumor targeting than could be done by imaging, we observed moderately more rapid
clearance from the PSMA(+) tumors of the UNP relative to the TNP /n vivo. We
demonstrated that accumulation of UNP within, or, more correctly at the rim of the tumor,
was less epithelium-specific than that for TNP and was dependent on a combination of EPR
and, even more importantly, on phagocytosis by tumor-associated macrophages (Figures 3
and 4). Despite the single genetic difference of PSMA expression by PSMA(+) PC-3 PIP but
not PSMA(-) PC-3 flu cells, we have observed that subcutaneous PSMA(+) PC-3 PIP tumor
xenografts contain approximately twice the number of CD68-expressing macrophages as
PSMA(-) PC-3 flu cells as well as approximately 25% more CD31+ vasculature
(unpublished results), which may also account for the small positive preference of TNP
accumulation within PSMA(+) PC-3 PIP tumors. We have seen nearly 400:1 target to non-
target ratios using the same urea-based targeting compounds as imaging agents in the same
isogenic PSMA(+) PC-3 PIP versus PSMA(-) PC-3 flu models used here.32 The
comparatively modest benefit of targeting we observed with the PSMA-targeted
nanoparticles appears to be a consequence of passive targeting associated with the EPR
effect together with particle uptake by tumor associated macrophages. These processes occur
in the absence of PSMA expression and appear to impact the uptake of TNPs and UNPs to a
similar degree. We observed that tumor-associated macrophages had a substantial impact on
tumor uptake of NIRF particles as determined by fluorescence microscopy. We also noted
that for both TNP and UNP, the nanoparticles were primarily concentrated at the rim of both
tumor types (Figures 2 and 3).

Previous studies with other targeted delivery systems have also suggested that targeting
moieties do not necessary increase the total tumor accumulation but are instead responsible
for increased internalization by the tumor cells.310.18.20-22.33-37 The question often arises as
to the relevance of studies performed in experimental models, particularly in heterotopic
rodent xenografts, to clinical studies. That is important in the case at hand as we and others
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intend to develop theranostic nanoparticles for a variety of indications, including for dosing
PSMA-targeted entities, clinically.13:38-44 Because human tumors are much more
heterogeneous, both in terms of blood flow and receptor expression, than carefully
controlled animal tumors, there is a sense that the animal models may not be very predictive
of the human situation.3 Nevertheless, the modest increase in tumor accumulation, whether
due to malignant PSMA-expressing epithelium or to tumor-associated macrophages, that we
saw with the TNP is consistent with the reported preliminary benefit of PSMA-targeted
nanoparticles in phase | trial13:14 and phase 11 clinical trials.4>

CONCLUSIONS

Surface functionalization of PEG-PLA particles with a urea-based PSMA-targeting moiety
had a modest, positive effect on PSMA(+) tumor association relative to EPR. Nanoparticles,
which were shown to internalize, were associated not only with tumor epithelium, but also
associated macrophages. Radionuclide imaging in the animal studies could not definitively
distinguish PSMA(+) from PSMA(-) lesions nor could TNP rather than UNP generate a
visually different signal, owing to the contributions of EPR and macrophage uptake to
accumulation of the nanoparticles in tumors. Importantly, however, these studies
demonstrate the potential utility of imaging of radiolabeled particles for predicting the
biodistribution and tumor accumulation in patients of therapeutic TNPs with similar size and
surface characteristics. This approach may provide a basis for selection of patients most
likely to respond to treatment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Longitudinal /77 vivo SPECT-CT of 111In-TNP and 11In-UNP in xenograft-bearing mice.

Male athymic nude mice bearing both a PC-3 PIP (PSMA(+), red circles) and PC-3 flu
(PSMA(-), yellow circles) xenograft were injected with ~31 MBq of labeled TNP or UNP
and scanned side-by-side at the indicated times. Images are scaled to the same maximum.
TNP uptake at 48 h shows tumor uptake in both the PSMA(+) PC-3 PIP and PSMA(-) PC-3
flu xenografts, while both tumors in the UNP mouse remain comparatively low in uptake.
After 72 h, TNP is still present along the edges of both PSMA(+) PC-3 PIP and PSMA(-)
PC-3 flu xenografts and mediastinal uptake is apparent, possibly within lymphatic tissue
(arrowhead). UNP uptake at 72 h remains comparatively low. By 96 h, TNP uptake is still
present at the edges of both tumor types, and some UNP uptake is apparent within the
PSMA(+) PC-3 PIP tumor (upper panel). Distal spleen uptake is visible within the slices and
is depicted by white arrows.
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A. ex vivo NIRF of xenografts in situ

Figure 2.
Ex vivo NIRF imaging of TNP and UNP at 72 h postinjection. Panel A depicts NIRF

imaging of male athymic nude mice after sacrifice, each bearing a PSMA(+) PC-3 PIP
xenograft (red dotted circles, arrow) and PSMA(-) PC-3 flu xenograft (yellow circles,
arrow) 72 h after IV injection with fluorescent TNP or UNP. Both images are normalized to
exposure time and show similarly luminescent tumors. Panel B shows high resolution NIRF
images of 20 um sections of the tumors in panel A. Tumor types in dotted boxes are labeled
as in panel A. TNP distribution in PSMA(+) PC-3 PIP tumors is slightly more intense and is
distributed throughout the tumor as compared with particle uptake in all of the other tumor
sections. PSMA(-) PC-3 flu sections is also distributed throughout the tumor. All tumor
section measurements in panel B were acquired simultaneously and are scaled to the same
maximum.
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Figure 3.
Epifluorescence micrographs of PSMA(+) PC-3 PIP (top panel) and PSMA(-) PC-3 flu

(bottom panel) frozen sections containing ex vivo TNPs after 72 h of uptake. (A) Tumor rim
(dotted line) of indicated xenografts showing TNP (red) accumulation (arrows) within
abundant CD68+ macrophages (green). (B) Tumor parenchyma of indicated sections
showing TNP (red) colocalization with anti-PSMA antibody staining (green) in PSMA(+)
PC-3 PIP (top row) and within a linear pattern in PSMA(-) PC-3 flu (bottom row). Tumor
sections were probed with anti-PSMA antibody (green) to define PSMA(+) tissues and
Hoechst 33342 (blue) to reveal nuclei. These micrographs demonstrate delivery of TNPs to
PSMA(+) tumor parenchyma (B, top row), and to PSMA(+) cells in a linear orientation,
possibly within a vessel (B, bottom row). Colocalized TNP with PSMA is yellow (B, PIP
and flu). Tumor sections are 20 gm thick, scale bar = 50 ym.
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Figure 4.
Ex vivo epifluorescence micrographs of PSMA(+) PC-3 PIP and PSMA(-) PC-3 flu frozen

sections containing TNPs. Tumor sections were subsequently probed with anti-CD68
antibody to delineate macrophages and Hoechst 33342 to reveal nuclei. TNPs (red)
predominantly colocalize with CD68 (green) suggesting substantial phagocytosis of TNPs
by macrophages. Tumor sections are 20 gm thick, scale bar = 50 gm.
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Figure 5.
Ex vivo epifluorescence micrograph of cultured PSMA(+) PC-3 PIP cells containing TNPs.

This magnification shows the intracellular distribution of TNPs (red) with PSMA (green),
tubulin (white), and nuclei (blue). White arrows indicate colocalization of TNPs with
endocytosed PSMA at the centrosome. Scale bar = 10 gm.
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