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Prostate-Specific Membrane Antigen Targeted StarPEG
Nanocarrier for Imaging and Therapy of Prostate Cancer
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The tumor uptake of large non-targeted nanocarriers primarily occurs through
passive extravasation, known as the enhanced permeability and retention
(EPR) effect. Prior studies demonstrated improved tumor uptake and
retention of 4-arm 40 kDa star polyethylene glycol (StarPEG) polymers for
cancer imaging by adding prostate-specific membrane antigen (PSMA)
targeting small molecule ligands. To test PSMA-targeted delivery and
therapeutic efficacy, StarPEG nanodrugs with/without three copies of
PSMA-targeting ligands, ACUPA, are designed and synthesized. For
single-photon emission computed tomography (SPECT) imaging and therapy,
each nanocarrier is labeled with 177Lu using DOTA radiometal chelator. The
radiolabeled nanodrugs, [177Lu]PEG-(DOTA)1 and [177Lu]PEG-(DOTA)
1(ACUPA)3, are evaluated in vitro and in vivo using PSMA+ PC3-Pip and/or
PSMA- PC3-Flu cell lines, subcutaneous xenografts and disseminated
metastatic models. The nanocarriers are efficiently radiolabeled with 177Lu
with molar activities 10.8-15.8 MBq/nmol. Besides excellent in vitro PSMA
binding affinity (kD = 51.7 nM), the targeted nanocarrier, [177Lu]PEG-(DOTA)
1(ACUPA)3, demonstrated excellent in vivo SPECT imaging contrast with
21.3% ID/g PC3-Pip tumors uptake at 192 h. Single doses of 18.5 MBq
[177Lu]PEG-(DOTA)1(ACUPA)3 showed complete resolution of the PC3-Pip
xenografts observed up to 138 days. Along with PSMA-targeted excellent
imaging contrast, these results demonstrated high treatment efficacy of
[177Lu]PEG-(DOTA)1(ACUPA)3 for prostate cancer, with potential for clinical
translation.

1. Introduction

Prostate cancer is the most frequently
diagnosed noncutaneous malignancy in
men and is a worldwide public health
concern. Prostate-specific membrane anti-
gen (PSMA) or glutamate carboxypepti-
dase II (GCPII), a class II transmembrane
glycoprotein, is an overexpressed enzyme
on prostate cancer (PCa) cell membranes
and serves as a well-validated clinical
biomarker for PCa theranostics.!!! The iso-
lation and analysis of the PSMA crystal
structure in 2005 assisted the design of
efficient low-molecular-weight PSMA in-
hibitors highly specific toward its enzymatic
pocket.[?l The urea-based small molecule
ligands DUPA and ((S)—2-(3- ((S)—5-amino-
1-carboxypentyl) ureido) pentanedioic acid
(ACUPA) with three carboxylic acid groups
are potent PSMA inhibitors with high bind-
ing affinity and have been employed in
developing several theranostic agents. In
particular, the US Food and Drug Admin-
istration (FDA) approved [®®Ga]PSMA-11,
[ F[rthPSMA-7.3 and [**F]DCFPyL, ureido-
glutamate-based PSMA inhibitors, have
been efficiently employed for PCa positron
emission tomography (PET) imaging in the
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clinic.'! Another landmark success includes the approval of
ACUPA conjugated small molecule agent, [ Lu]PSMA-617, for
the treatment of metastatic castration-resistant prostate cancer
(mCRPC) by the FDA in 2022.3] Numerous additional PSMA-
targeting agents incorporating ACUPA and analogous ligands
are in active clinical trials.['*] While the small molecule agents
are highly effective, their fast pharmacokinetics limit the radi-
ation exposure needed for therapy. Thus, for optimum thera-
peutic response, ACUPA-based radiotherapies can require multi-
ple high-dose treatments, as seen for [/ Lu]PSMA-617.0'°] These
limitations motivated the development of nanocarrier systems
with prolonged tumor retention as alternatives for cancer ther-
apy to complement small-molecule approaches.[®]

The enhanced permeability and retention (EPR) effect is a well-
established and debated phenomena associated with the delivery
of large-size nanocarriers to tumors, in which passive tumor ac-
cumulation of the nanomedicines may be achieved as a result of
permeable tumor vasculature and limited lymphatic drainage.[”8!
However, tumor vascularity of different cancer phenotypes is
variable and several preclinical prostate cancer xenografts have
shown poor vascularity.l®1% Our previous studies describing 4-
armed StarPEG radiopharmaceutical (40 kDa) of around 12 nm
have demonstrated high retention in human colorectal adeno-
carcinoma (HT-29) and human breast adenocarcinoma (MX-
1) tumor models but showed poor accumulation and heteroge-
neous intratumor distribution in prostate cancer models such as
PC3.1112] In addition, similar studies using different nanocarrier
systems demonstrated low and predominantly peripheral accu-
mulation of large-size nanocarriers in multiple prostate cancer
models including 22rv1, DU-145, and PC3.[1314]

Therefore, it was hypothesized that the accumulation and tu-
mor penetration of 40 kDa StarPEG nanocarriers in prostate
cancer xenografts might be enhanced by conjugating PSMA-
targeting ACUPA ligands, to improve therapeutic efficacy.'?!
In PET imaging studies, StarPEG nanocarriers conjugated with
ACUPA ligands demonstrated homogenous deep tissue pene-
tration in PSMA+ PC3-Pip xenografts, whereas heterogenous
peripheral accumulation was observed in PSMA- PC3-Flu
tumors.['2] Therefore, it was believed that cognate therapeu-
tic agents for radiopharmaceutical therapy represent a promis-
ing therapy for prostate cancer. In this study, the radiometal-
chelate pair 89Zr-DFB (deferoxamine B) was replaced with
77Lu-DOTA, used to label two theranostic StarPEG nanocar-
riers, PSMA-targeted ['”Lu]PEG-(DOTA), (ACUPA), and non-
targeted ['’Lu]PEG-(DOTA),. These two radiopharmaceuticals
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were evaluated for their PSMA-targeted theranostic efficacy
against prostate cancer (Figure 1).

2. Results

2.1. Design and Synthesis of Theranostic StarPEG Conjugates
2.1.1. Design of StarPEG Conjugates

Due to poor vascularity of tumor xenografts, large nanocarriers
undergo EPR-mediated heterogeneous and low peripheral pas-
sive accumulation in most prostate cancer tumor models.[®] Re-
cently, several 40 kDa, 15 nm, diagnostic StarPEG nanocarriers
were evaluated that demonstrated selectively improved tumor ac-
cumulation and penetration in PSMA+ PC3-Pip tumors by con-
jugating PSMA-targeting ACUPA ligands.['?] Herein, the thera-
peutic version of the StarPEG nanocarriers has been developed
by replacing the diagnostic radiometal-chelator pair of #¥Zr-DFB
with 7Lu-DOTA. To elaborate the new radiopharmaceuticals,
two StarPEG conjugates were designed with or without three
copies of PSMA targeting ACUPA ligands, PEG-(DOTA), and
PEG-(DOTA), (ACUPA), (Figure 1), in which both the nanocar-
riers were conjugated with one copy of DOTA to chelate the beta-
emitting theranostic radiometal "’ Lu. The primary goal of this
design strategy was to maximize the treatment efficacy in both
PSMA+ subcutaneous and metastatic tumor models.

2.1.2. Synthesis and Characterization of StarPEG Conjugates

For the synthesis of the designed StarPEG nanocarriers, the
previously synthesized and reported PEG-(5HCyO),(NH2),
was employed as starting material.[’,'?] As summarized in
Scheme 1, both the nontargeted nanocarrier [PEG-(DOTA),] and
the targeted nanocarrier [PEG-(DOTA),(ACUPA),] were pre-
pared following similar synthetic routes. PEG-(5HCyO);(NH2),
with three cyclooctyne counterparts were subjected to second-
generation azide click reactions with either Azido-ACUPA
or Azido-PEG7 to yield PEG-(ACUPA);(NH,) or PEG-
(PEG,);(NH,), respectively.?%! The intermediates were purified
using 12-14 kDa cutoff dialysis membrane and were further
reacted with isothiocyanatobenzyl-DOTA (ITCBz-DOTA) to
produce the polymer conjugates of interest, i.e., either PEG-
(DOTA), or PEG-(DOTA),(ACUPA),. Post DOTA conjugation,
the PEG conjugates were purified using 12-14 kDa cutoff dial-
ysis membrane and dried under reduced pressure to give 93%
and 91% yield for PEG-(DOTA), and PEG-(DOTA), (ACUPA);,
respectively. The conjugation of ACUPA and DOTA ligands to
the polymer nanocarriers was confirmed by comparing their
proton NMR (Figures S1 and S2, Supporting Information).
Prominent peaks at around 4.45 and 4.26 ppm were observed in
both the intermediates and final polymer conjugates after click
conjugation of azido-PEG7 or Azido-ACUPA, respectively, that
correspond to the CH, protons close to triazole. No peaks corre-
sponding to CH, protons in the 4-4.5 ppm range were observed
in the starting material PEG-(5HCyO);(NH2),. Furthermore,
a noticeable aromatic peak at 7.21 ppm was observed after the

© 2024 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH

85U0|7 SUOWIWOD 3AeaID 3|l [dde 8Ly Aq peusenob e sejolie YO ‘SN JO Se|nJ Joj ArIqIT8UIUO 48] 1M UO (SUORIPUOD-PUe-SW.B W00 A3 M Afelq 1 Bul|UO//:SdNY) SUORIPUOD pue SWiB 1 8y} 89S " [7202/S0/TE] Uo ARiqiTauliuo A1 Biuojied JO AiseAlun Aq 8TOV0EZ0Z WUYPe/Z00T OT/I0p/W00 A 1M Ake.d Ul juo//Sdny Wo.j papeojumod ‘0 ‘65922612


http://www.advancedsciencenews.com
http://www.advhealthmat.de

ADVANCED
SCIENCE NEWS

HEALTHCARE

www.advancedsciencenews.com

www.advhealthmat.de

Figure 1. Graphical representation of prostate-specific membrane antigen (PSMA) targeted pSPECT (micro single-photon emission computed tomog-
raphy)/CT imaging and therapy of prostate cancer using '””Lu-labeled StarPEG nanocarrier.

conjugation of ITCBz-DOTA, which corresponds to the phenyl
protons and confirms the conjugation of DOTA to the StarPEG
nanocarriers. Transmission electron microscope images of
the StarPEG conjugates were recorded that demonstrated the
formation of nanoparticles in the range of 10-20 nm size (Figure
S3, Supporting Information).

2.1.3. Radiolabeling of StarPEG Conjugates

The radiolabeling of ’Lu to the DOTA conjugated StarPEG
nanocarriers was performed in NH,OAc buffer containing ascor-
bic acid as a stabilizer to minimize radiolysis (Figure S4a, Sup-
porting Information).?!l However, during purification the radio-
labeled nanocarriers suffered radiolytic degradation in the PD-10
size-exclusion desalting column. Thus, the purification protocols
were modified by adding ascorbic acid (0.2 mg mL™!) in saline
while equilibrating and eluting the PD-10 column to protect the
polymer nanocarriers from free radical damage.[??l As summa-
rized in Table S1 (Supporting Information), the isolated yield
and molar activities for [”’Lu]PEG-(DOTA), ranged from 70.9-
76.6% and 10.8-11.5 MBq nmol~!, respectively. However, im-
proved isolated yield (91.8-99.2%) and molar activity (14.6-15.8
MBq nmol~!) were obtained for "/ Lu]PEG-(DOTA), (ACUPA),.
PSMA-617 was also radiolabeled with 77 Lu following previously
reported protocol,l'”] that provided 90% isolated yield with a mo-
lar activity of 41.68 MBq nmol~' (Figure S4b, Supporting Infor-
mation).

2.2. In Vitro Cell Binding Assay

The StarPEG nanocarriers were first evaluated in vitro using
PSMA+ PC3-Pip and PSMA— PC3-Flu cell lines and the PSMA
targeting affinity of PEG-(DOTA), (ACUPA); was compared with
previously reported conjugates as positive control.

Adv. Healthcare Mater. 2024, 2304618 2304618 (3 of 15)

2.2.1. Competition Radioligand Binding Assay

Competitive radioligand binding was undertaken to evaluate
PSMA relative binding affinity to [68Ga]PSMA-11.123] The PSMA-
2, Azido-ACUPA along with previously PET imaging analog
were also evaluated as positive controls and were found to
be consistent with published reports (Figure SS, Supporting
Information).?* From two independent experiments, the IC50
for the targeted nanocarrier PEG-(DOTA),(ACUPA); was 1024
x 107 + 50 x 10™° M with 95% confidence interval in the
range of 687 X 107°-1344 X 10~° M, similar when compared
to PET imaging analog PEG-(DFB),(ACUPA), (637.3 x 107°
M) in PSMA+ PC3-Pip cells (Figure 2a and Table S2, Support-
ing Information). As expected, no sign of any specific bind-
ing was observed in the nontargeted nanocarrier PEG-(DOTA),
(Figure 2A).

2.2.2. Saturation Binding Assay

The dissociation constants (K;) of the 177Lu-labeled nanocar-
riers were calculated in PSMA+ PC3-Pip cells by saturation
binding assay (Figure 2b). As summarized in Table S3 (Sup-
porting Information), Ky of 57.5 X 107 M (95% confidence in-
terval in the range of 52.5 x 107°-63.2 x 10~ M) and B,
of 156 674 moles mg™! protein were obtained for the targeted
nanocarrier [ Lu]PEG-(DOTA), (ACUPA);. Similar to the bind-
ing affinity observed in competition binding assay, the satura-
tion binding assay demonstrated a similar binding affinity of the
theranostic nanocarrier [’ Lu]PEG-(DOTA),(ACUPA), as com-
pared to its previously reported PET imaging analog [*Zr]PEG-
(DFB), (ACUPA), (K, = 30.96 nm) in PSMA+ PC3-Pip cells.?
As expected, the nontargeted nanocarrier [V’ Lu]PEG-(DOTA),
did not show any sign of specific binding in the PSMA+ PC3-
Pip cells (Table S3, Supporting Information).
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Scheme 1. Synthetic routes to the StarPEG theranostic conjugates a) PEG-(DOTA) and b) PEG-(DOTA), (ACUPA); evaluated in prostate-specific mem-
brane antigen (PSMA)+ subcutaneous as well metastatic tumor models. Detailed synthetic protocols are provided in Experimental Section.

2.2.3. Blocking Assay

Further, the binding efficacy of both the targeted and nontar-
geted nanocarriers was tested in a blocking assay using PSMA-
2 as the blocking agent in both PSMA+ PC3-Pip and PSMA—
PC3-Flu cells (Figure 2c and Figure S6, Supporting Information).
Beginning at the 1 h time point, ['”Lu]PEG-(DOTA), (ACUPA),
demonstrated high accumulation (2.77 + 0.12% AD) in PSMA+
PC3-Pip cells, which increased up to 22.0 + 1.16% AD at the
24 h time point. The targeted uptake of the nanocarrier was ef-
ficiently blocked >99% in the presence PSMA-2.15] In compar-
ison, the targeted nanocarrier in PSMA— PC3-Flu cells, along
with the nontargeted nanocarrier ['/Lu]PEG-(DOTA); in both
PSMA+ PC3-Pip and PSMA— PC3-Flu demonstrated no sign

Adv. Healthcare Mater. 2024, 2304618 2304618 (4 of 15)

of specific binding and the cell accumulations remained in the
range of 0.04-0.06% AD.

2.2.4. Membrane-Bound and Internalization Assay

The degree of internalization of the nanocarriers was also
evaluated in membrane-bound and internalization assay in
both PSMA— PC3-Flu and PSMA+ PC3-Pip cells (Figure 2d
and Figure S7, Supporting Information). Comparatively very
high membrane-bound and internalized activities were observed
for the targeted nanocarrier [/ Lu]PEG-(DOTA),(ACUPA), in
PSMA+ PC3-Pip cells. At 1 h time point, the membrane-bound
activities (1.89 + 0.11% AD) were relatively high as compared to
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Figure 2. In vitro cell-binding assays with StarPEG nanocarriers in prostate-specific membrane antigen (PSMA)+ PC3-Pip and PSMA— PC3-Flu cell lines
demonstrate efficient cell binding and uptake of PSMA-targeted theranostic agents. a) 1Cs of nonradiolabeled theranostic StarPEGs, previously evaluated
diagnostic nanocarrier PEG-(DFB) 1(ACUPA)3 and azido-ACUPA determined by [*¥Ga]PSMA-11-based in vitro competitive radioligand binding assay in
PSMA+ PC3-Pip cells. b) K4y measurement of 177 Lu-labeled StarPEGs in the PSMA+ PC3-Pip cell line by a saturation binding assay. c,d) Blocking assay of
['77Lu]PEG-(DOTA), (ACUPA); labeled StarPEGs (5 X 107° m) in PSMA+ PC3-Pip and PSMA—PC3-Flu cells using PSMA-2 (10 x 107® m) as the blocking
agentat 1, 4, and 24 h (%AD = percentage added dose). Blocking assays with the nontargeting [’ Lu]PEG-(DOTA), have been presented in Figure S6
(Supporting Information). e,f) Membrane-bound and internalization assay of the ['77 Lu]PEG-(DOTA), (ACUPA); at 1, 4, and 24 in PSMA+ PC3-Pip and
PSMA— PC3-Flu cells (%AD = percentage added dose). Membrane-bound and internalization assay with the nontargeting ['”7 Lu]PEG-(DOTA); have
been presented in Figure S7 (Supporting Information). Overall, the ACUPA conjugated StarPEG nanocarrier demonstrated excellent PSMA targeted
binding affinity in PSMA+ PC3-Pip cells. (n = 3, mean + SD).

the internalized activities (0.95 + 0.06% AD). However, at 24 h in-
cubation time, the internalized activities increased significantly
(p = 0.0001) to 14.49 + 0.26% AD, which was 1.73 fold higher
than the membrane-bound activity (8.33 + 0.25% AD). The to-
tal activities were 2.84 + 0.18, 6.24 + 0.73, 22.82 +0.49% AD
at 1, 4, and 24 h, respectively and were very close to that of
the bound activities obtained in blocking assay, i.e., 2.77 + 0.12,
6.08 + 0.37, 22.0 = 1.16% AD at 1, 4, and 24 h, respectively
(Figure 2c,d). As expected, no evidence of specific internaliza-
tion or membrane binding was seen in PSMA— PC3-Flu cells
and with the nontargeted nanocarrier. Overall, the in vitro cell
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binding results demonstrated PSMA targeted efficient cell bind-
ing and internalization of the targeted nanocarrier ['”/Lu]PEG-
(DOTA), (ACUPA); in PSMA+ PC3-Pip cells.

2.2.5. Colony Formation Assay
The in vitro treatment efficacy of the targeted nanocarrier
['”7Lu]PEG-(DOTA),(ACUPA), was evaluated in both PC3-Pip

and PC3-Flu cells in a colony formation assay. As presented in
Figure S8 (Supporting Information), a reduction in the number
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of PSMA+ PC3-Pip colonies to 38 & 2.4% and 7 + 1.9% was ob-
served following treatment with 0.1 and 0.25 MBq mL™" of the tar-
geted nanocarrier, respectively. In contrast, PSMA— PC3-Flu cells
remained unaffected with more than 95 + 5.7% and 89 + 2.0%
live colonies at the same doses treatment of the nanocarrier.

2.3. In Vivo Evaluation of ['’’Lu]PEG-(DOTA), (ACUPA), in
PC3-Pip and PC3-Flu Subcutaneous Dual Xenograft Models
Demonstrate High PSMA Targeted Uptake In Vivo

PSMA targeted tumor accumulation of both the ’Lu ra-
diolabeled nanocarriers, ['/Lu]PEG-(DOTA), and ['7Lu]PEG-
(DOTA), (ACUPA),, were evaluated in the nu/nu athymic mice
model with both PSMA+ PC3-Pip and PSMA— PC3-Flu tu-
mors, which were xenografted at left and right flank, respectively
(Figure 3a).

2.3.1. uSPECT/CT Imaging

Figure 3b shows the maximum intensity projection (MIP) and
coronal view of pSPECT/CT images captured at 24 h, 72 h,
168 h and 192 h post-injection of the nanocarriers. The tar-
geted nanocarrier, [ Lu]PEG-(DOTA), (ACUPA);, demonstrated
noticeable PSMA targeted accumulation in PSMA+ PC3-Pip tu-
mors at 24 h post-injection. Tumor accumulation increased sig-
nificantly with background clearance at 72 h onwards. Respec-
tive regions of interest (ROI) were drawn on the uSPECT im-
ages to produce time—activity curves and were in line with the
observed high accumulation in uSPECT/CT images (Figure 3c,d,
Table S4, Supporting Information). At 24 h post-injection, the
in vivo accumulation in PC3-Pip tumors was 8.85 + 1.17% ID
cc™!, which increased steadily to 22.96 + 0.19% ID cc™! at 168 h
(p = 0.0035). Interestingly, previously reported 89Zr-labeled PET
analogs of the StarPEG nanocarriers showed maximum PC3-Pip
accumulation at 72 h post-injection, followed by a steady decrease
in tumor activity retention. However, the theranostic StarPEG
nanocarrier tagged with 7Lu-DOTA demonstrated very stable
and long-term tumor retention at 23.47 + 0.94% ID cc™' after
192 h post-injection, which is highly desirable for better treat-
ment. The blood pool activity decreased drastically from 14.32 +
0.24% ID cc™! at 24 h to 1.99 + 0.08% ID cc™! at 192 h post-
injection (Figure S9, Supporting Information). Significant up-
take was noted in the skin and subcutaneous tissues, similar to
our prior report utilizing 89Zr labeled nanocarriers.'?) In com-
parison, the targeted nanocarrier in PSMA— PC3-Flu tumors and
the nontargeted nanocarrier in both PC3-Pip and PC3-Flu tumors
demonstrated around 5% ID cc™! accumulation without any no-
ticeable SPECT signal in the tumors.

2.3.2. Ex Vivo Organ Biodistribution

As schematically demonstrated in Figure 3a, three mice in-
jected with 9-10 MBq from each group were sacrificed at 72
and 192 h post-injection to collect the major organs and the
distribution of the ’Lu-labeled nanocarriers was quantified in
a gamma counter. All the ex vivo organ biodistribution results
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are summarized in Figures 4a—e and S10 and Tables S5-S8
(Supporting Information). The targeted nanocarrier [\ Lu]PEG-
(DOTA), (ACUPA), showed high specific accumulation of 21.3 +
1.57 and 21.3 + 8.8% ID g! in PSMA+ PC3-Pip tumors at 72
and 192 h, respectively. In comparison, the targeted nanocarrier
demonstrated 4.7 + 0.11% ID g~! accumulation in PSMA— PC3-
Flu tumors that decreased to 3.1 + 0.39% ID g~! at 192 h post-
injection. Similarly, the nontargeted nanocarrier ['’Lu]PEG-
(DOTA), demonstrated 6.2 + 2.26 and 7.0 + 1.02% ID g™! up-
take in PC3-Pip and PC3-Flu tumors at 72 h and decreased to
3.6 £ 0.73 and 4.6 + 1.06% 1D g~! at 192 h post-injection, re-
spectively. Overall, the nanocarrier with three copies of ACUPA
ligands demonstrated very high PSMA targeted accumulation
in PSMA+ PC3-Pip xenografts with excellent PC3-Pip tumor to
muscle ratio (25.5 at 72 h and 13.7 at 192 h), PC3-Pip tumor
to blood ratio (3.5 at 72 h and 20.4 at 192 h) and PC3-Pip tu-
mor to PC3-Flu tumor ratio (4.5 at 72 h and 6.9 at 192 h). Ad-
ditionally, the PSMA-targeted nanocarrier showed around 12.4%
ID g! accumulation in the kidney at 72 h that remained sta-
ble at 192 h post-injection, whereas the nonspecific nanocarrier
demonstrated low kidney uptake, 1.78 and 0.97% ID g! at 72
and 192 h, respectively. Mouse kidneys are well-known to bear
elevated PSMA expression.!?] Collectively, these results confirm
the high specificity of the targeted StarPEG nanocarrier.

2.3.3. Autoradiography and Histology Analysis

Major organs harvested during the biodistribution experiments
were studied with autoradiographic and histologic analysis to
explore the tumor penetration. Figures 5a and S11 (Support-
ing Information) demonstrate elevated radiopharmaceutical ac-
cumulation in PSMA+ PC3-Pip tumors treated with the targeted
nanocarrier [’ Lu]PEG-(DOTA), (ACUPA);. In comparison, the
targeted nanocarriers in PSMA— PC3-Flu xenografts and the
nontargeted nanocarrier in both the PC3-Pip and PC3-Flu tumors
showed very faint peripheral intensity that markedly decreases
from days 3 to 8. Despite very high PC3-Pip tumor accumulation
of the targeted nanocarrier in PC3-Pip tumors compared to PC3-
Flu, the bulk of the activity was observed around the tumor pe-
riphery. Tumor slices were stained with hematoxylin and eosin
(H&E) (Figure S12, Supporting Information) to correlate with
tumor distribution, demonstrating largely homogeneous tumor
cellularity with a few small areas of necrosis. Overall, these stud-
ies demonstrated that the targeted nanocarrier demonstrated sig-
nificantly elevated tissue penetration in PC3-Pip xenografts.

2.3.4. Absorbed Dose Calculation

Both tumor and normal tissue dosimetry were performed by
drawing volumes of interest (VOIs) on coregistered CT images
in uSPECT/CT data of the subcutaneous tumor-bearing mice
model. It should be noted that the mice were injected with 38.4—
43.2 MBq Y”’Lu-labeled nanocarriers for better uSPECT/CT imag-
ing, but all the mice died on day 10 post-injection due to high
activity. Because of the high dose injection, all the tumors re-
ceived a high therapeutic absorbed dose (793.8 + 167.2 mSv
MBq!) irrespective of nanocarriers and tumor model (Table S9,
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Figure 3. In vivo uSPECT (micro single-photon emission computed tomography)/CT imaging demonstrates prostate-specific membrane antigen
(PSMA) targeted accumulation of StarPEG nanocarriers in PSMA+ PC3-Pip subcutaneous tumors. a) Representation of experimental design for in
vivo evaluation of the 177 Lu-labeled StarPEGs in mice bearing dual xenografts of PSMA+ PC3-Pip (left flank) and PSMA— PC3-Flu (right flank). b) Max-
imum intensity projection (MIP) uSPECT/CT and coronal uSPECT/CT images obtained on days 24, 72, 144, and 192 h post-injection of 7’ Lu-labeled
StarPEGs reveal high tumor accumulation of targeted nanocarriers in PSMA+ PC3-Pip. c,d) Quantification of in vivo tumors’ accumulation by drawing
regions of interest (ROIs) on the respective tumors at 24, 72, 144, and 192 h post-injection of '”7Lu-labeled StarPEGs. ROls on the heart at respec-
tive imaging time points are presented in Figure S9 (Supporting Information). Overall, the in vivo uSPECT/CT imaging demonstrated excellent PSMA
targeted tumor accumulation of the ACUPA conjugated StarPEG nanocarrier in PSMA+ PC3-Pip xenografts. (n = 2, mean + SD).
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Figure 4. Ex vivo organ biodistribution of '77Lu-labeled StarPEG nanocarriers. Organ biodistribution of a) [/ Lu]PEG-(DOTA)1 and b) ['7”Lu]PEG-
(DOTA), (ACUPA); at 72 and 192 h post-injection of the nanocarriers (n = 3, mean + SD). The ratio of c) PC3-Pip to PC3-Flu, d) PC3-Pip to the muscle,
and e) PC3-Pip to the blood of ['”7Lu]StarPEGs at 72 and 192 h post-injection of the nanocarriers (n = 3, mean + SD). The Supporting Information
presents ex vivo organ biodistribution of ['7” Lu]StarPEGs in % ID/Organ (Figure S10, Supporting Information). Overall, the ex vivo organ biodistribution
demonstrated excellent prostate-specific membrane antigen (PSMA) targeted tumor accumulation of the ACUPA conjugated StarPEG nanocarrier in

PSMA+ PC3-Pip xenografts.

Figure 5. Autoradiography images of 20 um tumor slices of prostate-
specific membrane antigen (PSMA)+ PC3-Pip and PSMA— PC3-Flu tu-
mors collected after 72 and 192 h post-injection of ['77Lu]StarPEG
nanocarriers. Overall, the targeted nanocarrier demonstrated superior tis-
sue penetration in PSMA+ PC3-Pip xenografts.

Adv. Healthcare Mater. 2024, 2304618 2304618 (8 of 15)

Supporting Information).”?”] However, the targeted nanocarrier
['””Lu]PEG-(DOTA), (ACUPA), demonstrated more than 5.2-fold
higher absorbed dose (4155 + 209.3 mSv MBq~!) in PSMA+
PC3-Pip tumors compared to PC3-Flu suggesting highly potent
targeted antitumor dosing. The percent injected activity (%IA)
within the defined organs was extrapolated to human-equivalent
organ and whole-body effective doses using ratios of standard
human organ weights to mouse organ weights. Tables S10 and
S11 (Supporting Information) summarized the organ and effec-
tive dose estimated using OLINDA version 1.1 with ICRP Pub-
lication 60 tissue weighting factors. The normal tissue dose es-
timation demonstrated noticeable lungs and liver retention with
washout over time. The normal tissue dosimetry suggested that
the lungs are at the highest risk for radiation exposure (%1 mSv
MBq!). At the same time, other major organs, including the
liver, kidneys and heart, demonstrated below 0.5 mSv MBq™!
absorbed doses.
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Figure 6. In vivo treatment study of ['”7Lu]PEG-(DOTA); (ACUPA); in nude mice models bearing prostate-specific membrane antigen (PSMA)+ PC3-
Pip tumors. a) Representation of experimental design for in vivo treatment efficacy and toxicity of 77Lu-labeled StarPEGs in mice models bearing
PSMA+ PC3-Pip subcutaneous tumors. Tumor volume (b), body weight (c), and survival (d) of mice models bearing PC3-Pip tumors and treated with
different doses (0, 4.6, 9.2, and 18.5 MBq) of either ['7” Lu]PEG-(DOTA); (ACUPA); or 9.2 MBq of [77Lu]PSMA-617. Overall, a single 18.5 MBq dose of
['77Lu]PEG-(DOTA), (ACUPA); demonstrated highly efficient suppression of the tumor volume without any regrowth of tumors with 80% survival at 138

days post-drug injection. (n = 10, mean + SD).

2.4. Treatment Studies with [’ Lu]PEG-(DOTA), (ACUPA),

As observed in the in vivo evaluation in the mice models bear-
ing subcutaneous dual xenografts, the PSMA targeted nanocar-
rier demonstrated high specificity toward PSMA+ PC3-Pip tu-
mors with around fivefold higher absorbed dose compared to the
nontargeted nanocarrier and the PSMA— PC3-Flu tumors. This
encouraged us to evaluate therapeutic potential of the 177Lu la-
beled targeted nanocarrier in subcutaneous as well as metastatic
tumor-bearing mice models. As observed in the dosimetry anal-
ysis, 38.4-43.2 MBq dose demonstrated high radiation exposure
and toxicity to the normal tissue. Thus, the mice were treated with
18.5 MBq or less for the therapy study.

2.4.1. Treatment Studies in PSMA+ PC3-Pip Subcutaneous Models

As demonstrated in Figure 6a, after 10 days of cell inocula-
tion, the mice with PC3-Pip subcutaneous tumors of 100-200

Adv. Healthcare Mater. 2024, 2304618 2304618 (9 of 15)

mm3 were treated with the targeted nanocarrier [V’ Lu]PEG-
(DOTA),(ACUPA); and the tumor volume and bodyweight of
the mice were monitored. Along with the injection of different
doses (18.5, 9.2, and 4.6 MBq) of the targeted nanocarrier, one
cohort of mice (n = 5) was treated with 9.2 MBq of [\ Lu]PSMA-
617 as a positive control.l?®) Figure 6b-d shows the tumor vol-
ume, body weight, and survival of the mice up to 138 days post-
treatment of the drugs. A single 18.5 MBq dose of [\ Lu]PEG-
(DOTA), (ACUPA), demonstrated highly efficient suppression of
the tumor volume without any regrowth of tumors with 80%
survival at 138 days post-drug injection. Both 9.2 and 4.6 MBq
doses of ['"Lu]PEG-(DOTA), (ACUPA), significantly delayed the
tumor growth compared to the vehicle and 9.2 MBq single dose of
[7Lu]PSMA-617. The median survival of 9.2 and 4.6 MBq doses
of [""/Lu]PEG-(DOTA), (ACUPA), were 89 and 100 days, respec-
tively. However, the tumor growth pattern in mice injected with a
vehicle and 9.2 MBq single doses of [/ Lu]PSMA-617 were sim-
ilar, with 42 and 46 days of median survival, respectively. Post-
drug treatment, a sharp body weight loss was witnessed in al-
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most all mice, including the negative control mice. This was de-
termined to be due to Corynebacterium Bovis bacterial infection
(Figure 6¢).1%! After treatment with antiseptic chlorhexidine, the
mice recovered weight within 2-3 weeks.[?’]

2.4.2. Chronic Toxicity Studies in PC3-Pip Subcutaneous Models

As schematically presented in Figure 6a, the therapy experiment
ended 138 days post-drug injection and the mice that survived
were euthanized for chronic toxicity analysis, which included
four mice at the 18.5 MBq dose, two mice at the 9.2 MBq dose,
and three mice at the 4.6 MBq dose. Additionally, three untreated
healthy mice were included in the toxicity analysis as control.
Laboratory analyses for kidney function tests revealed elevated
blood urea nitrogen levels in the 18.5 and 9.2 MBq dose levels,
but normal creatinine, suggesting mild to moderate renal toxicity
(Figure S13, Tables S12 and S13, Supporting Information). Addi-
tionally, elevated alkaline phosphatase levels were observed in the
4.6 and 18.5 MBq treatment groups, indicating possible liver toxi-
city (Figure S13, Supporting Information). Importantly, all other
liver parameters remained unchanged. Histologic analysis fur-
ther confirmed the toxicity seen in organ function tests. Histolog-
ical features of most major organs appeared normal at all three
doses, including the heart, lung, bone marrow, and spleen tis-
sue (Figure S14, Supporting Information). Kidney parenchyma
revealed mild kidney injury at the 4.6 MBq dose, moderate injury
at the 9.2 MBq dose, and moderate to marked injury at the 18.5
MBq dose (Figure S13c, Supporting Information). The kidney in-
jury consisted predominantly of increased glomerular fibrin de-
position, reduced capillaries in glomeruli and cortical tubule at-
rophy. The liver tissue also appeared normal, except centrizonal
inflammation was observed in one mouse with 9.2 MBq dose of
[V Lu]PEG-(DOTA), (ACUPA),.

2.4.3. Treatment Studies in PC3-Pip Metastatic Models Monitored
by [(4Ga]PSMA-11 uPET/CT Imaging

The treatment efficacy of the targeted nanocarrier [\ Lu]PEG-
(DOTA), (ACUPA), was further evaluated in mice bearing PC3-
Pip metastatic tumors developed by the inoculation of PC3-Pip
cells in the left ventricle of the heart by intracardiac injection.
As depicted in the experimental protocol (Figure 7a), two co-
horts of mice (n = 10) were injected with either vehicle or 9.2
MBq of ['Lu]PEG-(DOTA), (ACUPA), after 10 days of cell in-
jection. The treatment efficacy of the nanocarrier was monitored
by [®®Ga]PSMA-11 based uPET/CT imaging, body weight mea-
surement and organ biodistribution. The mice were subjected
to [®®Ga]PSMA-11 pPET/CT imaging 1 day before, on days 18
and 35 of drug treatment ("’ Lu labeled nanocarrier) (Figure 7b).
The control mice without drug treatment developed metastatic
tumors in the neck region, demonstrating strong accumulation
of [®®Ga]PSMA-11. However, no such metastatic tumors were ob-
served in the treated group with 100% survival up to 51 days, in-
dicating efficient metastatic tumor growth suppression without
significant body weight loss (Figure 7c). Importantly, the over-
all survival was markedly improved in the treatment group com-
pared against the control (Figure 7d). A small cohort of three mice
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from each group were subjected to organ biodistribution on days
35 and 51 post-drug injection. As shown in Figure 7e—f, Figures
S15 and S16 and Tables S14-S17 (Supporting Information), a
relatively high accumulation of [®*Ga]PSMA-11 was observed in
most of the major organs, including liver metastases, in the con-
trol group as compared to the drug-treated group indicating the
burden of metastatic tumor in those organs. Overall, this exper-
iment demonstrates that [\ Lu]PEG-(DOTA), (ACUPA); was ef-
fective in eliminating metastatic prostate cancer in the PC3-PiP
model.

3. Discussion

Herein, the current study has evaluated the PSMA-targeted in
vitro binding efficacy along with in vivo SPECT imaging and ther-
apeutic potential of newly synthesized 4-armed StarPEG nanocar-
riers (40 kDa MW) conjugated with three copies of PSMA tar-
geting ACUPA ligands (Figure 1). Most of the prostate cancer
tumor models evaluated with large size nanocarriers have been
reported to be EPR low phenotype and demonstrate heteroge-
neous low tumor uptake and tissue penetration of nanocarri-
ers due to their poor vascular development.l'*] However, our
prior finding demonstrated significant improvement in the de-
livery and tissue penetration of StarPEG nanocarriers in PSMA+
PC3-Pip tumors with long-term tumor retention after conju-
gating PSMA-targeting ACUPA ligands, which is highly desir-
able for better therapeutic efficacy.'?l Therefore, the diagnos-
tic radiometal-chelator pair 8Zr-DFB was replaced with 7’ Lu-
DOTA for radiopharmaceutical therapy. As presented in Figure 1
and Scheme 1, two StarPEG nanocarriers were synthesized,
PSMA-targeted PEG-(DOTA), (ACUPA), and nontargeted PEG-
(DOTA),, for comparative evaluation of PSMA-targeted SPECT
imaging and treatment studies in both subcutaneous as well as
metastatic tumor models.

The designed StarPEG conjugates were successfully syn-
thesized and radiolabeled with ’Lu in good yields (Scheme
1).[61221] Tnitially, despite efficient radiolabeling, the isolated la-
beled nanocarrier yield was below 10%, especially in scale-up ra-
diosynthesis. Surprisingly, a major fraction of the activity was
retained in the stationary phase of PD-10 size-exclusion desalt-
ing column, indicating radiolytic degradation of the StarPEG
nanocarriers. To restrict the free radical damage and stabilize
the radiolabeled nanocarriers, the antioxidant ascorbic acid con-
taining was used in the saline solution while equilibrating and
eluting the polymer nanocarriers.?2l This minor modification
in the purification protocol resulted in excellent radiochemi-
cal yield (Table S1, Supporting Information) and [”/Lu]PEG-
(DOTA), (ACUPA), stability. The molar activity for [\’ Lu]PEG-
(DOTA), was 10.8-11.9 MBq nmol~!. A slight improvement in
molar activity (14.6-15.8 MBq nmol~!) was noted for [\ Lu]PEG-
(DOTA),(ACUPA);. Overall, two StarPEG nanocarriers with or
without three copies of PSMA targeting ACUPA ligands were
synthesized and radiolabeled with 177Lu with suitable molar ac-
tivities for imaging and therapy.

Multiple time points in vivo uSPECT/CT imaging and ex
vivo organ biodistribution demonstrated that, unlike the pre-
viously reported diagnostic StarPEG nanocarrier [¥Zr]PEG-
(DFB), (ACUPA),,[*?l no partial tumor clearance of the thera-
nostic nanocarrier was observed after 72 to 192 h post-injection
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Figure 7. [ Lu]PEG-(DOTA), (ACUPA); was effective in suppressing the growth of metastatic prostate cancer in the PC3-PiP intracardiac metastatic
model. a) Representation of experimental design for in vivo treatment study of the 77 Lu-labeled StarPEGs in mice bearing prostate-specific membrane
antigen (PSMA)+ PC3-Pip metastatic tumors. b) Multiple time points %8 Ga]PSMA-11 uPET/CT imaging of the nude mice bearing PC3-Pip metastatic
tumors before and after treatment of 9.2 MBq ['77 Lu]PEG-(DOTA); (ACUPA); (n = 4, mean + SD). c) Body weight measurement of the treated and
control mice up to 51 days post-injection of 9.2 MBq ['””Lu]PEG-(DOTA), (ACUPA);. d) Overall survival of mice models bearing PC3-Pip metastatic
tumors and treated with/without 9.2 MBq) of ['77Lu]PEG-(DOTA), (ACUPA);. e,f) [(4Ga]PSMA-11 organ biodistribution of the nude mice bearing PC3-
Pip metastatic tumors on 35 and 50 days post-treatment of 9.2 MBq ['77 Lu]PEG-(DOTA), (ACUPA); (n = 10, mean =+ SD). Overall, a single 9.2 MBq
dose of ['77 Lu]PEG-(DOTA), (ACUPA); demonstrated highly efficient suppression of PC3-Pip metastatic tumors with 100% survival at 51 days post-drug

injection.

(Figures 3—4). In fact, the highest PC3-Pip to blood ratio of 20.4
was witnessed at 192 h, which was highly desirable and could
potentially enhance the therapeutic efficacy of the nanocarrier.
In comparison, the targeted nanocarrier in PSMA— PC3-Flu tu-
mors and the nontargeted nanocarrier in both PC3-Pip and PC3-
Flu tumors demonstrated around 5% ID cc™! passive accumu-
lation without any noticeable SPECT signal in the tumors. Such
low nontargeted tumor accumulation could be the EPR-mediated
passive uptake of the nanocarriers and was in line with pre-
viously reported nontargeted StarPEG nanocarriers.['?] Besides,
the PSMA-targeted nanocarrier showed a high accumulation in
the kidney compared to that of the nontargeted nanocarrier,
which further confirmed the specificity of the developed StarPEG
nanocarrier considering the fact that mouse kidney is also well
known to bear elevated PSMA expression (Figure 4b).2¢] De-
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spite excellent PSMA targeting affinity, the targeted nanocarrier
demonstrated heterogenous peripheral accumulation in PC3-Pip
tumors as observed in the high-resolution autoradiography im-
ages, which may be due to the poor vascularity of this prostate
xenograft.”)

Tumor and whole-body dosimetry analysis of the nanocarriers
was performed by drawing VOIs in uSPECT/CT images (Table
S9, Supporting Information). Since the mice were injected with
a dose above 37 MBq for better SPECT image resolution, all
the tumors received a high therapeutic absorbed dose (29.3 +
6.18 Gy, 793.8 + 167.2 mSv MBq?) irrespective of nanocarriers
and tumor model.[*?,¥] Importantly, the tumor dosimetry results
demonstrated more than 5.2-fold higher dose delivery (153.7 +
7.74 Gy, 4155 + 209.3 mSv MBq™!) in PC3-Pip compared to PC3-
Flu. One potential limitation of our dosimetry data was that the
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SPECT imaging was performed at higher administered activity
of the radiopharmaceutical compared to the treatment studies.
It has been observed that patients receiving as low as 14 Gy
tumor-absorbed doses of ['7Lu]PSMA-617 demonstrated more
than 50% reduction of prostate-specific antigen.['] This suggests
that the PSMA-targeted nanocarrier could have a considerable
therapeutic efficacy at as low as 3.36 MBq dose in PSMA+ Pc3-
Pip tumors. Calculation of human-equivalent organ and whole-
body effective doses demonstrated the highest risk of lung radi-
ation exposure, mostly around 1 mSv MBq~'. However the his-
tology analysis of the mice 138 days post-treatment of up to 9.2
MBq of ["’Lu]PEG-(DOTA), (ACUPA), showed no sign of toxic-
ity (Figure S14, Supporting Information).

Considering the very high toxicity of the 37 MBq dose, the
mouse models bearing PC3-Pip xenografts were subjected to
therapy with three different single-dose treatments (18.5, 9.2, and
4.6 MBq) of [/ Lu]PEG-(DOTA), (ACUPA), (Figure 6) and saline
solution containing ascorbic acid as a vehicle control. Interest-
ingly, as low as a single dose of 4.6 MBq significantly delayed the
tumor growth (100 days median survival) compared to the vehi-
cle (42 days). Highly efficient antitumor response was observed
in 18.5 MBq dose of ['’Lu]PEG-(DOTA), (ACUPA), without any
regrowth of tumor up to 138 days. The single dose antitumor re-
sponse of 9.2 MBq [Lu]PSMA-617 (46 days median survival)
was consistent with prior literature (51 days median survival) in
the same animal model.1?®! In contrast, our vehicle group demon-
strated noticeable delayed tumor growth with 42 days of median
survival compared to prior literature.[?®]

Apart from the subcutaneous models, the therapeutic effi-
cacy of the targeted nanocarrier was also evaluated in PC3-Pip
metastatic tumor models by monitoring with [*¥Ga]PSMA-11
based pPET/CT imaging. A single dose of 9.2 MBq [/ Lu]PEG-
(DOTA),(ACUPA); demonstrated efficient antitumor response
with no sign of any metastatic tumor up to 51 days, while the
control mice without any drug treatment developed metastatic
tumors in the neck region and reduced overall survival
(Figure 7b,d). Additionally, the organ biodistribution on days
35 and 51 demonstrated suppression of tumor burden of ma-
jor organs, including liver, lungs, and spleen in ['’Lu]PEG-
(DOTA),(ACUPA); treated group as compared to the control
group.

As observed in the imaging experiment, doses above 37 MBq
dose were extremely radiotoxic for the mice and all mice died
on day 10 post-injection of the nanocarriers with rapid weight
loss. However, none of the mice in the therapy cohort, treated
with 18.5 MBq of [/ Lu]PEG-(DOTA), (ACUPA), or less, reached
the endpoint as a result of weight loss. The long lived na-
ture of the nanocarriers results in a higher systemic radia-
tion dose, and potentially greater toxicity compared to small
molecule counterparts. Temporary body weight loss was ob-
served in all the cohorts post-drug injection due to Corynebac-
terium bovis bacterial infection (Figure 6¢).*"! However, the mice
recovered body weight quickly after treatment with antiseptic
chlorhexidine.??] Although the nanocarriers follow a hepatic
clearance path, no marked histologic evidence of liver damage
was observed. Among most of the major organs, only kidneys
demonstrated prominent dose-dependent toxicity in both the his-
tology and laboratory analysis (Figure S13c, Supporting Infor-
mation). This could be due to the elevated PSMA expression
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in the mouse kidneys,?®! resulting in higher accumulation of
the targeted nanocarriers in the kidneys, as observed in the ex
vivo biodistribution (Figure 4b). However, the kidney toxicity ob-
served for the nanocarrier might not be a major concern for clin-
ical translation since the PSMA expression in human kidneys is
significantly lower than that of mouse kidneys.!?! Alternate ap-
proaches to mitigate kidney toxicity could include dose reduction
or fractionation.

Overall, the excellent antitumor response of ['7/Lu]PEG-
(DOTA),(ACUPA); demonstrates strong feasibility of clinical
translation. Single-dose treatment of the StarPEG nanocarrier
with three PSMA-targeting ligands demonstrated significant im-
provement in tumor growth suppression and mice survival.
Our approach has some similarities to prior work incorporat-
ing albumin-binding ligands in small molecule binding agents,
which substantially increases serum half-life, now being investi-
gated in clinical trials.[*®) A major limitation of this work was the
single time point chronic toxicity analysis with relatively small co-
hort size. Future analysis needs to include multiple time points
for both acute and chronic toxicity studies. There are several
future directions for further optimizations and improvements.
Apart from the dose reduction and/or fractionation, studying
alternate therapeutic isotopes such as 2*Ac or 22Pb may be
advantageous.*!) As the size and conformation of the nanocarri-
ers may significantly influence tumor accumulation, further op-
timization of size and valency may be beneficial to improve the
therapeutic efficacy of the StarPEG nanocarriers.

4, Conclusion

In conclusion, a PSMA-targeted StarPEG theranostic nanocar-
rier, [ Lu]PEG-(DOTA), (ACUPA),, has been designed and syn-
thesized for imaging and therapy of prostate cancer, which
demonstrated excellent suppression of both subcutaneous and
metastatic PSMA+ PC3-Pip xenografts. The single-dose ther-
apeutic efficacy of the nanocarrier was compared to that of
[7Lu]PSMA-617, which demonstrated significant improvement
in the therapeutic efficacy of ['”Lu]PEG-(DOTA), (ACUPA), in
preclinical models affirming potential clinical future translation.

5. Experimental Section

Materials and Instrumentation: The 4-armed PEG ,qp,-(NH,), was
purchased from SINOPEG (Fujian, China). '77LuCl, was procured from
MU Research Reactor (MURR) University of Missouri (Columbia, MO; US
DOE Isotope Program) and p-SCN-Bn-DOTA from Macrocyclics (Plano,
TX). RPMI-1640 media, penicillin—streptomycin (P/S) solutions, and fetal
bovine serum (FBS), were purchased from Life Technologies (Carlsbad,
CA) and Thermo Fisher Scientific (Waltham, MA). Other chemicals (sol-
vents, reagents, and building blocks) were bought from Thermo Fisher
Scientific, VWR, or Sigma Aldrich and used without further processing.
TH NMR spectra were recorded in a Bruker 400 MHz NMR, respectively.
Chemical shifts were shown in parts per million (ppm, 8). Transmission
electron microscope images were recorded in a JEOL JEM-1230 TEM in-
strument.

General Synthesis of StarPEG Conjugates: HPLC was performed using
a 4.6 x 150 mm 5 um 300 A Phenomenex Jupiter C18 reversed-phase col-
umn with a 15-min linear gradient of 0-100% acetonitrile/water/0.1% tri-
fluoroacetic acid (TFA) (1.0 mL min~") beginning 2 min after injection
unless otherwise mentioned. The starting materials and linkers including
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PEG-(5HCyO); (NH,) 4, Azido-PEG,, and Azido-ACUPA were synthesized
following the previously reported procedure.[']

Synthesis of PEG-(PEG,)3(NH,) and PEG-(ACUPA);(NH,): PEG-
(5HCyO)3(NH;) (200 mg, 5 umol) was dissolved in 1 mL of 0.1 M sodium
phosphate (pH 7.4) and treated with either a 25 x 1073 m solution of
Azido-ACUPA (1.0 mL, 25 umol, 1.7 Eq) or Azido-PEG; (9 mg, 10 uL,
22.5 umol, 1.5 Eq) in 0.1 m sodium phosphate, pH 7.4, for 48 h at 37 °C,
then dialyzed (SpectraPor 2 membrane, 12—14 kDa cutoff) against water
followed by methanol and dried under reduced pressure to afford the re-
spective intermediates, PEG-(PEG;)3 (NH,) (Yield 75%, 150 mg) and PEG-
(ACUPA); (NH,) (Yield 88%, 175 mg).

Synthesis of PEG-(DOTA) ; and PEG-(DOTA); (ACUPA)3: A solution of
the respective intermediates, PEG-(PEG;)3(NH,) (97 mg, 2.4 umol) and
PEG- (ACUPA);(NH;) (164 mg, 4.1 umol), in DMF (1.0 mL) was mixed
with a 10 mg mL™" solution of p-isothiocyanatobenzyl-DOTA (p-SCN-Bn-
DOTA) in DMSO (Macrocyclics, 1.5 Eq) and N,N-diisopropylethylamine
(10 Eq) in separate reaction vials and kept at 37 °C for 24 h. The mixtures
were dialyzed against water (SpectraPor 2 membrane, 1214 kDa cutoff)
to remove unconjugated materials, followed by methanol and dried under
reduced pressure to provide the product PEG-(DOTA); (yield 93%, 90 mg)
and PEG-(DOTA); (ACUPA); (yield 919, 150 mg). "H NMR is provided in
the Supporting Information.

Cell Culture: Unless otherwise specified, the PSMA— PC3-Flu and
PSMA+ PC3-Pip cell lines were cultured in RPMI11640 medium contain-
ing 10% FBS and 1% penicillin/streptomycin (P/S) at 37 °C with 5% CO,.
The cells were obtained courtesy of Dr. Martin Pomper, Johns Hopkins
University.l’3] According to experimental protocols of the respective cell
assay mentioned in the Supporting Information, cells were trypsinized
(0.25%) for 2-3 min to detach from the culture flasks for further passage
or to seed the cells in suitable multiwell plates to perform cell binding
assays.

Competition Radioligand Binding Assay: The protocol for the produc-
tion of [®8Ga]PSMA-11and competition radioligand binding assay to calcu-
late the ICg values were followed as per prior reports.l'216] [(8Ga]PSMA-
11, produced at the Department of Radiology, UCSF for clinical use, was
procured and used in the competition radioligand binding assay to acquire
the ICgy values for the nanocarriers.['®] Briefly, around ~0.185 megabec-
querel (MBq) (2.5 ng) of [®®Ga]PSMA-11 along with different concentra-
tions (0.01 x 107°—100 000 x 10~° m) of the nonradiolabeled nanocar-
riers was added to each well of a 96-well plate seeded with PSMA+ PC3-
Pip cells (~20k cells per wells). After 1 h incubation at room tempera-
ture, the radioactive medium was removed, and the cells were washed with
phosphate-buffered saline (PBS) twice. The cells were lysed with sodium
hydroxide and the radioactivity of the lysate in each well was quantified
in a Hidex gamma counter. IC5, was determined by nonlinear regression
analysis in Prism software (Graph-Pad).

77Lu Radiolabeling of StarPEGs: StarPEG nanocarrier in water was
added to a solution of 10 X 10~3 M NH,OAc containing 10 vol% of ascor-
bic acid (20 mg mL~") and 77 LuCl, in a ratio of 0.37 MBq ug~" of nanocar-
riers were mixed to it. The mixture was incubated for 1h at 55 °C (Thermal
mixture, Fisher Scientific, Hampton, NH). The radiolabeled product was
purified using PD-10 size-exclusion desalting column (Fisher Scientific),
by equilibrating and eluting with saline solution containing 0.2 mg of L-
ascorbic acid per milliliter. Instant thin layer chromatography (iTLC) was
performed using silica gel-impregnated glass microfiber chromatography
paper (Neta Scientific, Hainesport, NJ) and developed with 20 x 107% m
citric acid solution to confirm radiolabeling purity. Multiple radiolabeling
studies were carried out with different amounts of nanocarriers and 77 Lu,
as summarized in Table S1 (Supporting Information).

1771y Radiolabeling of PSMA-G17:  The radiolabeling of PSMA-617 with
7Lu and its purification was performed following previously reported
protocols.['”] PSMA-617 in water (25 ug per 25 uL) was added to 925
MBq of 777Lu in 250 uL 0.18 M ascorbic acid solution and the solution was
shaken at 95 °C for 40 min (Thermal mixture, Fisher Scientific). iTLC was
carried out using glass microfiber chromatography paper impregnated
with silica gel with 5 x 1073 m ethylenediaminetetraacetic acid (EDTA) (pH
5.5) to confirm radiolabeling purity. Purification was performed with a C-
18 light cartridge (Fisher Scientific) equilibrated with 5 mL of 70% EtOH
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followed by 10 mL of H,O. The reaction mixture was diluted with saline to
1 mL, loaded to the cartridge and washed with 5 mL saline to remove im-
purities and free 177 Lu. Followed by the washing, the cartridge was eluted
with 1 mL of 70% EtOH to collect pure V77 Lu]PSMA-617. [ Lu]PSMA-617
was blow-dried under vacuum to remove EtOH and the desired aliquot was
prepared in saline solution containing 0.2 mg mL~" ascorbic acid. The iso-
lated radiochemical yield after cartridge purification was 90%, with greater
than 95% purity and molar activity was 41.68 MBq nmol~".

In Vitro Cell Binding Assay: ~ The in vitro saturation binding assay, block-
ing assay, and membrane-bound and internalization assay were performed
as per our prior report.l?l The detail protocol included in the Supporting
Information. Saturation binding assay was conducted to estimate the equi-
librium dissociation constant (Ky) to evaluate and rank order strengths of
target binding affinity. By using a standard target binding agent as blocking
agent, the blocking assay was performed to confirm the specificity of the in-
vestigational radiopharmaceutical for PSMA. In contrast, the membrane-
bound and internalization assay helps in quantifying the fraction of the
radiopharmaceutical which remains bound to the surface or internalized.

In Vitro Colony Formation Assay: Both PSMA+ PC3-Pip and PSMA—
PC3-Flu cells were seeded in 6-well tissue culture plate at 200 cells per
well in triplicates. The cells were treated with different doses (0-10 MBq
mL~") of the PSMA targeted nanocarrier ['7 Lu]PEG-(DOTA) (ACUPA);.
After 96 h of drug treatment, the cells were washed with PBS twice and
fresh media was added and cells were incubated to let the colony grow.
Post 12 days of incubation, the media was removed and colonies were
fixed with 4% formaldehyde. The colonies were stained with 1% w/v crystal
violet (in 4% paraformaldehyde) for 15 min. Following this, colonies were
washed with PBS, and number of colonies were counted using Image J.

Inoculation of Mice with Dual Xenograft and Metastatic Tumors: The
in vivo animal studies were performed under a protocol (AN191219-
01ZL) approved by the UCSF Institutional Animal Care & Use Commit-
tee (IACUC). Using the same protocol from our prior report, homozygous
(nu/nu) athymic male mice of 4—5 weeks old (Jackson Laboratories or
Envigo-Harlan Laboratories, Livermore CA) were inoculated with PC3-Pip
(left flank, 1 million cells) and PC3-Flu (right flank, 1 million cells) dual
xenografts were generated.['?] The tumor size was approximately 100-200
mm? 1-2 weeks post-inoculation.

Metastatic models were obtained by injecting 1 million PC3-Pip cells by
intracardiac injection (in 100 pL PBS) into the left ventricle of the heart of
homozygous (nu/nu; strain#: 002019) athymic male mice of 6-8 weeks
old. Intracardiac injections were performed by the UCSF Preclinical Ther-
apeutic Core. In brief, mice were subjected to an echocardiographic exam
followed by an intraventricular injection of tumor cells. After anesthesia
induction with isoflurane (Isoflo, Zoetis. Parsippany, New Jersey, USA) at
4% in fresh oxygen, animals were placed in dorsal recumbency on the ex-
ploratory platform and isoflurane reduced to 2% for maintenance. The ul-
trasonographic gel was applied over the chest and an examination was
performed looking for the left ventricle on the left side of the thorax, over
the sternum. Once the targeted structure was located, the scanning probe
was fixed and the injection needle was firmly introduced into the left ven-
tricle through an intercostal space. The injection was confirmed when the
needle tip was seen inside the left ventricle under the papillary muscles.
After that, cells were slowly injected and visible as small hyperechoic dots
arising inside the anechoic ventricular chamber. Once the injection was
finished, the needle was gradually removed from the heart and the mouse
was placed in a warm cage for recovery. The tumor growth was monitored
by [(4Ga]PSMA-11 uPET/CT at multiple time points after the intraventric-
ular injection of tumor cells.

In Vivo uSPECT/CT Imaging and Biodistribution Studies: One week
post-inoculation, when tumors were approximately 100-200 mm?, the an-
imals were anesthetized using 2% isoflurane and the respective 7’ Lu radi-
olabeled StarPEG nanocarriers were administered via tail vein. An amount
of 38.48-43.29 MBq in 100 pL of saline per mouse was injected for uSPECT
(micro single-photon emission computed tomography) /CT imaging (two
groups of four mice), whereas around 9-10 MBq in 100 uL of saline per
mouse was injected for ex vivo biodistribution (two groups of six mice
each). The mice were scanned at 24, 72, 144, and 192 h post radiophar-
maceutical injection in a uSPECT/CT imaging system (VECTor4CT, MIL-
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abs, BV). Image reconstruction was performed using a vendor-provided
ordered subsets expectation maximization (OSEM) algorithm. CT-based
attenuation correction and energy-window-based scatter correction were
performed and the raw reconstructed pixel value to a physical unit of Bq
mL~1 was performed using a precalibrated conversion factor. The imag-
ing data was processed and viewed in an open-source AMIDE software
(http://amide.sourceforge.net/). The tumor-bearing mice injected with 9—
10 MBq of 77 Lu radiolabeled StarPEG nanocarriers were sacrificed at 72 h
(n=3) and 192 h (n = 3). Blood was collected through a cardiac puncture
and major organs (liver, kidney, spleen, heart, pancreas, lung, brain, femur,
muscle, testis, and subcutaneous tumor) were harvested. Blood and ma-
jor organs were weighed and analyzed in an automated gamma counter
(Hidex, Turku, Finland). The percent injected dose per gram of tissue (%
ID g~1) was determined by comparing standard radioactivity.

Tumor and Normal Tissue Radiation Dose Estimation: Spherical VOlIs
were drawn on coregistered CT images for tumors at all time points. All
VOIs were spheres (2 mm diameter) and placed well within the anatomical
boundaries to minimize spill-over or spill-in of radioactivity. The percent
of injected activity (%IA) for a normalized volume (0.5 mL) at each time
point was computed for curve-fitting to derive TIACs and the dose (mGy
MBq~") was calculated for a sphere model. The estimation of normal tis-
sue radiation dose was performed as per the prior report.[1319]

Autoradiography:  After analyzing the dissected organ samples in the
gamma counter (Hidex), the tumors were embedded in optimal cutting
temperature (OCT) compound and flash frozen on dry ice. Using a mi-
crotome, the frozen tumor tissues were sectioned at 20 um thickness and
mounted on iQID charged-particle digital autoradiography imaging sys-
tems (QScint Imaging Solutions, LLC, Tucson, AZ). The raw autoradiog-
raphy data were processed in Image) software.

Treatment Studies: For the treatment studies, each mouse’s body
weight and tumor measurements were performed until the mice reached a
humane endpoint including body condition score below 2, weight loss by
20%, or tumor volume of 2000 mm?3. The tumor measurements were car-
ried out twice a week and tumor volumes were calculated by the formula
V = [length x (width)?]/2.

Animals were randomized in groups of n = 10 and injections were per-
formed when the tumor reached 100 mm?3. The PC3-Pip xenograft-bearing
mice were injected with a single dose of vehicle, 4.6, 9.2, or 18.5 MBq of
['77Lu]PEG-(DOTA), (ACUPA);. In addition, a separate group received a
9.2 MBq dose of ['77Lu]PSMA-617. In the ['77 Lu]PSMA-617 and 18.5 MBq
['77Lu]PEG-(DOTA), (ACUPA); arms, one cage of n = 5 each developed
severe Corynebacterium Bovis infection and had to be euthanized. These
were excluded from further analysis.

For PC3-Pip metastatic models, the mice were either treated with a sin-
gle dose of vehicle or 9.2 MBq of ['”7 Lu]PEG-(DOTA); (ACUPA);. The body
weights for each mouse were measured until the mice reached a humane
endpoint including body condition score below 2, weight loss by 20%.
Mice were imaged with [*®Ga]PSMA-11 PET/CT at days —1, 18, and 35.
Surviving mice underwent biodistribution study following [(8Ga]PSMA-11
administration on days 35 and 50.

Chronic Toxicity Study: The nude mice bearing PC3-Pip subcuta-
neous tumors which were treated with different doses of ['77Lu]PEG-
(DOTA), (ACUPA); survived until 138 days post-treatment and were euth-
anized at that time point to analyze toxicity of the treatment. A complete
blood count and laboratory liver and kidney function tests were conducted
to study chronic toxicity. Blood was collected by cardiac puncture in EDTA-
coated tubes to study blood cell counts. Small fractions of blood were al-
lowed to sit at 4 °C for 30 min in vials and the clotted blood samples were
centrifuged (10 000 x g, 10 min, at 4 °C) to separate the serum. Blood
and serum samples were sent to the Comparative Pathology Laboratory,
UC Davis School of Veterinary Medicine for blood cell counts and organ
function tests.

Histology of the Tissue Sections: Following organ biodistribution, the
tissue sections of thickness 10 um were collected from OCT-embedded
frozen organ samples on glass slides. Routine histologic analysis was per-
formed to study microscopic features of the tumor samples. The tissue
sections were shocked in acetone at —20 °C for 20 min followed by in
methanol at 4 °C for 10 min. The tissue sections were then rehydrated
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with water and treated with hematoxylin (5 min), bluing reagent (10 s)
and eosin (30 s) followed by washing with water after each treatment. The
stained tissue was washed with ethanol (50%, 70%, and 95%) for 2 min
each, followed by xylene treatment for 5 min and the mounting medium
was applied.

Statistical Analysis: Al data are presented as mean + standard devia-
tion in plots. The data were subjected to Student’s t-test (unpaired, two-
tailed, equal variance) for statistical analysis. To compare the blood cells
and liver and kidney function tests between saline control and treated
groups, one-way ANOVA was used with Dunnett multiple comparisons
test. Differences at the 95% confidence level (p < 0.05) are considered to
be statistically significant.

Ethics Approval and Consent to Participate: All animal experiments
were carried out in accordance with University of California, San Francisco
Institutional Animal Care & Use Committee (IACUC) under protocol num-
ber AN191219-01ZL.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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