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Abstract

Prostate-specific membrane antigen (PSMA) continues to be an active biomarker for small-molecule
PSMA-targeted imaging and therapeutic agents for prostate cancer and various non-prostatic tumors
that are characterized by PSMA expression on their neovasculature. One of the challenges for
small-molecule PSMA inhibitors with respect to delivering therapeutic payloads is their rapid renal
clearance. In order to overcome this pharmacokinetic challenge, we outfitted a !'7’Lu-labeled
phosphoramidate-based PSMA inhibitor (CTT1298) with an albumin-binding motif (CTT1403) and
compared its in vivo performance with that of an analogous compound lacking the albumin-binding motif
(CTT1401). The radiolabeling of CTT1401 and CTT 1403 was achieved using click chemistry to connect
177Lu-DOTA-N; to the dibenzocyclooctyne (DBCO)-bearing CTT1298 inhibitor cores. A direct
comparison in vitro and in vivo performance was made for CTT1401 and CTT1403; the specificity and
efficacy by means of cellular uptake and internalization, biodistribution, and therapeutic efficacy were
determined for both compounds. While both compounds displayed excellent uptake and rapid
internalization in PSMA+ PC3-PIP cells, the albumin binding moiety in CTT1403 conferred clear
advantages to the PSMA-inhibitor scaffold including increased circulating half-life and prostate tumor
uptake that continued to increase up to 168 h post-injection. This increased tumor uptake translated
into superior therapeutic efficacy of CTT1403 in PSMA+ PC3-PIP human xenograft tumors.

Key words: PSMA, albumin, phosphoramidate, 77Lu, radiotherapy.

Introduction

Early efforts to target the enzyme-biomarker
Prostate-specific membrane antigen (PSMA) were
aimed at the development of PSMA-targeted imaging
[1-16] and therapeutic agents [17-20] for prostate
cancer. This was initially attributed to its high degree
of expression on prostate cancer cells, especially for
late-stage, androgen-independent, and metastatic
prostate tumors [21-23]. However, the endothelial

expression of PSMA on neovasculature of various
non-prostatic tumors such as kidney, bladder, lung,
breast, colorectal, pancreatic cancers, and melanoma
[9, 24, 25] has raised the prospect of its use in these
diseases.

Various chemical scaffolds have been developed
as inhibitors of PSMA’s enzymatic activity, some of
which have been pursued as PSMA targeting
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molecules for imaging and therapeutic agents. It is
well recognized that a significant advance in prostate
cancer therapy could be achieved if the simplicity and
affinity of these small-molecule PSMA inhibitors
could be harnessed in an effective platform to deliver
chemo- and/or radio-therapeutic payloads. Indeed,
promising therapeutic efficacy results have emerged
recently for two urea-based PSMA inhibitors (PSMA
Imaging and Therapy (I&T) and the commercially
available PSMA-617) bearing 1,4,7,10-tetraazacy-
clododecane-1,4,7,10-tetraacetic acid (DOTA) analogs
and complexed with Lu-177 (T12 = 6.7 d; 100% B-
emission) [26-30]. The advantage of employing DOTA
analogs in these compounds is that they can also be
complexed with Ga-68, thus transforming these
molecules into PSMA-targeted positron emission
tomography (PET) imaging agents.

One of the challenges for small-molecule PSMA
inhibitors with respect to delivering therapeutic
payloads is their rapid renal clearance. This is due to
their highly charged nature (poly-carboxylate), but
this charge is also necessary for their high affinity to
PSMA. In order to overcome this pharmacokinetic
challenge [31], we outfitted a 177Lu-labeled PSMA
inhibitor with an albumin-binding motif [32] and
compared its in vivo performance with that of an
analogous compound without this motif (Scheme 1).
This albumin-binding motif has been shown to reduce
receptor-mediated kidney uptake and increase tumor
uptake of a 7’Lu-labeled folate analog [33]. For the
remaining design elements of these compounds,
CIT1298 was selected as the PSMA-targeting
molecule due to its high-affinity and irreversible
binding to PSMA, and its extensive internalization by
PSMA-expressing tumor cells [14, 15]. As described
previously for this class of PSMA inhibitors [16],
radiolabeling using click chemistry was selected in
order to protect the targeting molecule from the
conditions needed for radiolabeling the DOTA
chelator. Elevated temperatures under extended
acidic  conditions lead to  hydrolysis  of
phosphoramidate P-N bond. Installing 77Lu into the
DOTA chelator separately spared the targeting
molecule from the relatively harsh radiolabeling
conditions. The click-ready dibenzocyclooctyne
(DBCO)-derivatized CTT1298 platforms (CTT1400,
which has no albumin binding motif, and CTT1402,
which does bind albumin) are versatile in that
therapeutic and diagnostic cargo can be conveniently
substituted. Here we present the synthesis of two
novel PSMA inhibitors (CTT1400 and CTT1402) and
preparation of the 77Lu-labeled agents (CTT1401 and
CTT1403) through  click  chemistry  with
177Lu-DOTA-azide. Cell uptake and internalization,
biodistribution and the initial therapeutic efficacy

studies in mouse models of these two 77Lu-labeled
PSMA-targeted inhibitors are described herein, with
the goal to choose the best agent to optimize the dose
and determine dosimetry and toxicity.

Materials and Methods

Experiments on laboratory mice were performed
in accordance with and approved by the University of
Pittsburgh Institutional Animal Care and Use
Committee (IACUC). Male, athymic nude mice (NCr
nude, 6-8 weeks) were purchased from Charles River
Laboratories (Wilmington, MA). Mice were housed in
groups of 3-4 in ventilated cages on hardwood chip
bedding in the same room. Food and water were
provided ad libitum. Mice were acclimated for at least
72 h prior to any procedures.

Synthesis of Radiolabeling Precursors
CTT1400 and CTT1402

The preparation of the radiolabeling precursors
CTT1400 and CTT1402 are fully detailed in the
Supplemental Material.

Radiolabeling

Synthesis of 7Lu-DOTA-azide: To a 05 M
NH4OAc buffer (0.16 mL, pH = 4.95) was added
DOTA-azide (10 pL, 53 nmol), gentisic acid (10 pL,
0.56 pumol) and 7LuCl; (up to 10 pL, 0.54 GBq). The
resulting mixture was heated at 95 °C for 1 h. For
quality control, a small aliquot (2.0 pL) of the mixture
was diluted with 0.5 M NH4OAc buffer (20 pL, pH =
4.95) before injection for high-pressure liquid
chromatography (HPLC) analysis (see Supplemental
Material, Table S6). High radiolabeling yield (>95%),
high radiolabeling purity (>95%) and specific activity
(up to 28 MBq/nmol) were observed. The mixture
was used in the next step without further purification.
The 177Lu-labeled PSMA-targeted constructs are
referred to as CTT1401 (derived from CTT1400) and
CTT1403 (derived from CTT1402).

Synthesis of CTT1401

A solution of CTT1400 (17 pL, 0.34 pumol) was
added to the freshly prepared 77Lu-DOTA-azide
mixture. The resulting mixture was heated at 37 °C for
1 h before HPLC separation (Table S7). CTT1401
fractions were collected in 200 pL portions. Fractions
with the highest radioactivity were consolidated and
concentrated using nitrogen gas flow at 41 °C. The
final solution was diluted with saline for injection. For
quality control, a small aliquot was analyzed by
HPLC. High conversion of 77Lu-DOTA-azide (>95%),
high radiolabeling yield (>95%), and high
radiolabeling purity (>95%) were observed.
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Scheme 1. Modular assembly of CTT1401 and CTT1403.
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Synthesis of CTT1403

CTT1403 was prepared similarly to CTT1401
using CTT1402 and 77Lu-DOTA-azide mixture. After
reaction, the separation and quality control was
achieved using HPLC (see Supplemental Material,
Table S8). A high conversion rate of
177Lu-DOTA-azide (>95%), high radiolabeling yield
(>95%), and high radiolabeling purity (>95%) was
observed. Specific activities ranged from 1-28
MBgq/nmol.

In Vitro Studies

The human prostate cancer cell lines PC3-WT
(PSMA negative) and PC3-PIP (PSMA positive) were
obtained through the American Type Culture
Collection and from Dr. Martin Pomper (John
Hopkins University), respectively. Cells were
propagated in standard growth media (RPMI-1640
supplemented with 10% Fetal Bovine Serum (FBS),
100  units/mL  Penicillin, and 100 pg/mL
Streptomycin) in a humidified incubator at 37 °C
under 5% CO,. Each cell line was passaged to around
70% confluence, with isolation performed using
trypsin (0.25%, 0.1% EDTA) for 12-18 min.

Cells were plated separately (4.0 x 10° cells/well)
in 12 well plates and incubated overnight, using 1 mL

of standard growth media per well. All cells were
washed with internalization buffer (50 mM HEPES,
100 mM NacCl, 1% FBS) and incubated for 30 min with
either 47 pg (208 nmol) 2-(phosphonomethyl)pentane-
1,5-dioic acid (2-PMPA) in internalization buffer
(blocking) or standard internalization buffer. Wells
were washed, followed by the addition of CTT1401 or
CTT1403 (30 kBq, 1.1 pmol), and incubated for 15, 30,
60, 120, or 240 min at 37 °C. To collect surface bound
fractions at each time point, samples were washed
with internalization buffer followed by 10 min
incubation with 20 mM sodium acetate in Hank’s
Balanced Salt Solution (HBSS, pH 4.0). The solution
was removed and saved, followed by a wash of 20
mM sodium acetate in HBSS without incubation, and
the pooling of the two solutions. The cells were then
lysed by rinsing each well with 0.5% sodium dodecyl
sulfate (SDS) in double distilled water (4aH20) x2. All
samples were counted using a Cobra II automated
gamma-counter. To determine percent initial dose per
milligram, protein concentration was measured in
duplicate with a Pierce BCA Protein Assay Kit
(Thermo Fisher, Waltham, MA) using Bovine Serum
Albumin (BSA) as a standard on the Synergy H4
Hybrid Reader (BioTek, Winooski, VT).

http://www.thno.org



Theranostics 2017, Vol. 7, Issue 7

1931

Stability Studies in Mouse Serum

Mouse blood was collected via cardiac puncture
of the left ventricle with a 25G needle. Blood was
placed into heparin-coated microfuge tubes (Sarstedt
Inc, Niimbrecht, DE) and allowed to sit at room
temperature for 1 hour. Tubes were then centrifuged
at 5000 rpm for 5 min to separate serum for stability
studies. CTT1403 (9.3 MBg; 0.10 mL) was incubated
with 0.50 mL mouse serum for 1, 4, 24 h at 37 °C. At
each time point, an aliquot was analyzed by
radio-HPLC to assess radiochemical stability.

Determination of Albumin-binding Properties

The albumin-binding properties of CTT1401 and
CTT1403 were determined using an ultrafiltration
assay as previously described [34]. Briefly, centri-free
ultrafiltration devices (Millipore, Billerica, MA) were
used to separate the free CTT1401 or CTT1403 from
the plasma protein-bound fraction. CTT1401 or
CTT1403 (25 pL; 0.5 MBq) was added to 250 pL each of
mouse and human serum (Sigma-Aldrich, St. Louis,
MO). The mixtures were incubated at 37 °C for 15
min. As a negative control, the same procedure was
performed using phosphate buffered saline instead of
serum. After incubation, 250 pL of aliquots of the
samples were loaded onto the ultrafiltration devices
and centrifuged at 2500 rpm for 40 min in 20 °C, and
100 pL of each filtrate were counted in a gamma
counter. The counts of the filtrate were calculated as a
fraction of the radioactivity in the corresponding
CTT1401 or CTT1403 solutions, which were set to
100%.

Biodistribution

Thirty NCr nude mice were injected with a 50:50
solution of saline and Matrigel (Corning, Corning,
NY) (tumor injection solution) containing 1 x 10°
PC3-PIP cells subcutaneously in the right shoulder.
Tumors were allowed to grow until approximately 0.8
cm across (longest axis of measurement at 21 days
post injection). Mice were injected via tail vein with
1.85 + 0.07 MBq of CTT1401 or CTT1403 at a specific
activity of 4 £ 3 MBq/nmol. Blocking was performed
by pre-treating mice with 2-PMPA (442 nmol) 30 min
prior to injection of CTT1401 or CTT1403. Animals
were euthanized and tissues harvested at1h,4h,4 h
(blocked), 24 h, 48 h and 72 h post-injection. Because
CTT1403 does not completely clear by 72 h like
CTT1401, data for later biodistribution time points at
120 and 168 h were also collected. Blood, kidney, liver,
lung, spleen, muscle, heart, bone, tumor, prostate,
small intestine, large intestine, stomach and lacrimal
glands were harvested. Tissue samples were counted
in a gamma counter for 3 min each. Post-weights were
taken to determine mass of tissue. Tissue weights and

counts per minute (CPM) of Lu-177 were used to
calculate biodistribution.

To assess specificity, 10 NCr male, nude mice
were injected with a tumor injection solution
containing 1 x 106 PC3-WT cells subcutaneously in the
right shoulder. Tumors were allowed to grow until
approximately 0.8 cm across (longest axis of
measurement at 34 days post injection). Mice were
injected with 1.85 + 0.07 MBq of CTT1401 or CTT1403
tracer via tail vein at a specific activity of 4 £ 1
MBgq/nmol. Animals were euthanized and tissues
harvested at 4 and 24 h post-injection. Blood, kidney,
liver, lung, spleen, muscle, heart, bone, tumor,
prostate, small intestine, large intestine, stomach and
lacrimal glands were harvested. Tissue samples were
counted in a gamma counter for 3 min each.
Post-harvest-weights were taken to determine mass of
tissue. Tissue weights and CPM were used to
calculate biodistribution.

In Vivo Targeted Radionuclide Therapy

NCr nude mice were injected with a tumor
injection solution containing 3 x 105> PC3-PIP cells
subcutaneously in the right shoulder 8 days before
start of the therapy using CTT1401 (11 mice) or 10
days before start of the therapy using CTT1403 (8
mice). Average tumor volume at the start of treatment
was 10-20 mm3. Each mouse was injected with 29 +
0.37 MBq of CTT1401 or CTT1403 via tail vein at a
specific activity of 10 and 12 MBq/nmol, respectively.
Control mice (7 in the CTT1401 experiment and 10 in
the CTT1403 experiment) were injected with saline via
tail vein. Body weights and tumor volumes were
measured before injection at day 8 or 10 followed by
measurements three times per week. The tumor
volume (V) was determined according to the equation
[V=(m+6)xLxW x H], where L is the longest axis
and W is the perpendicular axis to L, and H is the
perpendicular axis to L and W plane. Endpoint
criteria were defined as when the longest axis of
measurement of tumor exceeded 1.5 cm or there was
active ulceration of the tumor. Survival curves were
determined by the Kaplan-Meier method using the
tumor implant day as day 0. Mouse weights were
recorded throughout the survival period.

Statistics

Statistical analysis was performed using Prism 7
software (GraphPad, San Diego, CA). Biodistribution
was assessed using unpaired two tailed t test. P values
of less than or equal to 0.05 were considered
significant. Survival analysis was performed with
Kaplan-Meier curves and the Log-Rank Test.
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Results

Synthesis and Radiochemistry

The preparation of the precursors CTT1400 and
CTT1402 is fully detailed in the Supplemental
Material (Schemes S1 & S2, Figures S1-S6, Tables
S1-S8). Radiolabeling of the precursors was
accomplished by first reacting 7’Lu-acetate with
DOTA-N; followed by a click-chemistry step to
assemble the intact CTT1401 and CTT1403 (Scheme
1). 77LuClz and DOTA-N3 were incubated in an
ammonium acetate buffer (pH = 4.95) with gentisic
acid at 95°C for 1 h. The DOTA-N3 incorporated the
177Lu-acetate readily with a radiochemical yield of
>95% as determined by radio-HPLC with a specific
activity up to 28 MBq/nmol. Subsequently, the
copper-free click reaction was initiated by adding
DBCO-bearing CTT1400 or CTT1402 into the
177Lu-DOTA-N; mixture at 37 °C for 1 h. The higher
concentration of CTT1400/1402 was essential to
maximize the yield of the reaction in a timely manner
at low temperature. The yields of CTT1401 and
CTT1403 were found to be >95% as determined by
radio-HPLC. The specific activities ranged from 6-7
MBgq/nmol for CTT1401 and 1-3 MBq/nmol for
CTT1403 in biodistribution studies and 10 MBq/nmol
for CTT1401 and 12 MBq/nmol for CTT1403 in
therapeutic efficacy studies. Serum stability in vitro
showed that CTT1403 was >96% intact out to 24 h
(Figure S7A, B). CTT1401 showed no binding to
either mouse or human albumin, while CTT1403
bound ~90% to both species of albumin (Figure S7C).
The binding of CTT1403 to mouse and human
albumin are consistent with folate agents having the
same albumin-binding moiety [33, 34].

Cellular Uptake and Internalization
CTT1401 and CTT1403 were rapidly

incorporated in PC3-PIP cells within 15 min (25.6 + 1.2
% injected dose (ID)/mg and 29.3 * 1.2 %ID/mg,
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respectively) and steadily increased over 4 h,
achieving 72.3 £ 0.9 %ID/mg and 86.0 £ 0.5 %ID/mg
total uptake, respectively (Figure 1). Nearly 90% of
the CTT1401 or CTT1403 bound to PC3-PIP cells was
internalized within 2 h, and by 4 h 96.8 + 0.3% and
99.2 £ 0.1% was internalized, respectively (Table S9).
This followed trends observed previously with
CTT1057 [15]. Blocking the PSMA active site with an
excess of the competitive inhibitor 2-PMPA prior to
the introduction of either agent prevented the binding
of CTT1401 or CTT1403 (< 2 %ID/mg protein uptake
at all time points). Non-specific uptake in PC3-WT
cells was low (<1 %ID/mg protein) for both agents. It
is interesting to note that due to the reversible nature
of the 2-PMPA inhibitor and the irreversible mode of
inhibition of the CTT1298 core in both CTT1401 and
CTT1403, 2-PMPA could be competed out by
CTT1401 and CTT1403 over 2 h despite concentrations
that were ~10,000-fold greater than CTT1401 or
CTT1403 (data not shown).

Biodistribution

The results of the biodistribution of CTT1401 and
CTT1403 in PC3-PIP tumor-bearing mice are shown in
Figures 2 and 3 and summarized in Tables S10 and
S11 (Supplementary Materials). Notable uptake of
both CTT1401 and CTT1403 was observed for
kidneys, lung, prostate, gastrointestinal tract, lacrimal
glands, and PC3-PIP tumors. Without the
albumin-binding scaffold, CTT1401 was rapidly
cleared from blood (0.25 %ID/g at 1 h and <0.01
%ID/g in all later time points). CTT1401 uptake in
PC3-PIP tumors peaked at 4 h and then decreased
over 72 h (3.0 %ID/g at 4 h; 1.0 %ID/g at 72 h). In
sharp contrast, CTT1403 exhibited prolonged blood
circulation with gradual clearance (25 %ID/g at 1 h
decreasing to 2.5 %ID/g at 72 hand 0.54% ID/g at 168
h). This pattern was observed in most organs other
than kidney and the PC3-PIP tumors. Tumor uptake
continued to increase over time (17 %ID/g at 4 h),
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Figure 1. Uptake of CTT1401 (A) and CTT1403 (B) in PC3-PIP and PC3-WT cells.
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reaching a maximum of 46 %ID/g at 72 h post %ID/g for CTT1401, p = 0.0012; 17.4 %ID/g vs 9.3
injection. The tumor wuptake of CTT1403 was  %ID/g for CTT1403, p = 0.041). Because 2-PMPA
substantially higher than CTT1401 at all time points (p ~ reversibly inhibits PSMA, it was not expected to
=0.0015 at 4 h and p < 0.001 at all other time points), = completely block all specific PSMA dependent uptake
and persisted out to 7 d post-injection, with >24 by CTT1401 and CTT1403. Low to negligible uptake of
%ID/ g in the tumor. Uptake of CTT1401 and CTT1403  both agents was observed in the PC3-WT tumors at 24
were both PSMA-mediated, as a 30 min pre-injection  h post-injection (Figure S8; Tables S10 and S12) (2.11
of the US. Food and Drug Administration (FDA)  %ID/g vs 0.01 %ID/g for CTT1401, 37.7 %ID/g vs 4.5
approved reversible inhibitor 2-PMPA significantly =~ %ID/g for CTT1403).

decreased uptake of tracers in the kidneys and

PC3-PIP tumors (Figure 2B, D; 3.0 %ID/g vs 1.1
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Figure 2. Biodistribution of 177Lu-labeled CTT1401 (A, B) and CTTI1403 (C, D) in PC3-PIP tumor-bearing mice. Pre-injection of 2-PMPA 30 min prior to the
177Lu-labeled agents showed significant decreases in tumor and kidney. Data are presented as % injected dose per gram of tissue (n=5 per group, except n=10 for
CTT1403 72 h group; mean +/- sd).
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Figure 3. Biodistribution of 177Lu-labeled CTT1401 (A) and CTT1403 (B) in in key PSMA+ (tumor, kidneys) and non-target tissues (blood, muscle) at 1, 4, 24, 28 and
72 h showing uptake and clearance. Data are presented as % injected dose per gram of tissue (n=5 per group, except n=10 for CTT1403 72 h group; mean +/- sd).
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CTT1401 showed impressive tumor:non-tumor
ratios, with tumor:blood peaking at 4 h (300 + 84) and
tumor:muscle reaching 211 + 52 at 24 h post-injection
(Figure 4A, E). Tumor:kidney ratios were 0.2-0.4 or
lower at all time points (Figure 4C). In contrast, due to
the slower blood clearance attributable to the albumin
binding motif, the tumor:blood and tumor:muscle for
CTT1403 is on the rise even at 168 h post-injection
(Figure 4B, F). Tumor:kidney ratios are consistently
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between 0.7-1 after 4 h (Figure 4D). For both CTT1401
and CTT1403, the tumor:blood ratios were
significantly lower upon blocking with 2-PMPA and
in the PC3-WT tumor (Figure 4G, H). Together, the
biodistribution and tumor:non-tumor ratio data
showing slower clearing of CTT1403 and high
retention in PC3-PIP tumors, underscore its
attractiveness for PSMA-targeted therapy.
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Figure 4. Tumor:non-tumor ratios for CTT1401 (panels A, C, E, G) and CTT1403 (panels B, D, F, H) in PC3-PIP tumor-bearing mice. (n=5 per group, except

n=10 for CTT1403 72 h group; mean +/- sd).
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Therapeutic Efficacy

Animals were injected with a single dose of 29
MBq CTT1401/CTT1403, or saline (control group)
approximately 7-10 days post-implantation of the
tumor xenografts. After 14 weeks post tumor implant,
only one mouse out of eight that received CTT1403
treatment had met the endpoint criteria for tumor
growth (1.5 cm on the longest axis and/or tumor
ulceration). In sharp contrast, all mice in the control
and CTT1401 treatment groups reached their end
point criteria within 8 weeks after receiving tumor
implant. Minimal tumor growth inhibition was found
in the CTT1401 treatment group, which had a median
survival time of 47 days compared to 42 days for the
control group (p = 0.45). Survival rates of CTT1403
group were statistically greater than the other groups
(p < 0.0001, Figure 5), with median survival time of
the CTT1403 mice not yet reached at 120 days. It is
important to note that in all groups of mice, their
weights remained constant or increased during the
survival period (Figure S9) and there were no overt
signs of toxicity (scruffy coat, diarrhea, lethargy). We
therefore believe that a single dose of 29 MBq is below
the maximum tolerated dose (MTD) in
immune-compromised nude mice. Studies to
determine the MTD are planned.

Discussion

PSMA-targeted Lu-177 radionuclide therapy has
shown great promise, most recently in human clinical
trials. The antibody J591 chelated with Lu-177 has
been tested with moderate success, but shortcomings
included an excessive circulation time that limited the
therapeutic dose that could be delivered. It was found
that myelosuppression was dose limiting for both
single and repeat dosing of 77Lu-J591. In terms of
circulation time, whole-body retention of 77Lu-J591
was ~70% 6 d after injection, and the half-life for
clearance from the blood was approximately 44 h,
with myelosuppression being dose limiting [2, 35]. In
addition, liver uptake was considerable [36]. In
contrast, clinical responses between 31-68% have been
observed in initial trials with the reversible
small-molecule 77Lu-PSMA-617 with relatively low
incidence of hematologic toxicity [29, 37, 38].
Although the early human data are promising, short
circulation time is a disadvantage for these
small-molecule radiotherapies, particularly with
respect to the 6.7-day half-life of Lu-177. As a means
to improve current radionuclide therapy approaches,
we investigated the impact of small-molecule
residence time by constructing and comparing two
variations of the irreversible PSMA targeting
small-molecule: CTT1401 and an analog, CTT1403,

that includes an albumin binding moiety to improve
circulation time. By extending circulation half-life of
the targeted radiotherapeutic, the goal is to increase
tumor:non-target ratios for PSMA expressing normal
organs, such as kidneys, lacrimal glands, and salivary
glands. This would likely then decrease the amount of
177Lu-labeled PSMA agent required for efficacy and
decrease toxicity to normal tissues. There is
precedence for this with the 177Lu-cm(9, which
showed decreased folate receptor-mediated kidney
uptake and lower kidney dose compared to the same
compound minus an albumin binding domain [39].
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Figure 5. Therapeutic efficacy of CTT1401 and CTT1403. (A) Comparison of
the therapeutic efficacy in the mice groups treated with a single dose of
CTT1401 or CTT1403 in comparison to the control group (untreated). (B)
Average tumor growth for mice treated with a single dose of CTT1401 or
CTT1403 in comparison to the control group (untreated). (C) Survival data for
mice treated with a single dose of CTT1401 or CTT1403 in comparison to the
control group (untreated).
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Irreversible inhibitors offer persistent target
binding after the drug has been cleared. This
translates to a longer lasting duration of drug action at
the target site over the reversible inhibitors [40]. This
feature is particularly desirable for targeted
radiotherapy using longer half-lived radionuclides,
allowing the radioactivity to remain in the target,
maximizing the therapeutic effect while minimizing
off-target side effects. The more efficient dose
utilization may facilitate the reduction of dose or
dosing frequency.

The design of the CTT1401 and CTT1403
structures are based on the successful PSMA-targeting
molecule CTT1298, which is a known irreversible
inhibitor of PSMA [14, 15]. This class of
phosphoramidate inhibitors has been shown to not
only exhibit high affinity for PSMA, but to rapidly
and selectively penetrate PSMA positive cells through
the internalization of the PSMA enzyme-inhibitor
complex [41-43]. Like the urea-based reversible PSMA
inhibitors, these phosphoramidate-based PSMA
inhibitor scaffolds are capable of delivering a diverse
array of payloads ranging from imaging
radionuclides to small fluorescent dyes to complexes
with streptavidin or therapeutic enzymes [14-16,
41-53]. Most recently, CTT1298 was used to prepare
the PSMA-targeted PET imaging agent CTT1057 by
conjugating it with ['8F]-4-fluorobenzoate (SFB) [14,
15]; CTT1057 recently entered a Phase I PET imaging
clinical trial and would be the candidate for a
companion diagnostic for CTT1403, should CTT1403
proceed to human studies.

The objective of this study was to determine the
effect of the albumin-binding motif on the
biodistribution, and ultimately the therapeutic
efficacy, of CTT1298-based radionuclide therapy
agents. The radiolabeling precursor CTT1402 required
the installation of the albumin-binding motif, which
was combined with the DBCO-PEG4;-NHS prior to
coupling to CTT1298. In both cases, the click-ready
DBCO group afforded a radiolabeling precursor that
could be conveniently combined with the
177Lu-complexed DOTA-N3 through copper-free click
chemistry to form the intact PSMA-targeted
radiotherapeutic agents. The two-step approach to
preparing CTT1401 and CTT1403 was needed because
of the sensitivity of the phosphoramidate P-N bond at
the center of the PSMA-binding moiety to low pH,
especially at elevated temperatures. An additional
advantage to this process is the flexibility to installing
alternative payloads onto CTT1400/1402 platform.
For the studies presented here, an HPLC purification
step was included to purify CTT1401 and CTT1403
from unreacted CTT1400 and CTT1402, for a total
preparation time of about 2 h. We are currently

optimizing the purification of CTT1403 from
unreacted CTT1402 using a solid-phase resin, which
will eliminate the HPLC purification step as well as
shorten the production time. The two-step
radiolabeling process was performed in one pot in
order to maximize radiochemical yield and minimize
radiolysis. The formation of 77Lu-DOTA complexes
requires a specific environment of pH 4.0-4.5 [54].
Fortunately, the use of the subsequent strain-
promoted [3+2] cycloaddition (i.e., click chemistry
reaction) with the radiolabeling precursors is versatile
through a wide pH range with high chemoselectivity,
eliminating the need to isolate the 77Lu-DOTA
intermediate to accommodate the second reaction.
Finally, the desired PSMA-targeted radiotherapeutic
agent was isolated from the reaction mixture using
HPLC and stabilized with a cocktail of gentisic acid,
sodium ascorbate and ethanol [55-57].

The blood circulation time of CTT1403 was
significantly extended from CTT1401 after installation
of 4-(p-iodophenyl)butyric acid, a small molecule that
binds to both mouse and human serum albumin with
a dissociation constant of 3.6 and 3.2 pM, respectively
[32]. Previously, this structure was successfully
conjugated to either antibody fragments [58] or small
molecule (177Lu-cm09) [33], leading to extended serum
half-life and increased tumor uptake. To our
knowledge, this is the first example of adding an
albumin-binding entity to a PSMA-targeted
radiotherapeutic agent. More recently, Chen et al.
showed that truncated Evans Blue dyes prolong
circulation and increase tumor uptake in
avp3-expressing tumors [59]. The use of the
4-(p-iodophenyl)butyric acid based albumin-binding
motif, united with the irreversible phosphoramidate
based PSMA binding core on CTT1403, resulted in
retention of tumor uptake for at least 7 days, which is
unusual for PSMA-targeted small-molecule agents.
Indeed, this behavior is markedly different from that
of CTT1401, which exhibited a similarly rapid
clearance profile to that of other small-molecule
PSMA inhibitors. The slow and steady clearance of
CTT1403 was attributed to the known binding of the
4-(p-iodophenyl)butyryl group to albumin resulting
in extended exposure of CTT1403 to PSMA on target
cells. Additionally, the tumor:kidney ratio of CTT1403
is 0.7-1, whereas previously published data for
177Lu-PSMA 1&T show kidney uptake of >100%ID/g
and tumor:kidney ratios between 0.1-0.3 [60], similar
to CTT1401.

While it is known that drug uptake in tumors
through the enhanced permeation and retention
(EPR) effect can be improved by albumin binding [61,
62], outfitting small-molecule PSMA inhibitors with
specific albumin binding motifs has not been reported
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previously. In addition, there is a paucity of reports
on in vitro tracer uptake data for small-molecule
PSMA-targeted radiotherapeutic agents in the
literature for comparison, specifically using the
PC3-PIP cell line. Kiess ef al., using an alpha-emitting
211At-labeled urea-based PSMA-inhibitor scaffold,
demonstrated PIP-PC3 uptake averaging ~28% input
dose [63]. The CTT1403 scaffold achieved 85.4 + 0.50
% input dose under the same timeframe with this cell
line (Figure 1), while maintaining a similar blocked
and non-specific uptake profile. For both CTT1401
and CTT1403, the ratio of internalized to total uptake
was 96.8 £ 0.34 and 99.2 £+ 0.17, respectively (Table
S9). Interestingly, similar data are not reported for the
At-211 agent, where internalization of this alpha
emitter would be of great relevance.

The PSMA-mediated PC3-PIP tumor uptake for
CTT1403 in vivo, which peaks at ~46%ID/g at 72 h, is
uncharacteristically high for radiolabeled PSMA
inhibitors. Although kidney uptake is prominent for
both compounds, the tumor-to-kidney ratios for
CTT1403 are 2-4 fold higher than CTT1401 at all time
points. This is consistent with literature data showing
that addition of albumin-binding entity comes with
the benefit of enhanced tumor:kidney ratio [33, 39,
64]. The biodistribution of CTT1403 showed a
tumor:kidney ratio of ~1 at time points longer than 4
h. For comparison, for the 2''At-labeled urea-based
agent, the kidney uptake was 3-4 fold greater than
that of the tumor, and long-term toxicity studies
confirmed that the high kidney uptake was
dose-limiting [63]. For PSMA-targeted therapy,
co-administration of 2-PMPA is a documented
strategy to improve the tumor:kidney ratio [60, 65]
and may effectively complement the addition of the
albumin-binding moiety as shown in our blocking
study. Chatalic et al. compared therapy with 100 MBq
of 77Lu-PSMA 1&T (29 MBq CTT1403 was used in this
study) with and  without 2-PMPA in
PSMA-transfected LS174T colorectal tumor-bearing
mice. Median survival was 19 d and 29 d for
177Lu-PSMA 1&T with and without 2-PMPA,
respectively (compared to 13 d for controls),
indicating that the decrease in tumor uptake due to
2-PMPA led to decreased efficacy, although the
tumor:kidney ratio increased by a factor of ~2. It
should be noted that unlike human kidney, rodent
kidney demonstrates substantial levels of PSMA
expression and kidney clearance kinetics is somewhat
obscured by this specific PSMA uptake [23, 66-69].

The slow clearance of CTT1403 is well matched
to the longer half-life of Lu-177 for therapeutic
purposes, and the enhanced tumor uptake observed
in the biodistribution studies for CTT1403 translated
into superior therapeutic efficacy (Figure 5). Despite a

slight increase in tumor volume in the first two weeks,
a single dose of CTT1403 generally suppressed tumor
growth for over 14 weeks. After 100 days (ten
half-lives of 177Lu), only one mouse in the CTT1403
treatment group met the endpoint criteria, while one
mouse had a tumor exhibiting signs of growth. In fact,
all tumors in this treatment group were less than 25
mm? in volume at 56 days post-tumor implant, while
all mice in the control group or the CTT1401 treatment
group had met the endpoint criteria. While CTT1401
exhibited typical biodistribution and clearance
kinetics for PSMA-targeted small-molecules, no
significant tumor growth inhibition was observed in
the CTT1401 treatment group.

For a single dose of 740 kBq of a 21At-labeled
PSMA-targeted agent in the PC3-PIP mouse model,
the median time to reach 10-fold tumor volume for
animals treated with the radiotherapy was 35 days,
which was significantly longer than the 19 days of the
untreated group [63]. Although 80% of the PC3-PIP
tumor-bearing mice were sacrificed by day 45, 20%
survived over 200 days. One dose of 29 MBq CTT1403
imparted survival of 90% of mice beyond 120 days,
compared with a median survival of 42 days for saline
controls. Although CTT1403 was not directly
compared to the 2At-labeled agent, the
biodistribution of CTT1403 suggests an advantage for
the irreversible PSMA inhibitor in combination with
an albumin-binding motif.

Conclusions

With  the objective of identifying a
PSMA-targeted  radiotherapeutic candidate to
advance to manufacturing and IND-enabling studies,
we compared two phosphoramidate-based scaffolds,
which differed with respect to possessing an
albumin-binding motif. The albumin binding moiety
in CTT1403 confers clear advantages to the
PSMA-inhibitor ~ scaffold including increased
circulating half-life and prostate tumor uptake that
continued to increase up to 48-72 h post injection. This
increased tumor uptake translated into superior
therapeutic efficacy of CTT1403 in PSMA+ human
xenograft tumor models as demonstrated by
significantly increased tumor doubling times, 90-95%
reduction in tumor volume within the first 3 weeks of
tumor growth, and a median survival time that
exceeded 120 days. CTT1403 also demonstrated
improved clearance kinetics as compared to CTT1401
and other small-molecule PSMA ligands. The
preparation of the radiolabeling precursor, CTT1402,
involves more synthetic steps than CTT1400;
however, the markedly superior therapeutic
performance of CTT1403 outweighs the additional
complexity to produce the molecule. CTT1403 will
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shortly undergo IND-enabling pharmacology studies
to assess dose, regimen, estimated human dosimetry,
and safety studies.

Supplementary Material

Experimental procedures and characterization data
for CTT1400 and CTT1402, Supplementary figures
and tables. http://www.thno.org/v07p1928s1.pdf
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