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The use of an albumin binder has been shown to improve tumor
uptake of prostate-specific membrane antigen (PSMA)-targeting
radiotherapeutic agents. The aim of this study was to develop im-
proved radiotherapeutic agents that combine an optimized affinity-
modifying group and optimized albumin binders to maximize the
tumor-to-kidney absorbed dose ratio. Methods: %8Ga-labeled
DOTA-conjugated lysine-ureido-glutamate-based PSMA-targeting
agents bearing various affinity-modifying groups or albumin binders
were synthesized and evaluated by PET/CT imaging and biodistri-
bution studies in LNCaP tumor-bearing mice. The optimized affin-
ity-modifying group and albumin binders were combined, and the
resulting derivatives were radiolabeled with '77Lu and evaluated by
SPECT/CT imaging and biodistribution studies in LNCaP tumor—
bearing mice. Radiation dosimetry was calculated using the
OLINDA/EXM software. Results: Affinity-modifying group optimiza-
tion revealed that $8Ga-HTK03041 bearing a tranexamic acid-9-
anthrylalanine affinity-modifying group had the highest tumor uptake
(23.1 £ 6.11 percentage injected dose [%ID]/g at 1 h after injection).
Albumin binder optimization showed that 68Ga-HTK03055 and
68Ga-HTK03086 bearing the N-(4-(p-chlorophenyl)butanoyl)-Gly
and N-(4-(p-methoxyphenyl)butanoyl)-Gly motifs, respectively, had
relatively faster tumor accumulation (~30 %ID/g at 3 h after injec-
tion) and lower average kidney uptake (<55 %ID/g at both 1 and 3 h
after injection). Combining the tranexamic acid-9-anthrylalanine af-
finity-modifying group with N-(4-(p-chlorophenyl)butanoyl)-Gly and
N-(4-(p-methoxyphenyl)butanoyl)-Gly albumin-binding motifs gen-
erated HTK03121 and HTKO03123, respectively. 77Lu-HTK03121
and 77Lu-HTK03123 had extremely high peak uptake (104 + 20.3
and 70.8 + 23.7 %ID/g, respectively) in LNCaP tumor xenografts,
and this peak was sustained up to 120 h after injection. Dosimetry
calculation showed that compared with 77Lu-PSMA-617, 177Lu-
HTKO03121 and '77Lu-HTK03123 delivered 18.7- and 12.7-fold
higher absorbed dose to tumor but only 6.4- and 6.3-fold higher
absorbed dose to kidneys, leading to 2.9- and 2.0-fold improvement
in the tumor-to-kidney absorbed dose ratios. Conclusion: With
greatly enhanced tumor uptake and tumor-to-kidney absorbed dose
ratio, 177Lu-HTK03121 and 77Lu-HTK03123 have the potential to
improve treatment efficacy using significantly lower quantities of
177y and are promising candidates for clinical translation to treat
metastatic castration-resistant prostate cancer.
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Radioligands targeting the prostate-specific membrane anti-
gen (PSMA), a transmembrane enzyme that catalyzes the hydro-
lysis of N-acetyl-aspartylglutamate, have been actively developed
in the past few years to treat metastatic castration-resistant pros-
tate cancer (/,2). Leading the field is !7’Lu-PSMA-617, currently
under investigation in a phase III clinical trial (3). A recent Ger-
man retrospective multicenter study (4) showed that most patients
(60%, 59/99) had a prostate-specific antigen response after 77Lu-
PSMA-617 therapy, and 45% had more than a 50% prostate-specific
antigen reduction. An Australian prospective study conducted by
Hofman et al. showed comparable response rates, with significant
symptomatic improvement in patients with advanced metastatic
prostate cancer (5). Despite these successes, many patients have
an insufficient response to radioligand therapy and experience
disease progression during or after treatment.

One strategy to enhance treatment efficacy is to improve
radioligand delivery to maximize the radiation dose to tumor cells.
This has been achieved by conjugating an albumin-binding motif
to PSMA-targeting radioligands to extend the blood residence
time and maximize tumor uptake (6—/2). Despite enhanced
tumor uptake, greatly increased kidney uptake was also commonly
observed, leading to a reduced tumor-to-kidney absorbed dose
ratio. Previously, we reported an 8.3-fold increase in tumor-absorbed
dose after conjugating an N-(4-(p-iodophenyl)butanoyl)-Glu al-
bumin-binding motif to the pharmacophore of '7’Lu-PSMA-617.
However, the resulting !77Lu-HTKO01169 (Fig. 1) also delivered a
17.1-fold higher absorbed dose to kidneys, leading to an approx-
imately 50% reduction in the tumor-to-kidney absorbed dose
ratio (8).

The improvement in tumor-to-kidney absorbed dose ratio for
albumin-binder—conjugated PSMA-targeting radiotherapeutic agents
can be achieved by increasing tumor uptake or decreasing kidney
uptake. The lipophilic affinity-modifying group of PSMA-617
(tranexamic acid-2-naphthylalanine) was selected after evaluating
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OCH3;, NO,, and NH,. On the basis of the
tumor or kidney uptake of their %Ga-labeled
analogs, we selected an optimized lipophilic
affinity-modifying group and 2 albumin-
binding motifs to generate our top 2 candidates,
HTKO03121 and HTK03123. Subsequently,
we evaluated both 177Lu-labeled HTK03121
and HTKO03123 by SPECT/CT imaging and
o] biodistribution studies in mice bearing
PSMA-expressing LNCaP tumor xenografts,
and we evaluated their tumor-to-kidney
absorbed dose ratios by radiation dosimetry
calculation.

MATERIALS AND METHODS

FIGURE 1.
uptake and tumor-to-kidney absorbed dose ratio.

18 candidates (/3). Our recent attempt to replace the 2-naphthy-
lalanine in PSMA-617 did not result in higher tumor uptake (/4).
However, further optimization might lead to novel derivatives with
higher tumor uptake.

Umbricht et al. reported that the use of a weaker albumin binder
with faster blood clearance and lower background uptake (including
kidneys) achieved comparable tumor uptake, leading to improve-
ment in tumor-to-background (including kidneys) absorbed dose
ratios (/0). These data suggest that optimization of the albumin-
binding motif could be an effective strategy to reduce kidney-
absorbed dose without sacrificing the tumor-absorbed dose.

We aimed to improve the tumor-to-kidney absorbed dose ratio
of 77Lu-HTKO01169 by optimizing both the lipophilic affinity-
modifying group and the albumin-binding motif (Fig. 1). To opti-
mize the lipophilic affinity-modifying group (Fig. 2), we replaced
the 2-naphthylalanine in PSMA-617 with 2-aminooctanoic acid
(HTKO03026), 2-anthrylalanine (HTKO03027), 1-pyrenylalanine
(HTKO03029), or 9-anthrylalanine (HTK03041). To optimize the al-
bumin binder, we replaced the N-(4-(p-iodophenyl)butanoyl)-Glu al-
bumin-binding motif in HTK01169 with a p-substituted N-(4-(phenyl)
butanoyl)-Gly, and we varied the substituents from I, Br, Cl, F, CH3,
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FIGURE 2. Chemical structures of PSMA-617 and derivatives with
2-naphthylalanine in PSMA-617 substituted with 2-aminooctanoic acid
(HTK03026), 2-anthrylalanine (HTK03027), 1-pyrenylalanine (HTK03029),
or 9-anthrylalanine (HTK03041).
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Strategies for structural optimization of Lu-HTK01169 to further improve tumor

Detailed procedures and results for the
synthesis and purification of DOTA-conju-
gated peptidomimetics, their nonradioactive
Ga- and Lu-complexed standards, and °Ga- and '7’Lu-labeled analogs
are provided in the supplemental materials (available at http:/jnm.
snmjournals.org) (13,15-25).

All chemicals and solvents were obtained from commercial sources
and used without further purification. PSMA-targeting peptides were
synthesized using the solid-phase approach on an AAPPTec Endeavor
90 peptide synthesizer. Purification and quality control of nonradio-
active and radiolabeled peptides were performed on Agilent high-
performance liquid chromatography (HPLC) systems equipped with a
model 1200 quaternary pump, a model 1200 ultraviolet absorbance
detector (set at 220 nm), and a Bioscan Nal scintillation detector. The
operation of Agilent HPLC systems was controlled using the
Agilent ChemStation software. The HPLC columns included a
semipreparative column (Luna C18, 5 wm, 250 X 10 mm) and an
analytic column (Luna C18, 5 pm, 250 X 4.6 mm) purchased from
Phenomenex. The collected HPLC eluates containing the desired pep-
tide were lyophilized using a Labconco FreeZone 4.5 Plus freeze-drier.
Mass analyses were performed using an AB Sciex 4000 QTRAP mass
spectrometer system with an electrospray ion source. C18 Sep-Pak car-
tridges (1 cm3, 50 mg) were obtained from Waters. °*Ga was eluted
from an iThemba Labs generator and purified according to previously
published procedures using a N,N,N’,N’-tetra-n-octyldiglycolamide col-
umn from Eichrom Technologies LLC (15). 77LuCl; solution was
ordered from ITG Isotope Technologies Garching Gmbh. The radioac-
tivity of %8Ga- and '"Lu-labeled peptides was measured using a Cap-
intec CRC-25R/W dose calibrator, and the radioactivity of mouse
tissues collected from biodistribution studies were counted using a Per-
kin Elmer Wizard? 2480 automatic y-counter.

Radiation Dosimetry Calculation

Internal dosimetry was estimated using the OLINDA software,
version 2.0 (20). These estimates were performed for mice using the
25-g mouse whole-body phantom (27), for humans using the nonuni-
form rational-basis spline model for the adult male (22), and for
tumors using the previously reported unit density sphere model (23).
All the phantoms and the sphere model are available in OLINDA and
require input of the total number of decays normalized by injected
activity in units of MBq X h/MBq for each source organ or tumor.

The biodistribution data (available in Supplemental Tables 1 and 2)
were used to determine the kinetic input values required by OLINDA.
First, each value was decayed to its corresponding time point (the
values in the table are shown at injection time). Then, the different
time-points of the uptake data (percentage injected dose [%ID]/g) for
each organ were fitted to both monoexponential (@ = ge”?") and
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biexponential (22 = ge =" + ce™ ") functions using in-house software
developed in Python. The selection of best fit was based on maximizing
the coefficient of determination (R?) of the fit and minimizing the re-
siduals. The areas under the curves were analytically calculated on the
basis of the parameters obtained from the best fit of each organ, and this
calculation provided the kinetic input values required by OLINDA.

In the mouse case, the adrenals, blood, fat, muscle, and seminal
vesicles are not modeled in the phantom. These organs were grouped
and included in what OLINDA calls the remainder of the body.

The mouse biodistribution data were extrapolated to humans using
a method proposed by Kirschner et al (24)::

%1D %1D M mouse
= YRS (m""gan)human ’
Morgan / human Morgan / mouse Mhuman

where morgan i the mass of the organ and M represents the total-body
mass. Masses for the organs and total body weight were taken from
the simulated masses of the phantoms in OLINDA. Because the bio-
distribution data do not differentiate between left colon, right colon,
and rectum, which are present in the OLINDA human phantom, it was
assumed that in the biodistribution, these 3 regions of the intestine
have the same %ID/g as the large intestine. The %ID/g for the blood
was assumed to be that for the heart contents of the phantom. This
value was also used to calculate the bone marrow uptake using a
method described by Wessels et al. (25) in which we assumed a
hematocrit fraction of 0.40 based on the patient values shown in that
study. At the end, red marrow values used the blood measurements
scaled by a factor of 0.32. In the human case, because the fat, muscle,
and seminal vesicles that are present in the biodistribution data are not
modeled in the phantom, the numbers of decays present in these regions
were included in the remainder of the body. The data were again fitted
as for the mouse case, and the values for the total number of decays, in
units of MBq X h/MBq, were inputted into OLINDA.

Lastly, the numbers of decays in the tumors were also calculated on
the basis of the biodistribution data of the mice, and the values were
inputted into the sphere model available in OLINDA.

Cell Culture

The LNCaP cells obtained from ATCC (via Cedarlane) were
cultured in RPMI 1640 medium supplemented with 10% fetal bovine
serum, penicillin (100 U/mL), and streptomycin (100 pg/mL) at 37°C
in a Panasonic Health Care MCO-19AIC humidified incubator con-
taining 5% CO,. The cells were confirmed pathogen-free by the IM-
PACT Rodent Pathogen Test (IDEXX BioAnalytics). Cells grown to
80%—-90% confluence were then washed with sterile phosphate-buffered
saline (pH 7.4) and collected after trypsinization. The cell concentra-
tion was counted in triplicate using a hemocytometer and a manual
laboratory counter.

In Vitro Competition Binding Assays

The binding assays were conducted following previously published
procedures using LNCaP cells and '8F-DCFPyL as the radioligand
(8,14,26). Data analyses of binding affinity (K;) were performed using
the nonlinear regression algorithm of GraphPad Prism 7 software.

Biodistribution and Imaging Studies

Imaging and biodistribution experiments were performed following
previously published procedures using male NOD-scid IL2Rg""!
mice for the %8Ga-labeled compounds and NOD.Cg-Rag]tm!Mom
112rg™Wil/Sz] mice for the !77Lu-labeled compounds (8,14,26). The
experiments were conducted according to the guidelines established
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by the Canadian Council on Animal Care and approved by the Animal
Ethics Committee of the University of British Columbia. The mice
were briefly sedated by inhalation of 2% isoflurane in oxygen and
received a subcutaneous implant of 1 x 107 LNCaP cells behind the
left shoulder. The mice were imaged or used in biodistribution studies
when the tumor grew to 5-8 mm in diameter over 4-5 wk.

PET/CT imaging experiments were conducted using a Siemens
Inveon small-animal PET/CT scanner. Each tumor-bearing mouse was
injected with about 6-8 MBq of ®3Ga-labeled tracer through a lateral
caudal tail vein. After 50 min after injection, a 10-min CT scan was
conducted first for localization and attenuation correction after seg-
mentation for reconstructing the PET images; this scan was followed
by a 10-min static PET acquisition. For %Ga-HTK03041, the mouse
imaged at 1 h after injection was imaged again at 3 h by repeating the
CT scan and then obtaining a 15-min static PET acquisition.

SPECT/CT imaging experiments were conducted using the MILabs
U-SPECT-II/CT scanner. Each tumor-bearing mouse was injected
with about 37 MBq of "7Lu-labeled compound through a lateral
caudal tail vein. The mice were imaged at 1, 4, 24, 72, and 120 h
after injection. At each time point, a 5-min CT scan was conducted
first for anatomic reference; afterward, two 30-min static emission
scans were acquired in list mode.

For biodistribution studies, the mice were injected with the
radiotracer (2-4 MBq) as described above. For blocking, the mice
were coinjected with nonradioactive DCFPyL (0.5 mg). At predeter-
mined time points, the mice were sedated by isoflurane inhalation and
euthanized by CO, inhalation. Blood was withdrawn by car-
diac puncture, and organs or tissues of interest were collected, weighed,
and counted using a Perkin Elmer Wizard?> 2480 automatic y-counter.

Statistical Analysis

Statistical analyses were performed by Student f testing using
Microsoft Excel software. The unpaired, 2-tailed test was used to
compare the PSMA K; of Ga-PSMA-617 with that of HTK03026,
HTKO03027, HTK03029, or HTK03041. The difference was consid-
ered statistically significant when the P value was less than 0.05.

RESULTS

Optimization of the Lipophilic Linker and
Affinity-Modifying Group

Replacing the 2-naphthylalanine in Ga-PSMA-617 with 2-amino-
octanoic acid, 2-anthrylalanine, 1-pyrenylalanine, or 9-anthrylalanine
generated Ga-HTK03026, Ga-HTK03027, Ga-HTK03029, or Ga-
HTKO03041, respectively (Fig. 2; Supplemental Tables 1-3). Ga-
HTK03026, Ga-HTK03027, Ga-HTK03029, and Ga-HTKO03041
inhibited the binding of '3F-DCFPyL to LNCaP cells in a dose-
dependent manner (Supplemental Fig. 1), and their calculated K;
values were 48.2 = 16.8, 18.8 = 8.45, 16.6 = 3.61, and 0.63 =
0.06 nM (n = 3), respectively. All tracers were excreted predomi-
nately via the renal pathway, and ®*Ga-HTK03026 had the lowest
kidney uptake and the lowest overall background uptake (Fig. 3).
All tracers enabled clear visualization of tumors on PET images at
1 h after injection, and the tumor uptake of °*Ga-HTK03041 was
highest. The biodistribution data (Supplemental Table 4) were con-
sistent with observations on PET images, with ®8Ga-HTK03026
having the lowest uptake in all collected organs or tissues. The
tumor uptake of %¥Ga-HTK03041 was 23.1 = 6.11 %ID/g at 1 h after
injection and increased to 28.2 = 9.17 %ID/g at 3 h after injection.
Blocking with DCFPyL reduced tumor uptake of 3 Ga-HTK03041 by
more than 95%, demonstrating that the uptake in tumor was PSMA-
mediated.
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FIGURE 3. Representative PET/CT images of 68Ga-HTK03026, 8Ga-
HTK03027, %8Ga-HTK03029, and ©8Ga-HTK03041 in mice bearing
LNCaP tumor xenografts. p.i. = after injection.

Optimization of the Albumin Binder

PET/CT imaging and biodistribution studies were conducted for
68Ga-labeled HTK01169 derivatives (Fig. 4; Supplemental Tables
5-7) bearing various albumin binders. The derivatives with the
albumin binder substituted with I (°®Ga-HTK03025), Br (°®Ga-
HTKO03058), Cl (58Ga-HTK03055), and CH; (%3Ga-HTK03090)
resulted in a higher retention in the blood pool than did those with
OCH; (%3Ga-HTK03086), NO, (°3Ga-HTK03089), F (°3Ga-
HTKO03085), and NH, (°®*Ga-HTK03087) substitutions (Supplemen-
tal Fig. 2). A lower background level was observed at 3 h after
injection for all derivatives, and higher tumor uptake was observed
at 3 h after injection for all derivatives except the NH,-substituted
68Ga-HTKO03087. On the basis of their biodistribution data (Supple-
mental Table 8), the average blood retention (%ID/g at 1 and 3 h
after injection) of these derivatives generally followed the lipophi-
licity order (Supplemental Fig. 3) of the substituents (with the ex-
ception of the F-substituted °8Ga-HTK03085): 1 (27.0 = 5.63, 23.9
+ 1.03) > Br (26.7 = 3.02,21.2 £ 221) > Cl1 (22.1 £ 2.04, 174 =
1.15) > CH;3 (17.0 = 1.81, 13.0 = 0.63) > OCHj; (12.1 * 0.60, 6.60
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FIGURE 4. Chemical structures of HTK01169 derivatives bearing var-
ious albumin-binding motifs.
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+ 0.84) > NO, (6.69 = 0.27,2.52 = 0.69) > F (5.73 = 0.93, 2.10 *
0.48) > NH, (1.74 = 0.11, 0.52 = 0.08). Conversely, the average
tumor uptake (%ID/g at 1 h after injection) was generally inversely
correlated to the lipophilicity of the substituents: NO, (21.7 * 2.48) >
NH, (20.7 = 3.79) > F (18.8 = 3.35) > OCHj; (17.8 = 2.89) > Cl
(172 £ 1.67) > CH3 (129 = 4.26) > Br (112 £ 3.33) > [ (7.34 =
0.10). Among these derivatives, the Cl- and OCHj3-substituted albu-
min binders in %8Ga-HTKO03055 and °8Ga-HTK03086, respec-
tively, resulted in moderate blood retention and relatively
faster tumor uptake (~30 %ID/g at 3 h after injection) and lower
average kidney uptake (up to ~55 %ID/g) and were selected for
further evaluation.

Top Candidates Combining the Optimized Lipophilic
Affinity-Modifying Group and Albumin Binders

The optimized 9-anthrylalanine—containing affinity-modifying
group was combined with the selected Cl- and OCHjz-substituted
albumin binders to generate 2 novel albumin-binder—conjugated
derivatives, HTK03121 and HTK03123, respectively (Fig. 5; Sup-
plemental Tables 9-11). Both Lu-HTKO03121 and Lu-HTKO03123
inhibited the binding of '8F-DCFPyL in a dose-dependent manner
(Supplemental Fig. 1), and their calculated K; values were 1.69 *=
1.22 and 1.76 £ 0.69 (n = 3), respectively. SPECT/CT imaging
(Fig. 6) and biodistribution studies (Supplemental Tables 12—-13)
showed that both 77Lu-HTKO03121 and '"7Lu-HTK03123 were ex-
creted mainly via the renal pathway and achieved extremely high
and sustained tumor uptake (104 = 20.3 and 70.8 = 23.7 %ID/g,
respectively) at 24 h after injection. Compared with 77Lu-
HTKO03121, '77Lu-HTK03123 had faster clearance from blood,
leading to relatively lower uptake in most of the collected organs
or tissues, especially at later time points.

The results of dosimetry calculations are provided in Supple-
mental Tables 14-17. For a 500-mg lesion, the absorbed doses
to the tumors were 11,100 and 7,540 mGy/MBq for '77Lu-
HTKO03121 and '77Lu-HTK03123, respectively, compared with
4,960 and 594 mGy/MBq for the previously reported !7Lu-
HTKO01169 and "7Lu-PSMA-617, respectively (Fig. 7A), in the
same tumor model (8). The kidney doses were 18.1, 17.7, 48.2,
and 2.82 mGy/MBq for '"’Lu-HTK03121, '"7Lu-HTK03123, "7Lu-
HTKO01169, and '"7Lu-PSMA-617, respectively, leading to tumor-to-
kidney absorbed dose ratios of 613, 426, 103, and 211, respectively
(Fig. 7B). Thus, compared with 17’Lu-HTK01169 and 7’Lu-PSMA-
617, "7Lu-HTKO03121 delivered a 2.2- and 18.7-fold higher
absorbed dose to tumor and had a 6.0- and 2.9-fold improvement
in the tumor-to-kidney absorbed dose ratio. Similarly, compared
with 177Lu-HTKO01169 and '"7Lu-PSMA617, '77Lu-HTK03123

HTK03121: R = CI; HTK03123: R = OCH,

FIGURE 5. Chemical structures of HTK03121 and HTK03123.

THE JOURNAL OF NUCLEAR MEDICINE ¢ Vol. 62 ¢ No. 4 « April 2021



T77Lu-HTK03121
4h 24h 72h

1h

120 h

77Lu-HTK03123

1h 4h 24h 72h

FIGURE 6. Maximum-intensity-projection SPECT/CT images of '77Lu-
HTKO03121 (top) and '77Lu-HTK03123 (bottom) acquired at predeter-
mined time points in mice bearing LNCaP tumor xenografts. b = urinary
bladder; k = kidney; t = tumor.

also delivered 1.5- and 12.7-fold higher absorbed dose to tumor
and had 4.1- and 2.0-fold improvement in the tumor-to-kidney
absorbed dose ratio.

DISCUSSION

We replaced the 2-naphthyl group in 2-naphthylalanine with a
flexible n-pentyl group (HTK03026) or a larger fused aromatic
ring (2-anthryl in HTK03027, 1-pyrenyl in HTK03029, or

9-anthryl in HTK03041). Although Ga-HTK03026, Ga-HTK03027,
and Ga-HTK03029 had a lower PSMA binding affinity (K; = 48.2 =
16.8, 18.8 = 8.45, and 16.6 = 3.61 nM vs. 1.23 = 0.08 nM of Ga-
PSMA-617, P < 0.05) (14), replacing the 2-naphthyl group with a 9-
anthryl group significantly enhanced the binding affinity (K; for
HTKO03041: 0.63 = 0.06 nM, P < 0.001). The observed enhance-
ment in PSMA binding affinity was consistent with the improved
tumor uptake of %8Ga-HTK03041 (23.1 = 6.11 %ID/g at 1 h after
injection), compared with %8Ga-HTK03026 (12.5 = 2.90 %ID/g),
68Ga-HTK03027 (13.3 *= 5.44 %ID/g), %8Ga-HTK03029 (13.9 =
6.58 %ID/g), and the previously reported *Ga-PSMA-617 (16.7 *
2.30 %ID/g) using the same LNCaP tumor model (/4). Therefore, the
tranexamic acid-9-anthrylalanine was selected as our optimized linker
and affinity-modifying group.

We replaced the N-(4-(p-iodophenyl)butanoyl)-Glu group in
HTKO1169 with a p-substituted (4-(phenyl)butanoyl)-Gly group
(Fig. 4). The free carboxylate at the Glu side chain of the N-(4-
(p-iodophenyl)butanoyl)-Glu group was designed to mimic the
a-carboxylate group of the albumin-binding N?-acetyl-N°-(4-(p-
iodophenyl)butanoyl)-b-Lys group originally reported by Dumelin
et al. (27). However, BeneSovd et al. (9) showed that the free
carboxylate group was not required for binding to albumin, and
in fact, albumin-binding motifs containing one or more free car-
boxylate groups led to derivatives with a higher kidney uptake.
Therefore, we replaced the Glu in the N-(4-(p-iodophenyl)buta-
noyl)-Glu group with a Gly to remove the free carboxylate group.
In addition, we replaced the iodo group with various substituents
from a highly lipophilic bromo group to a very hydrophilic amino
group (Fig. 4).

As shown in Supplemental Figures 2-3 and Supplemental Table
8, the blood retention of these °8Ga-labeled derivatives followed
the lipophilicity order of the substituents (with the exception of the
F-substituted °®Ga-HTK03085), ranging from very high (27.0 =
5.63 %ID/g at 1 h after injection for the I-substituted %3Ga-
HTKO03025) to low (1.74 %= 0.11 %ID/g at 1 h after injection
for the NH,-substituted °8Ga-HTK03087). These data are of
great importance because they provide a library of albumin-
binding motifs with various clearance rates from the blood pool.
The average tumor uptake of these %3Ga-labeled derivatives was
generally inversely correlated to the lipophilicity of the substituents,
because derivatives with tighter binding to albumin would have
fewer opportunities to bind to PSMA at early time points.

The combination of the optimized affinity-modifying group and
albumin binders generated HTKO03121 and HTKO03123. The

PSMA binding affinity of Lu-HTKO03121
(2.40 = 0.10 nM) and Lu-HTK03123 (1.76

vy)

12,000+ 800-
600
8,000+
400+

4,000+

(mGy/MBq)
dose ratio

2004

Tumor absorbed dose >
Tumor-to-kidney

* 0.69 nM) were close to that of Ga-
HTKO03041 (0.63 = 0.06 nM). This finding
suggests that adding an albumin-binding
motif to the core structure of HTK03041
and replacing the Ga-DOTA complex with
a Lu-DOTA complex had a minor impact
on the overall PSMA binding affinity. The
blood retention values of the Cl-substituted
68Ga-HTK03055 at 1 h (22.1 * 2.04 %
ID/g) and 3 h after injection (17.4 £ 1.15
& %1D/g) were comparable to those of the
Cl-substituted 77Lu-HTKO03121 at 1 h
(22.6 £ 5.35 %ID/g) and 4 h after in-

FIGURE 7. Comparison of tumor-absorbed dose (A) and tumor-to-kidney absorbed dose ratio
(B) between 77Lu-labeled PSMA-617, HTK01169, HTK03121, and HTK03123.
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jection (15.3 = 2.07 %ID/g), respec-
tively. Similarly, the blood retention values
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of the OCHj;-substituted °8Ga-HTK03086 at 1 h (12.1 = 0.60
%1D/g) and 3 h after injection (6.60 £ 0.84 %ID/g) were compa-
rable to those of the OCH;-substituted '77Lu-HTK03123 at 1 h
(14.1 £ 1.01 %ID/g) and 4 h after injection (7.30 = 1.39 %ID/g),
respectively. These data indicate that the blood retention of these
radioligands was driven primarily by the albumin-binding motif,
and replacing the 2-naphthylalanine and %8Ga-DOTA complex in
68Ga-HTKO03055 and %8Ga-HTK03086 with a 9-anthrylalanine
and '"7Lu-DOTA complex, respectively, had little effect on their
overall blood retention.

Similar to the biodistribution data of 8Ga-HTK03055 and %3Ga-
HTKO03086, '77Lu-HTK03121 and '"7Lu-HTKO03123 also showed
relatively lower uptake in the kidneys. Unlike '7’Lu-HTKO01169,
which had high and prolonged kidney uptake (125 %ID/g at 24 h
after injection) (8), the kidney uptake of both '77Lu-HTK03121 and
177Lu-HTKO03123 peaked at 4 h after injection and cleared at a
faster pace. Dosimetry calculations showed that compared with
177Lu-HTKO01169, the kidney-absorbed dose was about 62% lower
with '77Lu-HTK03121 and '7’Lu-HTK03123.

Compared with 17’Lu-HTK01169, '77Lu-HTK03121 and '77Lu-
HTKO03123 showed, respectively, 86% and 23% increases in peak
tumor uptake and 123% and 52% increases in tumor-absorbed
dose. High tumor uptake values reaching 104 %ID/g were achieved
by combining an improved affinity-modifying group with a moder-
ate albumin binder, using an endogenously expressing LNCaP tu-
mor model. These increases in tumor-absorbed dose and the
reductions in kidney-absorbed dose by !'77Lu-HTKO03121 and
177Lu-HTK03123 led to a 6.0- and 4.1-fold improvement, respec-
tively, in tumor-to-kidney absorbed dose ratio when compared with
that of '7’Lu-HTKO01169. Even compared with the clinical candidate
177Lu-PSMA-617, '77Lu-HTK03121 and '77Lu-HTKO03123 still
showed a 2.9- and 2.0-fold improvement in the tumor-to-kidney
absorbed dose ratio, respectively, mainly attributed to their ex-
tremely high tumor-absorbed dose.

Other strategies, including the use of radioligands with a lower
molar activity (28,29) or blocking with a PSMA inhibitor (such as
2-PMPA) (30-32), have been explored to reduce the kidney uptake
of PSMA-targeting radioligands. However, such strategies gener-
ally lead to reduction of tumor uptake as well and are not suitable
for clinical translation. Previously, we reported the administration
of monosodium glutamate, a well-known food additive, to reduce
kidney and salivary gland uptake without affecting uptake of *3Ga-
PSMA-11 in LNCaP tumor xenografts (33). However, a recent
clinical study using '®F-DCFPyL demonstrated that monosodium
glutamate (34) treatment reduced uptake not only in kidneys and
salivary glands but also in malignant lesions, limiting the use of
monosodium glutamate as a renal protection agent for radioligand
therapy.

With 177Lu-PSMA-617, the administered activity is constrained
in part by theoretic radiation exposure limits to the kidneys and
salivary glands. Because of the low uptake of PSMA radiotracers
in its salivary glands, the mouse is not a suitable animal model to
assess salivary gland dosimetry of PSMA-targeting radioligands
(9,35). Therefore, our efforts in this report focused on enhancing
the tumor-to-kidney absorbed dose ratio of 17’Lu-labeled albumin-
binder—conjugated PSMA-targeting agents. Since bone marrow
radiation exposure is driven primarily by secondary exposure from
bone metastases (36), the use of an albumin binder is not likely to
lower the risk of hematologic toxicity.

With significantly improved radiation delivery to prostate
tumors, and an enhanced tumor-to-kidney absorbed dose ratio,
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177Lu-HTKO03121 and 77Lu-HTK03123 are potential candidates
for clinical translation to treat metastatic castration-resistant prostate
cancer. These compounds offer potential for enhanced treatment
efficacy using a fraction of the required injected activity of 77Lu-
PSMA-617. With a finite supply and growing demand for 17’Lu,
this enhanced efficacy can reduce manufacturing costs and improve
patient access to prostate cancer radioligand therapy. In addition,
handling lower amounts of !7’Lu can lower exposure of the hospital
staff and the public to radiation and reduce shielding requirements
for treatment facilities. This benefit can improve treatment workflow,
as patients can be discharged shortly after injection without the need
to wait (typically 3—4 h in North America) for the injected radioac-
tivity to clear or decay to acceptable levels. A more optimal use of
administered 177Lu also reduces unnecessary radioactive waste in
sewer systems after patients are released.

Our study had some limitations. First, we did not measure the
PSMA binding affinities of Ga-complexed albumin-binder—conjugated
ligands. These data would be helpful to tease out the effect of the
lipophilicity of albumin-binding motifs on their overall binding to
PSMA. Second, we did not measure the albumin binding affinities
of Ga-complexed albumin-binder—conjugated ligands. These data
would be helpful to determine the range of albumin binding affin-
ity for radioligands with suitable blood residence times. Third, we
did not conduct the radiotherapy study using !"7Lu-HTKO03121
and "7Lu-HTKO03123. Therefore, further studies are needed to
verify if their enhanced tumor-absorbed doses and tumor-to-kid-
ney dose ratios obtained from radiation dosimetry calculations can
be directly translated to improved treatment efficacy and reduced
renal toxicity.

CONCLUSION

We optimized the selection of the albumin binder and lipophilic
affinity-modifying group for the design of '7’Lu-labeled PSMA-
targeting radiotherapeutic agents to enhance the tumor-to-kidney
absorbed dose ratio. The combination of the optimized affinity-
modifying group and the optimized albumin binders generated
177Lu-HTKO03121 and '"7Lu-HTKO03123, which showed not only
greatly enhanced tumor-absorbed doses (>12-fold) but also higher
tumor-to-kidney absorbed dose ratios (=2.0-fold) than those of
177Lu-PSMA-617. Both '"7Lu-HTK03121 and '7’Lu-HTKO03123
are promising for clinical translation to treat metastatic castra-
tion-resistant prostate cancer, as they are expected to achieve
better treatment efficacy with only a fraction of the dose of
177Lu-PSMA-617 and cause less kidney damage. The evaluated
albumin-binding motifs provide a library of compounds that
confer various blood retention times for their conjugates.
Depending on the targets and targeting vectors, this library of com-
pounds offers a great selection of albumin-binding motifs to
further enhance blood retention and tumor uptake of targeted
radiopharmaceuticals.
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KEY POINTS

QUESTION: Can the tumor-to-kidney absorbed dose ratios of
177 u-labeled albumin-binder—conjugated PSMA-targeting radio-
ligands be improved to be comparable to or even better than that
of 177Lu-PSMA-617?

PERTINENT FINDINGS: With an optimized lipophilic affinity-
modifying group and albumin binder, both 177Lu-HTK03121 and
177Lu-HTK03123 showed not only a greatly enhanced absorbed
dose to tumor, compared with 177Lu-PSMA-617, but also im-
proved tumor-to-kidney absorbed dose ratios.

IMPLICATIONS FOR PATIENT CARE: The use of 177Lu-
HTKO03121 or 177Lu-HTK03123 can achieve the same treatment
efficacy with only a fraction of the dose of 177Lu-PSMA-617 and
cause less renal damage.
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