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Abstract
Purpose  Prostate-specific membrane antigen (PSMA) radioligand therapy is a promising treatment for metastatic castration-
resistant prostate cancer (mCRPC). Several beta or alpha particle-emitting radionuclide-conjugated small molecules have 
shown efficacy in late-stage mCRPC and one, [[177Lu]Lu]Lu-PSMA-617, is FDA approved. In addition to tumor upregula-
tion, PSMA is also expressed in kidneys and salivary glands where specific uptake can cause dose-limiting xerostomia and 
potential for nephrotoxicity. The PSMA inhibitor 2-(phosphonomethyl)pentanedioic acid (2-PMPA) can prevent kidney 
uptake in mice, but also blocks tumor uptake, precluding its clinical utility. Preferential delivery of 2-PMPA to non-malig-
nant tissues could improve the therapeutic window of PSMA radioligand therapy.
Methods  A tris(isopropoxycarbonyloxymethyl) (TrisPOC) prodrug of 2-PMPA, JHU-2545, was synthesized to enhance 
2-PMPA delivery to non-malignant tissues. Mouse pharmacokinetic experiments were conducted to compare JHU-2545-me-
diated delivery of 2-PMPA to plasma, kidney, salivary glands, and C4-2 prostate tumor xenograft. Imaging studies were 
conducted in rats and mice to measure uptake of PSMA PET tracers in kidney, salivary glands, and prostate tumor xenografts 
with and without JHU-2545 pre-treatment.
Results  JHU-2545 resulted in approximately 3- and 53-fold greater exposure of 2-PMPA in rodent salivary glands 
(18.0 ± 0.97 h*nmol/g) and kidneys (359 ± 4.16 h*nmol/g) versus prostate tumor xenograft (6.79 ± 0.19 h*nmol/g). JHU-
2545 also blocked rodent kidneys and salivary glands uptake of the PSMA PET tracers [68Ga]Ga-PSMA-11 and [18 F]
F-DCFPyL by up to 85% with little effect on tumor.
Conclusions  JHU-2545 pre-treatment may enable greater cumulative administered doses of PSMA radioligand therapy, pos-
sibly improving safety and efficacy.

Key points
Question: Is there a method of limiting PSMA radioligand uptake into salivary glands and kidneys to potentially mitigate 
associated toxicity without hindering tumor uptake/efficacy?
Pertinent findings: JHU-2545, a prodrug of the PSMA inhibitor 2-PMPA, was found to preferentially deliver 2-PMPA 
to salivary glands and kidneys relative to tumor xenografts in rodent models, leading to blunted uptake of PSMA radio-
ligands in non-tumor tissues.
Implications for patient care: If replicated in clinical studies, JHU-2545 could reduce radiation doses to salivary glands 
and kidneys and possibly mitigate associated toxicities in prostate cancer patients receiving PSMA radioligand therapy.
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Introduction

PSMA radioligand therapy has emerged as a promising 
treatment for mCRPC [1–3] with one agent, lutetium Lu 177 
vipivotide tetraxetan ([177Lu]Lu-PSMA-617), approved 
for use in late-stage patients after demonstrating survival 
benefit in a Phase 3 trial [4, 5]. This approach is based on the 
observation that PSMA is highly upregulated (10–100 fold) 
in the majority of prostate cancer lesions [6, 7], and though 
its functional role in malignancy is unclear, the degree to 
which PSMA surface expression is increased correlates with 
disease progression, androgen independence, and metasta-
sis [6, 7]. Ligand binding to PSMA induces rapid internal-
ization, enriching the agent inside the cell and promoting 
accumulation within PSMA-expressing tissues [6, 7].

In addition to PSMA-617, multiple small molecule 
PSMA ligands are in clinical development for prostate can-
cer imaging and radioligand therapy. These molecules are 
conjugated to diagnostic or therapeutic particle-emitting 
radionuclides suitable for PET imaging (e.g. piflufolastat 
F18/[18  F]F-DCFPyL, gallium Ga 68 gozetotide/[68Ga]
Ga-PSMA-11, [68Ga]Ga-PSMA-617), beta therapy (e.g. 
[177Lu]Lu-PSMA-617, [177Lu]Lu-PSMA-I&T, 131I-
MIP-1095, [177Lu]Lu-rhPSMA), or alpha therapy (e.g. 
[225Ac]Ac-PSMA-617, [225Ac]Ac-PNT2002) [8–11]. The 
theranostic paradigm of PSMA radioligand therapy ben-
efits from the capability to confirm and quantitate PSMA 
expression in malignant tissues by PET. Indeed, [177Lu]Lu-
PSMA-617 is approved for use in the U.S. only in patients 
with PSMA-positive mCRPC based on PET imaging with 
[68Ga]Ga-PSMA-11 or another approved PSMA-11 imag-
ing agent [5].

Despite significant progress, clinical development of 
PSMA-targeted agents is complicated by the physiologic 
expression of PSMA in normal tissues including salivary 
glands and kidneys [12–16] which exhibit avid uptake of 
PSMA radiopharmaceuticals during imaging and radioli-
gand therapy [7, 10]. Salivary gland uptake of PSMA radio-
ligands can result in transient or permanent xerostomia, an 
adverse effect particularly problematic for alpha radionu-
clides [2, 17]. For example, [225Ac]Ac-PSMA-617 showed 
efficacy in heavily pre-treated mCRPC patients (5/40 com-
plete tumor control > 2 years), but this response was nearly 
matched by treatment discontinuation due to debilitating 
xerostomia (4/40) [2]. Clinical studies of PSMA radioli-
gands labeled with Actinium-225 have found meaningful 
clinical activity even in patients previously treated with 
a Lutetium-177 agent. Xerostomia, however, is typically 
more frequent and more severe [18, 19]. Experience with 
[177Lu]Lu-PSMA-617 reveals high rates of xerostomia that 
is generally low-grade.

Cumulative kidney absorbed dose brings the potential 
risk of nephrotoxicity that could restrict the number of 
allowable cycles [6, 7, 13, 20–26]. Repeated cycles have 
been associated with improved efficacy and response rate, 
suggesting that this limitation could result in sub-optimal 
outcomes [13, 27–31]. Significant deleterious effects on 
kidney function have not yet been closely associated with 
beta emitting PSMA radioligands [26, 30], but this consid-
eration may become more relevant as attempts are made to 
move these agents earlier in the prostate cancer treatment 
paradigm. Potential combination or sequencing of beta and 
alpha emitters may also heighten concern around nephro-
toxicity [18, 31].

In an attempt to mitigate healthy tissue exposure dur-
ing PSMA radioligand therapy, the highly selective PSMA 
inhibitor 2-PMPA (IC50 = 0.3nM) has been evaluated for its 
ability to block radioligand uptake in the salivary glands 
and kidneys through direct competitive displacement at a 
shared PSMA binding site [21, 24]. In one study, 2-PMPA 
(0.01  mg) co-injection with [177Lu]Lu-PSMA I&T (100 
MBq) reduced the absorbed dose to the kidneys by 83% 
and attenuated nephrotoxicity at 3 months post-treatment in 
mice bearing PSMA-expressing xenografts [24]. Although 
encouraging, these results did not prompt clinical testing 
because 2-PMPA also inhibited tumor uptake of the radio-
ligand > 50%, resulting in accelerated tumor growth and 
significantly reduced overall survival relative to mice that 
received the radioligand alone [24]. Similar results were 
obtained when 2-PMPA was paired with 125I-MIP-1095 
[21]. Thus, although 2-PMPA provided an important proof-
of-concept for the shielding approach, co-treatment with 
this molecule could not strike a balance between salivary 
gland/kidney displacement versus tumor uptake that could 
improve the therapeutic index of PSMA radioligand therapy.

Herein we describe the use of a tris(isopropoxycarbonyl
oxymethyl) (TrisPOC) 2-PMPA prodrug termed JHU-2545, 
which preferentially delivers 2-PMPA to non-malignant tis-
sues such as salivary glands and kidneys. In rodent pharma-
cokinetic studies, JHU-2545 exhibited 2.65- and 52.9-fold 
enhanced delivery of 2-PMPA to salivary glands and kid-
neys, respectively, versus prostate cancer xenografts. In fur-
ther support of this finding, pre-treatment with JHU-2545 
was shown to block [68Ga]Ga-PSMA-11 uptake in rat kid-
neys and [18 F]F-DCFPyL uptake in mouse salivary glands 
and kidneys by up to 85% without substantial effect on pros-
tate cancer xenograft uptake. JHU-2545 pre-treatment may 
thus raise the cumulative dose limit and improve the safety 
and efficacy of PSMA radioligand therapy.

1 3

1632



European Journal of Nuclear Medicine and Molecular Imaging (2025) 52:1631–1641

Materials and methods

Cell culture

22RV1 cells were verified by short tandem repeat profiling 
(American Type Culture Collection), grown in RPMI-1640 
(Thermo Fisher Scientific), and passaged in 0.25% Trypsin 
prior to sterile collection for animal studies.

Animals

All animal experiments were conducted in compliance with 
National Institutes of Health (NIH) guidelines and with the 
approval of the Institutional Animal Care and Use Commit-
tees at Johns Hopkins University, the University of Mary-
land, and Weill Cornell Medicine and were undertaken in 
accordance with the guidelines set forth by the United States 
Public Health Service Policy on Humane Care and Use of 
Laboratory Animals. All rodents were maintained on a 12 h 
light-dark cycle with unrestricted access to food and water. 
Adult male Sprague-Dawley rats (500–550 g) were obtained 
from Taconic and used for [68Ga]Ga-PSMA-11 PET imag-
ing studies. Adult male 8 wk FVB and Nu/Nu mice were 
used for [18 F]F-DCFPyL PET studies. Nu/Nu mice were 
implanted with 5 × 106 22RV1 cells in a 1:1 PBS: matrigel 
mixture and allowed to grow to approximately 250 mm3 (3 
weeks). Adult male Non-obese diabetic scid gamma (NSG) 
mice (UMB Vet Resources) were used for pharmacokinetic 
experiments. To generate a C4-2 in vivo model, 3 × 106 
LNCaP-C4-2 cells (kind gift of Miriam Smith PhD, Univer-
sity of Maryland School of Medicine) were subcutaneously 
injected into the flanks of male NSG mice. When tumors 
grew to approximately 600–800 mm3, tumors were excised, 
aseptically cut into 2 mm x 2 mm pieces and frozen back 
viably (5% DMS0/95% FBS). Tumors were not passaged 
from mouse to mouse more than 4 times. For the current 
experiment, two vials of viably frozen explants were thawed 
at 37  °C. Tumor explants were washed in RPMI without 
FCS and then surgically implanted in a subcutaneous pocket 
in male NSG mice. When tumors reached 600–800 mm3, 
mice were euthanized, tumors excised aseptically, and cut 
into 2 mm x 2 mm pieces prior to re-implantation into 40 
mice. When tumors reached 500–700 mm3, the pharmaco-
kinetic experiment was performed.

Compounds

2-PMPA was obtained from Sigma Aldrich (St. Louis, MO). 
JHU-2545 was synthesized and characterized as previously 
described by our group (Compound 21b) [32]. Clinical-
grade [18 F]F-DCFPyL was formulated under good manu-
facturing practices as previously described [33, 34] at the 

Johns Hopkins University School of Medicine PET Center 
(at specific activities of approximately 111 GBq/µmol). Gal-
lium-68-labeled tracers were all prepared at the Citigroup 
Biomedical Imaging Center (CBIC) radiochemistry facility 
at Cornell according to the methods described in [35].

Mouse pharmacokinetics

2-PMPA (3 mg/kg, i.v.) or a molar equivalent of JHU-2545 
(7.62 mg/kg, i.v.) were injected via tail vein after dissolution 
in vehicle (5% EtOH/10% Tween 80/ 85% 50mM HEPES). 
Mice were then euthanized under isoflurane anesthesia 0.25, 
0.5, 1, 3, or 6 h post-dose (n = 3/group). Blood was collected 
by cardiac puncture into EDTA-lined tubes and stored on ice 
until plasma was isolated by centrifugation. Salivary glands, 
kidneys, and tumor were harvested and flash frozen on dry 
ice. All tissues were stored at -80 °C prior to bioanalysis.

Rodent PET imaging

PET acquisitions for rat [68Ga]Ga-PSMA-11 were per-
formed with a Biograph mCT scanner (Siemens Health-
care, Malvern, PA, USA) in groups of 4 animals. Rats 
were anesthetized with isoflurane (Henry Schein Animal 
Health, Melville, NY) at 2-2.5% in oxygen for induction, 
and 1.5-2% in oxygen for maintenance. After induction of 
anesthesia, an i.v. catheter was inserted into the tail vein of 
each rat. The animals were then positioned in the camera 
in transaxial position with its body in the center of the field 
of view. Thirty minutes before radiotracer administration, 
rats were treated with either vehicle or JHU-2545 at 1 or 
10 mg/kg of body weight via the i.v. catheter (0.5 mL/rat, 
n = 2/group). JHU-2545 stock solution was prepared in 10% 
EtOH in PBS. [68Ga]Ga-PSMA-11 (42 ± 5 MBq/rat) was 
injected as a bolus (∼0.5 mL) and a 60-min dynamic scan 
started with 12 × 5 min time frames. For all the acquisitions, 
a CT scan of 8.9 s was performed before PET, for attenua-
tion correction. The list-mode data were iteratively recon-
structed with TrueX + TOF (UltraHD PET) (2 iterations, 21 
subsets) after being normalized and corrected for attenua-
tion, scatter and decay with final images having a voxel size 
of 2.06 mm (2.0 × 1.02 × 1.02). Volumes of Interest (VOIs) 
were manually drawn onto the dynamic PET images to 
extract time-activity curves and %ID/g values. All image 
analyses were performed using the AMIDE software. Mice 
undergoing [18 F]F-DCFPyL PET imaging were adminis-
tered radiotracer (7.4-9 MBq) either anesthetized (isoflu-
rane) on camera with a tail vein catheter for kinetic studies, 
or via the retroorbital sinus for static images. A dedicated 
high resolution small animal PET scanner (R4, Concorde 
Microsystems; 7.8  cm axial by 10  cm transaxial field of 
view) was used to acquire whole body scans (in the prone 
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on an Accela UPLC and a TSQ vantage mass spectrometer. 
The [M + H]+ ion transitions of derivatized 2-PMPA at m/z 
683.0 → 551.4 and that of the internal standard at m/z 669.0 
→ 537.2 were monitored.

Pharmacokinetic and statistical analysis

Non-compartmental-analysis module in Phoenix WinNonlin 
version 7.0 (Certara USA, Inc., Princeton, NJ) was used to 
assess pharmacokinetic parameters. Peak plasma concentra-
tions (Cmax) were the observed values. Area under the curve 
(AUC) was calculated by log–linear trapezoidal rule to the 
end of sample collection (AUClast). Comparisons between 
rat kidney uptake of [68Ga]Ga-PSMA-11 were conducted 
by one-way ANOVA with Dunnett’s post hoc test. Com-
parisons between mouse kidney, salivary gland, and tumor 
uptake of [18 F]F-DCFPyL were conducted by two-tailed 
t-test. Significance was defined as P < 0.05.

Results

JHU-2545 preferentially delivered 2-PMPA to mouse 
salivary glands and kidneys versus prostate cancer 
xenograft

Concentrations of 2-PMPA in plasma, tumor, salivary 
glands, and kidneys were measured at multiple time 
points after tail vein administration of either 2-PMPA 
or JHU-2545 (3  mg/kg or molar equivalent, i.v.) to NSG 
mice harboring subcutaneous xenografts of human C4-2 
prostate cancer cells. JHU-2545 administration resulted 
in 2-PMPA plasma, kidney, and salivary gland exposures 
of 17.8 ± 1.02  h*nmol/mL, 359 ± 4.16  h*nmol/g, and 
18.0 ± 0.97  h*nmol/g, respectively (Fig.  1). Kidney and 
salivary gland exposures were 52.9- and 2.65-fold greater 
than those observed in the tumor (6.79 ± 0.19  h*nmol/g) 
(Fig. 1). When compared to direct 2-PMPA administration, 
kidney: tumor and salivary: tumor 2-PMPA concentration 
ratios over time were increased several fold by JHU-2545 
with no significant effect on the plasma: tumor ratio (Fig. 2). 
Administration of 2-PMPA (3 mg/kg, i.v.) resulted in mean 
2-PMPA exposures in the tumor, plasma, kidney, and sali-
vary gland of 7.2 ± 1.2  h*nmol/g, 33.5 ± 6.1  h*nmol/mL, 
137.5 ± 39.7  h*nmol/g, and 2.7 ± 0.4  h*nmol/g, respec-
tively, yielding plasma: tumor, kidney: tumor, and salivary 
gland: tumor AUC ratios of 4.7, 19.2, and 0.38.

position) in list-mode configuration with a 350–700  keV 
energy range and a coincidence-timing window of 6 nsec 
for a minimum of 20 × 106 coincident events as previously 
described [36]. PET image data were corrected for detector 
non-uniformity, dead time, random coincidences and physi-
cal decay and normalized to injected activity (determined 
by Capintec CR15 dose calibrator with setting #457). All 
images were reconstructed using the 3D maximum a poste-
riori (3D-MAP) algorithm. ASIPro software (Siemens) was 
used to place three-dimensional regions of interest volumes 
of interest at the regions of the tumors, salivary glands, heart 
and kidneys for analysis. Time-activity curves were gener-
ated after administration of vehicle or JHU-2545 (5  mg/
kg, i.v.) 5–60 min prior to [18 F]F-DCFPyL bolus dosing 
(n = 2–3/group). JHU-2545 dose effects were assessed by 
administration of vehicle or JHU-2545 (0.05-5 mg/kg, i.v.) 
15  min prior to [18  F]F-DCFPyL bolus dosing (n = 2–3/
group).

Bioanalysis

Bioanalysis to determine 2-PMPA concentrations after 
protein precipitation was conducted by LC–MS/MS as 
previously described [32, 37]. 2-PMPA standard curves (10–
50,000 nM) were prepared in the appropriate matrix tissue. 
For plasma, protein extraction was performed by addition of 
50 uL of calibration standard or sample into silanized vials 
prior to mixing with 300 uL of methanol with internal stan-
dard and centrifugation at 12,000 g for 10 min. Supernatant 
was then transferred to a new tube and evaporated to dry-
ness at 40 °C under a gentle stream of nitrogen. For solid tis-
sues, samples were incubated 1:5 w/v with methanol, stored 
at − 20  °C for 1  h, and then homogenized. Homogenized 
samples were centrifuged at 12,000 g for 10 min; 100 µL of 
the supernatant was then mixed with 100 µL of internal stan-
dard in methanol, and then evaporated to dryness as above. 
2-PMPA samples and standards were derivatized using 
N-tert-butyldimethylsilyl-N-methyltrifluoroacetamide with 
1% tert-butyldimethylchlorosilane (MTBSTFA + 1% TBD-
MSCl), to enable reverse phase chromatography, as previ-
ously described [32, 37]. Briefly, samples and standards 
were reconstituted in 100 µL acetonitrile to which 50 µL of 
MTBSTFA was added and set to react at 60 °C in a water 
bath for 30 min. Upon completion of the reaction, the sam-
ples were then centrifuged again at 10,000 rpm at 5 °C for 
2 min. 100 µL of supernatant was transferred to 250 µL of 
polypropylene autosampler vials sealed with Teflon caps 
and analyzed via LC–MS/MS. Separation of the analyte 
was achieved using a Waters X-terra, RP18, 3.5  μm, and 
2.1 × 50 mm. The mobile phase was composed of 0.1% for-
mic acid in acetonitrile and 0.1% formic acid in H2O with 
gradient elution. Chromatographic analysis was performed 
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In the dynamic PET scans, JHU-2545 treated rats show 
reduced renal cortical retention of radiotracer compared to 
controls with rapid flux through the renal pelvis with activ-
ity rapidly passing into the bladder. Time activity curves 
derived from the ROI data (Fig. 3B) show a dose effect with 
a modest drop in activity at 1 mg/kg JHU-2545 and a more 
dramatic effect at 10 mg/kg JHU-2545. Using the trapezoid 
method, area under the curve for each treatment arm was 
calculated; compared to controls, there was a significant 
reduction of 20% and 69% in the integrated kidney dose at 

JHU-2545 pre-treatment dose-dependently 
attenuated uptake of PSMA radioligands in rat 
kidneys

Kidney shielding was first confirmed by PET imaging after 
administration of JHU-2545 (1 or 10  mg/kg, i.v.) to rats 
30  min prior to [68Ga]Ga-PSMA-11 (42 ± 5 MBq) bolus 
dosing. PET images clearly showed differences in renal 
uptake and retention with greater cortical uptake and reten-
tion in the saline control animals (Fig. 3A, top) compared 
with the animals treated with JHU-2545 (Fig. 3A, bottom). 

Fig. 2  Mice bearing subcutaneous C4-2 prostate cancer xenografts 
were administered 2-PMPA (3  mg/kg, i.v.) or equimolar JHU-2545 
(n = 3/group). 2-PMPA concentrations were monitored over time in 
plasma, kidneys, salivary glands, and tumor xenograft by LC-MS. 

Relative to administration of equimolar 2-PMPA, JHU-2545 improved 
the kidney: tumor and salivary glands: tumor concentration ratios over 
time without affecting the plasma: tumor ratio. Data represented as 
mean + SEM

 

Fig. 1  JHU-2545 preferentially delivers 2-PMPA to mouse salivary 
glands and kidneys versus prostate cancer xenografts. Mice bearing 
subcutaneous C4-2 prostate cancer xenografts were administered 
JHU-2545 (3 mg/kg molar equivalent to 2-PMPA, i.v., n = 3/group). 
2-PMPA concentrations were monitored over time in plasma, kidneys, 

salivary glands, and tumor xenograft by LC-MS. JHU-2545 adminis-
tration resulted in substantially higher 2-PMPA exposures in the kid-
neys and salivary glands compared to tumor. Data represented as mean 
or mean ± SEM
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prior to tracer administration was found to optimally 
attenuate radioligand uptake in both organs as assessed 
by time-activity curves (Fig.  4A). With this pre-treatment 
time, JHU-2545 achieved maximal radioligand shielding 
in the kidneys and salivary glands between 0.2 and 1 mg/
kg (Fig. 4B). Representative PET images at 1 h post-tracer 
injection exhibit robust, dose-dependent clearance of [18 F]
F-DCFPyL from the renal cortex and salivary glands of 
mice pre-treated with JHU-2545 (Fig. 4C). To ensure mini-
mal interference with tumor uptake, the lowest efficacious 
dose of JHU-2545 was subsequently used to assess kid-
ney and salivary gland shielding in 22RV1 tumor-bearing 
mice. When administered 15 min prior to injection of [18 F]

1 and 10 mg/kg JHU-2545, respectively [F [2, 3] = 95.28; 
p = 0.0019] (Fig. 3C).

JHU-2545 at a dose of 0.25 mg/kg and a pre-
treatment time of 15 min optimally shielded rodent 
kidneys and salivary glands with no substantial 
effect on prostate cancer tumor uptake

A dose response (0.05–5  mg/kg, i.v.) and time course 
(5–60  min pre-treatment) of JHU-2545 was subsequently 
evaluated for kidney and salivary gland blocking in non-
tumor bearing mice assessing uptake of [18 F]F-DCFPyL 
by PET. Administration of JHU-2545 (5 mg/kg, i.v.) 15 min 

Fig. 4  JHU-2545 pre-treatment attenuated uptake of 18F-DCFPyL in 
mouse salivary glands and kidneys in dose and time-dependent fash-
ion. (A) JHU-2545 (5  mg/kg, i.v.) or vehicle was administered to 
mice 5, 15, or 60 min prior to 18F-DCFPyL (7.4-9MBq) bolus dos-
ing (n = 2–3/group). Time activity curves showed that 15-minute pre-
treatment provides maximal shielding of kidneys and salivary glands. 

(B) JHU-2545 (0.05-5 mg/kg, i.v.) was administered 15 min prior to 
18F-DCFPyL bolus dosing (n = 2–3/group). Dose-dependent shielding 
of kidneys and salivary glands was observed with peak effect between 
0.2 and 1 mg/kg. (C) Representative PET images of kidneys and sali-
vary glands at the indicated JHU-2545 dose

 

Fig. 3  JHU-2545 pre-treatment dose-dependently attenuated uptake of 
68Ga-PSMA-11 in rat kidneys. JHU-2545 (1 or 10 mg/kg, i.v.) or saline 
was administered to rats 30 min prior to 68Ga-PSMA-11 (42 ± 5 MBq) 
bolus dosing (n = 2/group). (A) PET images showed greater cortical 
renal uptake in control animals (top) compared to animals treated with 
JHU-2545 (bottom). JHU-2545 treated rats show rapid renal flux with 

activity passing into the bladder. (B) Time activity curves (TAC) show 
a dose-dependent effect. (C) Quantification using the trapezoid method 
shows a significant, dose-dependent reduction in 68Ga-PSMA-11 area 
under the curve (AUC). Data represented as mean ± SEM; *p < 0.05, 
**p < 0.01
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recognition of PSMA in normal tissues. Furthermore, in the 
salivary glands, co-treatment with 2-PMPA has previously 
been found to have no beneficial effect [21], likely owing 
to poor penetration of this tissue compartment due to the 
molecule’s high polarity [32, 37]. In the current study, rela-
tive to direct injection of equimolar 2-PMPA, we show sig-
nificantly increased 2-PMPA exposure in the salivary glands 
and kidneys afforded by the prodrug approach with JHU-
2545, without meaningfully increasing plasma or tumor 
exposures.

Other efforts to shift specific uptake of PSMA radiophar-
maceuticals to malignant tissues have included structural 
modification of PSMA-targeting moieties [44–47]. For 
example, attempts have been made to improve tumor expo-
sure by conjugating PSMA inhibitors to an albumin-binding 
moiety including PSMA-617 [44, 45], PSMA I&T [47], as 
well as other urea-based [45] or phosphoramidate-based 
scaffolds [48]. These analogues exhibited prolonged plasma 
half-life and delivered larger radiation doses to mCRPC 
xenografts, but full organ radiation dosimetry in early clini-
cal tests have revealed concurrent increases in kidney and/
or salivary gland doses that in some cases translated to even 
worse tissue: tumor ratios [46, 49, 50].

Wide-ranging but ultimately unsuccessful attempts have 
also been made to non-specifically mitigate kidney and 
salivary gland toxicities. These strategies have included 
co-administration of gelofusine [24] and mannitol [51] to 
inhibit renal reabsorption, facial application of ice packs to 
reduce salivary gland blood flow [52], and salivary gland 
injection of botulinum toxin [53], all of which offered little 
or no benefit with the exception of botulinum toxin injec-
tion. However, this invasive approach has no effect on 

F-DCFPyL (7.4-9 MBq, i.v.), JHU-2545 (0.25 mg/kg, i.v.) 
blocked salivary gland and kidney uptake but had no effect 
on tumor uptake of radioligand at 60 min post-tracer injec-
tion relative to mice pre-treated with vehicle (Fig. 5). Vehi-
cle vs. JHU-2545 pre-treatment, respectively, resulted in 
salivary gland uptake of 0.78 ± 0.19 vs. 0.10 ± 0.03%ID/g 
[t [6] = 8.27; p = 0.0002]; kidney uptake of 34.21 ± 5.36 
vs. 2.6 ± 0.52%ID/g [t [8] = 13.1; p < 0.0001]; and tumor 
uptake of 4.48 ± 2.23 vs. 4.17 ± 1.49%ID/g [t [8] = 0.26; 
p = 0.7988] (Fig. 5). JHU-2545 pre-treatment thus afforded 
85 and 87% mean reductions in kidney and salivary gland 
uptake of PSMA radioligand at 60 min, but had no effect 
on tumor uptake, substantially improving the tumor: kidney 
and tumor: salivary uptake ratios (Fig. 5). Thus, JHU-2545 
at a dose of 0.25 mg/kg and a pre-treatment time of 15 min 
was found to provide optimal preferential shielding.

Discussion

We have shown that a novel prodrug, JHU-2545, prefer-
entially delivers the PSMA inhibitor 2-PMPA to the sali-
vary glands and kidneys, reducing exposure of these organs 
to PSMA-inhibitor based radiopharmaceuticals without 
substantially hindering tumor uptake in some preclinical 
models. This may be one approach to increasing the thera-
peutic index of PSMA radioligands [37–43], and potentially 
enable greater administered activities for larger cumula-
tive absorbed doses to tumor tissues. In contrast to previ-
ous studies, which found that direct injection of 2-PMPA 
shielded prostate cancer as well as normal organs, the 
approach here appears to preferentially block molecular 

Fig. 5  JHU-2545 pre-treatment 
attenuated uptake of 18F-DCF-
PyL in mouse salivary glands 
and kidneys but not prostate 
cancer xenografts. JHU-2545 
(0.25 mg/kg, i.v.) or vehicle was 
administered to mice bearing 
subcutaneous 22RV1 prostate 
cancer xenografts 15 min prior to 
18F-DCFPyL bolus dosing (n = 5/
group). JHU-2545 treatment 
significantly reduced kidney 
and salivary gland uptake of 
18F-DCFPyL at 1 h post-tracer 
administration with no effect on 
tumor xenograft uptake, resulting 
in increased tumor: kidney and 
tumor: salivary uptake ratios. 
Data represented as mean or 
mean ± SEM; ***p < 0.001
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pressure [60, 61]. JHU-2545 may thus lose this pharmaco-
kinetic advantage over 2-PMPA in tumor tissue while simul-
taneously being unable to benefit from active transport via 
PSMA binding/internalization even after extravasation. This 
balance shift in the relative importance of active vs. passive 
drug delivery mechanisms in normal vs. malignant tumors 
could help explain differential distribution of JHU-2545 
relative to 2-PMPA. Another possible contributing factor is 
differential cellular efflux of JHU-2545 vs. 2-PMPA.

One important limitation of this work relates to clinical 
translation. Human biology could differ from these model 
systems such that preferential delivery of 2-PMPA afforded 
by JHU-2545 is changed. For example, pre-administration 
of monosodium glutamate in a mouse model of prostate can-
cer appeared to show preferential shielding of kidney and 
salivary glands vs. tumor [62], but this finding was not rep-
licated in the clinic [63]. It is important to note that, in con-
trast to JHU-2545, there have been no reports of differential 
pharmacokinetic distribution of monosodium glutamate to 
support the preclinical findings. Regardless, optimization of 
a clinical JHU-2545 dose and regimen to ensure shielding 
of healthy tissues without hindering tumor uptake may not 
be straightforward. These efforts, which are now the subject 
of a Phase 1 imaging sub-study (NCT06217822), would be 
aided by preclinical studies examining JHU-2545 effects on 
safety and efficacy of PSMA radioligand therapies.

This effort would also benefit from replication of the 
current study in multiple cell lines and in other model sys-
tems such as patient-derived xenografts. Mouse pharma-
cokinetic and imaging experiments in this study employed 
C4-2 and 22RV1 xenografts. Both cell lines are established 
mCRPC models, have been shown through various methods 
to express PSMA, and have been found to take up PSMA 
radioligands [64–66]. However, use of additional mod-
els and possibly correlation of preferential 2-PMPA tissue 
distribution mediated by JHU-2545 with varying PSMA 
expression levels would be informative. Given the debate 
surrounding potential contribution of glutamate carboxy-
peptidase III (GCPIII) binding to PSMA radioligand uptake 
[67–68], a possible role for this protein in the effect of JHU-
2545 also warrants further investigation.

Conclusion

If the present findings are replicated in clinical studies, 
JHU-2545 pre-treatment could enable broader, more effec-
tive use of PSMA radioligand therapies.
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kidneys and its salivary gland benefit needs to be confirmed 
in larger, more controlled studies. Early efforts have also 
been made to mitigate kidney damage of PSMA-targeted 
radiopharmaceuticals with radical scavenger and radiopro-
tector α1-microglobulin [54, 55]. These experiments yielded 
mixed results but warrant further study.

The kidneys are thought to be a potentially dose-limiting 
organ for PSMA radioligands [11, 21–23] based on an esti-
mated critical radiation dose of 28 Gy above which risk of 
chronic renal disease appears to increase over time [43]. As 
mentioned, severe nephrotoxicity has generally not been 
observed in the mCRPC patients treated with PSMA radioli-
gand therapies to date. This may be due in part to insufficient 
follow-up given that survival times in these patients are on 
the order of only 1–2 years, whereas radiation-induced kid-
ney failure manifests in about 2 or more years [56]. In the 
case of the only approved therapy, [177Lu]Lu-PSMA-617, 
it is perhaps more likely that the cumulative radiation 
absorbed dose to the kidneys is below the critical thresh-
old. Per its label, the cumulative radiation absorbed dose 
to the kidneys after administration of 6 × 7.4GBq [177Lu]
Lu-PSMA-617 was calculated to be 19 Gy [5].

Nevertheless, PSMA radioligand therapies deployed in 
earlier disease settings, or in tandem with alpha-emitting 
agents (2, 57–58), could create the need to lower the cumu-
lative dose to the kidneys. Alpha-emitting radionuclides 
appear to be more effective than their beta counterparts, but 
also carry greater risk of severe xerostomia and nephrotox-
icity even in late stage mCRPC patients [2, 58]. In addition, 
PSMA radioligand therapy delivers higher doses to healthy 
organs in patients with lower tumor volumes [59]. Thus, 
patients with low tumor burden or those exhibiting regres-
sion after their first treatment cycle(s) may be at greater risk 
for kidney and salivary gland toxicity in subsequent cycles.

The mechanism by which JHU-2545 preferentially 
distributes 2-PMPA to non-malignant tissues is unclear. 
Multiple factors may contribute to this empiric finding. Dif-
ferences in passive diffusion vs. PSMA-mediated uptake in 
tumor vs. normal tissues could be important. It is possible 
that 2-PMPA uptake in tumor tissue is enriched via binding 
and internalization of cell-surface PSMA. JHU-2545 would 
not be subject to this process until converted to 2-PMPA. 
While circulating as parent prodrug, however, JHU-2545 
distribution and tissue penetration may be driven more by 
passive diffusion given masking of charges by the prodrug 
moieties. This process likely explains improved delivery 
of 2-PMPA to kidneys and salivary glands via JHU-2545 
administration vs. direct administration of equimolar 
2-PMPA. However, drug delivery and diffusion of small 
molecules into solid tumors, particularly the core of solid 
tumors, may be hindered by extracellular matrix deposition 
and fibrosis, poor vascularization, and high interstitial fluid 
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