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Abstract

Purpose This translational study is designed to assess the safety, dosimetry and therapeutic response to a single, low-dose of
"""Lu-EB-PSMA-617 in comparison to '”’Lu-PSMA-617 in patients with mCRPC.

Methods Following institutional review board approval and informed consent, nine patients with mCRPC were recruited. Four
patients accepted intravenous injection of 0.80-1.1 GBq (21.5-30 mCi) of ' ""Lu-EB-PSMA-617, then underwent serial whole-
body planar and SPECT/CT imaging at 2, 24, 72, 120 and 168 h. The other five patients accepted intravenous injection of 1.30—
1.42 GBq (35-38.4 mCi) 7L u-PSMA-617, then underwent the same imaging procedures at 0.5, 2, 24, 48, and 72 h. All patients
were evaluated by °®Ga-PSMA-617 PET/CT before and one month after the treatment. Dosimetry evaluation was compared in
both patient groups.

Results When the bone metastasis tumors with comparable baseline SUV,,,, in the range of 10.0-15.0 were selected from the
two groups for comparison, the accumulated radioactivity of '7’Lu-EB-PSMA-617 was about 3.02-fold higher than that of '”"Lu-
PSMA-617. Imaging dose of '”’Lu-EB-PSMA-617 treatment showed significant decrease of °*Ga-PSMA-617 uptake within a
month, which was not observed in patients imaged with ' "’Lu-PSMA-617 (SUV change: —32.43 +0.14% vs. 0.21 +0.37%; P=

0.002). """Lu-EB-PSMA-617 also had higher absorbed doses in the red bone marrow and kidneys than '"’Lu-PSMA-617
(0.0547 +0.0062 vs. 0.0084 +0.0057 mSv/MBq for red bone marrow, P <0.01; 2.39+0.69 vs. 0.39 +0.06 mSv/MBq for
kidneys, P <0.01).

Conclusion This first-in-human study demonstrated that '”’Lu-EB-PSMA-617 had higher accumulation in mCRPC and that low
imaging dose appears to be effective in treating tumors with high **Ga-PSMA-617 uptakes. Elevated uptakes of '”’Lu-EB-
PSMA-617 in kidneys and red bone marrow were well tolerated at the administered low dose. Further investigations with
increased dose and frequency of administration are warranted.

Keywords Radioligand therapy (RLT) - '7"Lu - Evans blue - Prostate-specific membrane antigen (PSMA) - Metastatic
castration-resistant prostate cancer (mCRPC)

Introduction this disease [1]. Metastatic spread and disease progression

under androgen deprivation therapy define the onset of meta-
Prostate cancer (PC) is the second most common cancer static castration resistant prostate cancer (nNCRPC), the lethal
worldwide in men, with persistently high numbers dying from  form of the disease [2]. Despite recent advances in the
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treatment of mCRPC such as the androgen-receptor antagonist
enzalutamide and the CYP17A1-inhibitor abiraterone, resis-
tance to these treatments occurs frequently within 1 to 2 years
[3]. The disease eventually progresses and patients survive
less than 20 months [4]. For this reason, a targeted radionu-
clide approach could be an attractive therapy option.

Prostate-specific membrane antigen (PSMA) is a promis-
ing target for directing new therapies against several types of
cancer. PSMA is a 750-amino acid type II transmembrane
glycoprotein that is more avidly expressed in primary as well
as in metastatic prostate cancer [5]. The level of PSMA ex-
pression on prostate cancer cells further increases with tumor
dedifferentiation and in mCRPC, making it an ideal target for
radionuclide therapy [6-9].

Recent studies have demonstrated the possibility of '”’Lu-
PSMA-617 therapy as a viable treatment option in mCRPC
[10, 11]. The German Society of Nuclear Medicine recently
published a multicenter retrospective case series for toxicity
and PSA response in patients after '”’Lu-PSMA-617 treat-
ment. The data showed a decline in the PSA level in 45%
patients after all therapy cycles, and 40% of patients already
responded after a single cycle [12].

Small molecules, in general, are cleared very quickly from
the circulation. Therefore, radiotherapy that is based on small
molecules requires high doses and frequent administrations,
leading to systemic toxicity. To increase tumor accumulation
and retention for radioligand therapy, and reduce dosage of
0, we conjugated a truncated Evans blue (EB) molecule
and DOTA chelator onto PSMA-617 (EB-PSMA-617) and
labeled it with '”’Lu. Preclinical studies showed high efficacy
of """Lu-EB-PSMA in eradicating PSMA positive tumors
[13]. This translational study is designed to assess the safety,
dosimetry, and therapeutic response to a single, low-dose of
7"Lu-EB-PSMA-617 in comparison with '""Lu-PSMA-617
in patients with mCRPC.

Methods
Patients

This study was registered at clinicaltrials.gov
(NCTO03403595) and approved by the Institute Review
Board of Peking Union Medical College Hospital, Chinese
Academy of Medical Sciences and Peking Union Medical
College. The following inclusion criteria were defined: all
the patients had progressive metastatic castration-resistant
prostate cancer that did not respond to androgen-suppression
therapy and/or systemic chemotherapy. All patients had in-
creasing blood PSA levels. Distant metastases with high
PSMA expression were confirmed on **Ga-PSMA-617
PET/CT within one week before the injection of '"’Lu-EB-
PSMA-617 or '""Lu-PSMA-617. The exclusion criteria were

a serum creatinine level of more than 150 umol/L, a hemo-
globin level of less than 10.0 g/dL, a white-cell count of less
than 4.0 x 10°/L, a platelet count of less than 100 x 10°/L, a
total bilirubin level of more than 60 pmol/L (3 times the upper
limit of the normal range) and a serum albumin level of more
than 3.0 g/dL, cardiac insufficiency including carcinoid heart
valve disease, a severe allergy or hypersensitivity to radio-
graphic contrast material, and claustrophobia.

A total of nine patients with mCRPC were recruited from
November 2017 to February 2018 at Peking Union Medical
College Hospital. The average patient age (mean + standard
deviation) was 71 +5 years (range 60-81 years). Among the
patients, four were in the '”’Lu-EB-PSMA-617 group and five
were in the '”’Lu-PSMA-617 group (control group). The pa-
tients’ basic characteristics are listed in Table 1.

8Ga-PSMA-617 PET/CT imaging

Before and again at 1 month after the administration of '""Lu-
EB-PSMA-617 or '""Lu-PSMA-617, all patients underwent
8Ga-PSMA-617 whole-body PET/CT acquisitions (Siemens
Medical Solutions, Erlangen, Germany) at 45-60 min after
intravenous injection of about 1.85 MBq (0.05 mCi) per kilo-
gram body weight of ®*Ga-PSMA-617 (85.10-125.80 GBq,
110.59 + 12.88 GBq). Whole-body CT images were acquired
using a low-dose CT scan (120 kV, 35 mA, 512 x 512 matrix,
3-mm layer, 70 cm field of view). The whole-body image of
each patient was covered in 5—6 bed positions (2 min/bed),
with the arms held above the head and from the proximal
femur to the skull bottom.

For molecular response evaluation, we chose up to six le-
sions per patient with the highest ®*Ga-PSMA-617 uptakes in
as many involved organ systems as possible as target lesions
and calculated the percentage change of standardized uptake
value calculated using body weight (ASUV) after treatment
relative to the baseline. Complete response (CR) was com-
plete resolution of ®*Ga-PSMA-617 uptake in the target le-
sions. Partial response (PR) was defined as >25% decrease
of the target lesions from the baseline scan, and >25% in-
crease of the target lesions from the baseline scan was taken
as progressive disease (PD). Neither CR, PR nor PD was
considered stable disease (SD) that was <25% decrease or <
25% increase of the target lesions from the baseline scan.

Radiopharmaceuticals

High-purity lutetium chloride was obtained from LuMark®
(IDB, Holland). It was supplied as a sterile solution of
""LuCly in 0.05 M HCI with the radionuclide purity of more
than 99%. For radiolabeling, 3.7 GBq (100 mCi) of '""LuCl,
was diluted with 0.3 mL of 0.5 M NH4OAc (pH =5.6), then
EB-PSMA (200 pg dissolved in 10 puL absolute ethyl alcohol)
or PSMA-617 (200 pg dissolved in 100 puL of metal-free
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Dose (GBq)

Treatment agent

Metastasis

Previous therapies

Gleason

Basic characteristics of the enrolled patients
Age

Table 1
Patient No.
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Abirat  Enzalu

Bicalu

LHRH analogs

223Ra

Chemotherapy

External-beam

Prostatectomy

radiation therapy

1.11

77 u-EB-PSMA-617
77 u-EB-PSMA-617
77 u-EB-PSMA-617
77 u-EB-PSMA-617
77Lu-PSMA-617
7TLu-PSMA-617
"7TLu-PSMA-617
77Lu-PSMA-617
77Lu-PSMA-617

BN

Ve

445
445
4+4
3+4
4+4
3+5
5+5
445
545

70
73

1.09
0.83
0.77

BN
BN

Y*

Y*

76
70
60
81

BN

Y*

Y*

— e —

BN

Y*

Y*

BN

Y*

BN

Y*

70
72
67

BN, LN

Y*

Y*

BN, LN

v

LHRH: luteinizing hormone-releasing hormone; Bicalu: Bicalutamide; Abirat: Abiraterone; Enzalu: Enzalutamide; BN:bone; LN: lymph node

*The hormone therapies were not discontinued despite refractory situation according to the continuing PSA elevation under these medications

water) was added. The mixture was heated for 30 min at 90 °C
and then purified by C18 cartridge and passed through a
0.22-pum aseptic filtration membrane. Radiochemical purity
control was performed with analytical thin-layer chromatog-
raphy (Bioscan, USA). CH;0H:NH,OAc (v/v 1:1) was used
as the developing solution. The radiolabeling yield was great-
er than 90% and the radiochemical purity of '""Lu-PSMA-617
or '""Lu-EB-PSMA-617 was more than 95%.

Treatment regime and follow-up

Patients received intravenous hydration (2000 mL of 0.9%
NaCl; flow, 333 mL/h) starting 30 min before 771 u adminis-
tration. The radiopharmaceutical diluted in 100 mL of physi-
ological saline was co-administered slowly in an intravenous
infusion for over 20-30 min. We used a single high level
diagnostic dose for dosimetry calculation and evaluated the
response. Four patients accepted intravenous injection with
single dose 0.80-1.11 GBq (21.5-30 mCi) of '""Lu-EB-
PSMA-617, and the other 5 patients underwent single dose
administration of '""Lu-PSMA-617 ranging from 1.30 to
1.42 GBq (35-38.4 mCi). To reduce therapy-induced damage
to the salivary glands, the patients received ice packs over the
parotid and submandibular glands starting from 30 min prior
to and continued for 4 h after administration of '”’Lu-EB-
PSMA-617 or '""Lu-PSMA-617 [12]. Approximately 1—
2 mL venous blood samples were collected at 20 min,
40 min, 60 min, 120 min, 1 d, 3 d, 5 d, and 7 d after injection
from each patient in the '""Lu-EB-PSMA-617 group.
Hematologic status, liver function, and renal function were
documented before and every two weeks after the injection
of '""Lu-EB-PSMA-617. The serum PSA response was doc-
umented monthly. Baseline and follow-up values of laborato-
ry tests were classified into toxicity gradings using the
Common Terminology Criteria for Adverse Events 3.0 [14].

SPECT/CT

Whole-body scintigraphy and SPECT/CT imaging were per-
formed with a Philips Precedence scanner (Philips Healthcare,
Andover, Massachusetts, USA), a medium-energy general-
purpose collimator, a 20% energy window, a peak at
208 keV, a scan speed of 15 cm/min for whole-body imaging,
and 32 frames with a 40 s exposure time per frame for each
tomographic scan. Whole-body scintigraphy and SPECT/CT
scans were acquired at different time points: 2, 24, 72, 120,
and 168 h after injection of '""Lu-EB-PSMA-617; 0.5, 2, 24,
48, and 72 h after injection of '”’Lu-PSMA-617.

Dosimetry calculation

The dosimetry calculation was performed according to the
European Association of Nuclear Medicine Dosimetry
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Guidance [15]. The OLINDA v1.1 software (Vanderbilt
University, Nashville, Tennessee, USA) was used to derive
absorbed doses of organs and whole-body effective dose.
Two radioactive sources equipped with well-determined
amounts of ' "’Lu activity were used to calculate dose con-
centration factor and voxel-based activity concentration
which were converted to SUV in the volumes of interest.
One radioactive source was a cylindrical phantom with a
volume of 6.7 L and an internal diameter of 22 cm, which
was homogeneously filled with a solution containing a total
of 370 MBq '""Lu activity to calculate the SUV of major
organs. The other radioactive source was a cube phantom
with a volume of 20 mL, which was homogeneously filled
with a solution containing a total of 18.5 MBq '”"Lu activity
to calculate the SUV of tumors. The decay uncorrected time-
activity curve was generated based on the SUV of each organ
ortissue. The SUV values were then converted to MBg/MBq
using dose conversion factors based on organ weight from
the adult male phantom by the OLINDA/EXM [16, 17]. The
number of disintegrations for the source organ was obtained
using the OLINDA/EXM kinetic input model applying a
monoexponential or a biexponential fit to the data of each
source organ. The volume of left ventricle was set as
550 mL to calculate the residence of heart content. The ratio
of activity mass concentrations for red marrow to blood was
set as 0.32 to calculate dose delivery to bone marrow [18].
Organs such as salivary glands and tumors, which were not
included in the OLINDA/EXM program, were assumed to
have a morphology similar to that of a sphere and the
absorbed doses were calculated in the sphere model program
incorporated into the OLINDA software. The dimensions of
the gland were estimated from direct measurement on CT
images of the corresponding pretherapeutic **Ga-PSMA-
617 PET/CT. The residence times of tumors were calculated
by the trapezoidal method using Graphpad Prism (Version
4.0, GraphPad Software, Inc.) [19]. A total of 49 representa-
tive lesions (up to 6 tumor lesions per patient, same as the
lesions used for molecular response evaluation) were ana-
lyzed (24 lesions for '"’Lu-EB-PSMA-617 and 25 lesions
for """Lu-PSMA-617).

Statistical analysis

Calculations were performed using SPSS software (IBM
SPSS Statistics for Windows, Version 21.0; Armonk, NY).
All quantitative data were expressed as mean + standard devi-
ation. A P value of less than 0.05 was accepted as statistically
significant. Two sample ¢ tests were used to evaluate differ-
ences between the two groups. Correlations between SUVs,
changes of SUV between pre- and post-therapeutic PET
(ASUV) and absorbed doses in tumor lesions were assessed
using Spearman’s rank correlation coefficient.

Results
Safety

""Lu-EB-PSMA-617 imaging dose was well tolerated by all
four patients. No clinically significant adverse effects were
reported or observed in any patient up to 3 months post injec-
tion. Out of four patients in the '”’Lu-EB-PSMA-617 group,
one patient experienced Grade 1 leucopenia and anemia, and
another patient developed grade 2 reduction in white blood
cells. These two patients had been heavily pretreated with
chemotherapy or ***Ra-therapy of bone metastases and had
an already-compromised bone marrow reserve before therapy.
Nevertheless, both patients recovered within 8 weeks after
injection of '”’Lu-EB-PSMA-617. Kidney function and liver
function were not significantly changed within 2 months pe-
riod of observation, i.e., no significant change was observed in
serum creatinine, urea, alanine aminotransferase, aspartate
transferase, glutamyl transpeptidase, and total bilirubin. No
patient experienced relevant xerostomia, fatigue, nausea or
loss of appetite during the first few weeks after therapy.

For the five patients subjected to '’"Lu-PSMA-617 thera-
Py, no nephrotoxicity, hepatotoxicity, or hematological toxic-
ity was observed. Fatigue was reported around 2448 h after
injection in two patients.

Pharmacokinetics

Normal physiological uptake of '”’Lu-EB-PSMA-617 was
observed in the lacrimal glands, salivary glands, liver, intes-
tines, spleen, kidneys and bladder. A representative example
of '""Lu-EB-PSMA-617 distribution is shown in Fig. 1.
""Lu-EB-PSMA-617 had relatively long circulation with t;,
> around 5.26 h and t;,f3 around 143.9 h. Based on the
quantitative data summarized in Table 2, 7L u-EB-PSMA-
617 had much longer tumor residence time and higher tumor
uptake than '""Lu-PSMA-617. Excessive uptakes were still
seen for multiple tumor lesions even at 168 h after injection
of '”’Lu-EB-PSMA-617, while that of '7’Lu-PSMA-617 al-
ready dropped to almost the background level at 24 h p.i. Most
of the'”’Lu-PSMA-617 already cleared from the blood circu-
lation at the 2 h time point. '”’Lu-EB-PSMA-617 showed
much higher retention in the blood (SUV of 1.87 +0.60) than
""Lu-PSMA-617 (SUV 0f 0.29 +0.07) at 24 h p.i. (P < 0.01).
The uptakes of '”’Lu-EB-PSMA-617 in the lung, liver, kid-
neys, spleen, and muscle were also higher than those of ' ""Lu-
PSMA-617. The uptakes in the intestine were similar for the
two agents.

Dosimetry for normal organs

Organ and effective doses of '"’Lu-EB-PSMA-617 and
"7"Lu-PSMA-617 are given in Table 3. Whole body effective
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Fig. 1 a Representative whole-
body anterior projection images
of a 70-year-old male patient with
mCRPC at different time points
after intravenous administration
of '”Lu-EB-PSMA-617. b
Representative whole-body ante-
rior projection images of a 72-
year-old male patient with
mCRPC at different time points
after intravenous administration
of ""Lu-PSMA-617

7
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dose for '""Lu-EB-PSMA-617 (0.1294 +0.0395 mSv/MBq)
was higher than '""Lu-PSMA-617 (0.0235 +0.0029 mSv/
MBgq, P=0.025). The highest estimated radiation dose was
calculated for parotid glands for both agents with 6.41 +
1.40 mSv/MBq for '"’Lu-EB-PSMA-617 and 1.25+
0.51 mSv/MBq for '""Lu-PSMA-617. For the kidneys, the
calculated absorbed dose was 2.39 +0.69 mSv/MBq for
"""Lu-EB-PSMA-617 and 0.39+0.06 mSv/MBq for '""Lu-
PSMA-617 (P<0.01). """Lu-EB-PSMA-617 also had signif-
icantly higher effective dose in red bone marrow than '""Lu-
PSMA-617 (0.0547 +£0.0062 vs. 0.0084 + 0.0057 mSv/MBq,
P<0.01). As to effective dose in the small intestine, there was
no significant difference between '”’Lu-EB-PSMA-617 and
TLu-PSMA-617 (0.31+0.16 vs. 0.28 £0.21 mSv/MBq,
P=0.82).

Dosimetry for tumor lesions
Most of the lesions seen by **Ga-PSMA-617 PET were also
visualized on '"’Lu-EB-PSMA-617 and '""Lu-PSMA-617

planar images and SPECT. There was no significant difference
in all the targeted tumor SUV values of **Ga-PSMA-617

@ Springer
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between the '"’Lu-EB-PSMA-617 group and '”’Lu-PSMA-
617 group (19.24 +14.45 vs. 15.75+£14.17 for SUV 10x, P=
0.36; 11.21 £8.54 vs. 9.45 + 8.33 for SUV,,can, P =0.36). The
number of disintegrations of all the tumors by mass average
was 0.0766 +0.0385 MBqg-h/MBg/g in patients receiving
"""Lu-EB-PSMA-617, which was about 2.15-fold higher than
that in patients receiving '"’Lu-PSMA-617 (0.0356 +
0.0361 MBg-h/MBq/g, P <0.001).

In addition, the number of disintegrations of '"’Lu in the
bone metastasis lesions in the'’’Lu-EB-PSMA-617 group
was about 5.68-fold higher than that in '”’Lu-PSMA-617
group (0.0766 +0.0385 MBq-h/MBq/g with 24 lesions vs.
0.0135+0.0103 MBg-h/MBg/g with 15 lesions, P<0.001)
(Fig. 2). Similarly, SUV pax of *®Ga-PSMA-617 activity in
bone lesions was also found to be significantly higher in
the'”’Lu-EB-PSMA-617 group (19.24 + 14.45) than that in
the'”’Lu-PSMA-617 group (6.50 +3.03, P <0.001).

When the bone tumors with comparable baseline SUV .«
of ®®Ga-PSMA-617 activity from 10.0-15.0 were selected
from the two groups for comparison, the number of disinte-
grations in the bone metastasis lesions of '"’Lu-EB-PSMA-
617 group was about 3.02-fold higher than that in the "Lu-
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Table 3 Estimated effective dose
after intravenous administration Target organ

177Lu-EB-PSMA (mSv/MBq) 77Lu-PSMA (mSv/MBq)

of ""Lu-EB-PSMA-617 and

7L u-PSMA-617

Adrenals

Brain

Breasts
Gallbladder wall
LLI wall

Small intestine
Stomach wall
ULI wall

Heart wall
Kidneys

Liver

Lungs

Muscle

Ovaries
Pancreas

Red marrow
Osteogenic cells
Skin

Spleen

Testes

Thymus
Thyroid

Urinary bladder wall
Uterus

Total body
Effective dose equivalent
Effective dose
Salivary glands

0.0200 + 0.0040
0.0008 + 0.0002
0.0039 £ 0.0006
0.0248 + 0.0057
0.0068 + 0.0020
0.3123 + 0.1644
0.0446 + 0.0086
0.0129 + 0.0035
0.3993 + 0.0283
2.3875 + 0.6929
0.8498 + 0.2428
0.1550 + 0.0461
0.0979 + 0.0265
0.0086 + 0.0026
0.3163 + 0.0573
0.0547 + 0.0062
0.0320 + 0.0032
0.0031 + 0.0006
0.8208 + 0.1342
0.0032 + 0.0009
0.0072 + 0.0010
0.0041 + 0.0010
0.0102 + 0.0041
0.0081 + 0.0025
0.0828 + 0.0151
0.3210 + 0.0608
0.1294 + 0.0395
6.4100 + 1.4000

0.0031 + 0.0007
0.0001 £ 0.0000
0.0005 + 0.0001
0.0048 + 0.0020
0.0021 + 0.0012
0.2776 + 0.2052
0.0098 + 0.0026
0.0049 + 0.0029
0.0504 + 0.0231
0.3948 + 0.0610
0.1478 + 0.0715
0.0164 + 0.0037
0.0072 + 0.0018
0.0031 + 0.0019
0.0349 + 0.0153
0.0084 + 0.0057
0.0047 + 0.0028
0.0004 + 0.0001
0.1143 £ 0.0602
0.0003 + 0.0001
0.0008 + 0.0002
0.0003 = 0.0001
0.0163 + 0.0150
0.0029 + 0.0017
0.0123 + 0.0035
0.0635 + 0.0173
0.0235 + 0.0029
1.2500 + 0.5100

LLI: Lower large intestine; ULI: Upper large intestine

PSMA-617 group (0.0575+0.0214 MBq-h/MBg/g with 13
lesions vs. 0.0190+0.0116 MBg-h/MBq/g with 8 lesions, P
<0.001).

Treatment efficacy

Improvement in clinical symptoms Out of the four patients
who received the !”’Lu-EB-PSMA-617 imaging dose, signif-
icant decrease in the severity of bone pain, with a reduction in
visual analog scale scores from 7 before treatment to 4 after
treatment was found in one patient. The pain intensity
remained unchanged or slightly relieved in the other three
patients, requiring constant use of analgetics. The Karnofsky
Performance Status score improved in two patients, and no
worsening was observed in any patient after radiopharmaceu-
tical injection. In patients with '""Lu-PSMA-617 therapy,
there was no change in clinical symptoms.

@ Springer

PSA response In the '7"Lu-EB-PSMA-617 therapy group, two
of four patients demonstrated a reduction in PSA levels at
1 month after the treatment; in one patient the decrease was
more than 50% and in one patient more than 20%. However,
PSA level increase of 15 to 25% was noted in the remaining
two patients with stable disease.

In five patients who underwent '”"Lu-PSMA-617 injec-
tion, one of five patients showed a reduction in PSA level at
1 month after the treatment from 16.17 to 12.19 (25%). A PSA
increase of greater than 50% was seen in two patients with
progressive disease, and an increase of less than 25% was
noted in two patients with stable disease.

Molecular response Eight out of nine patients underwent
®8Ga-PSMA-617 PET/CT acquisition 1 month after the
treatment. One patient in the '”’Lu-EB-PSMA-617 thera-
py group failed to be checked due to constipation. In the
""TLu-EB-PSMA-617 group of three patients, the summed
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target lesions SUV,,,x decreased from 237, 71, and 86 to
113, 41, and 61, respectively (ASUV =-52%, —42%, and
—29%, respectively). According to the criteria for re-
sponse evaluation, all three patients subjected to low im-
aging dose '""Lu-EB-PSMA-617 therapy showed partial
response (Fig. 3a and b).

In the '""Lu-PSMA-617 group, two out of five patients
showed decrease of summed target lesions SUV,,,x from
167 and 141 to 136 and 109, respectively (ASUV =—-19%
and — 23%, respectively), and the other three patients showed
increase of summed SUV,,,,, from 16, 43, and 27 to 16, 51,
and 62 (ASUV =+3%, +19%, and + 131%, respectively).
Referring to the criteria, only one patient showed partial re-
sponse (Fig. 3¢ and d) and the other patients had SD.

When the tumors with comparable baseline SUV ,,, from
10.0-15.0 were selected from the two groups for comparison,
the '""Lu-EB-PSMA-617 group showed significantly better
tumor response than the control '""Lu-PSMA-617 group as
demonstrated by ASUV (-32+0.14%, n=8 vs. 0.21 £+
0.37%,n=28; P=0.002).

96 120 144 168
Time (hours)

0.00

7 u-EB-PSMA-617  Lu-PSMA-617

Correlation of SUV and absorbed doses in tumor
lesion

There was a moderate but highly statistically significant cor-
relation between baseline SUV ., from *®Ga-PSMA-617
PET/CT and the number of disintegrations in all the tumors
for the '”"Lu-EB-PSMA-617 treatment (r=0.611, p=0.002).
Change of SUV,,,,, for all lesions showed a significantly neg-
ative correlation with the pretherapeutic SUV (r=-0.550,
P =0.018). No correlation could be found between the change
of SUV ..« and the number of disintegrations in all the tumors
(r=—0.164, P=0.515).

In addition, there was significant positive correlation be-
tween baseline SUV,, from ®*Ga-PSMA-617 PET/CT and
the number of disintegrations in all the targeted tumors for the
""Lu-PSMA-617 treatment (= 0.915, p <0.001). Change of
SUVax for all lesions showed negative correlation with the
baseline SUV (r=-0.582, P=0.002). Correlation was also
found between the change of SUV,,,,« and the number of dis-
integrations in all the tumors (»=-0.558, P =0.004).
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Fig. 3 Comparison of ®*Ga-PSMA-617 PET/CT images immediately
before (A) and 1 month after (B) injection of 1.11 GBq (30.0 mCi) of
7"Lu-EB-PSMA-617 in a patient (patient 1) with mCRPC. The SUV .
of the right scapula decreased from 10 to 3 (red arrow), and the SUV ¢
of bone metastasis in T6 decreased from 21 to 7 (blue arrow).

Discussion

PSMA is overexpressed in almost all primary prostate tumors
and metastases, offering an optimal target for various
molecular-based radionuclide therapies in prostate
cancer [20-22]. '7"Lu-J591, a monoclonal antibody probe that
binds to the extracellular domain of PSMA, was first used for
therapy but limited by myelosuppression. With the develop-
ment of small-molecule PSMA ligands, '"’Lu-PSMA-617 has
been increasingly used for radioligand therapy of mCRPC
[19, 23-25]. Small-molecule ligands clear rapidly from blood
circulation and therefore require large doses and/or repeated
administration, which in turn may lead to unwanted toxicity to
healthy organs and tissue. Hence, improving the pharmacoki-
netics of therapeutics in the blood has been regarded as a
valuable means to reduce the number of injections and im-
prove the efficacy of the drug. In prior studies, we synthesized
""Lu-EB-PSMA-617 to increase the tumor accumulation and
retention, and tested the compound in animal models and
compared it to other albumin-binding moieties such as 4-
iodophenyl butyric acid. In this first-in-human study, we pres-
ent the data of safety, dosimetry and early response to single
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Comparison of **Ga-PSMA-617 PET/CT images immediately before
(C) and 1 month after (D) injection of 1.27GBq (34.30 mCi) of '""Lu-
PSMA-617 in a patient (patient 7) with mCRPC. The SUV,,,,, of bone
metastasis in S1 increased from 5 to 12 (green arrow), and the SUV ,, of
the right ilium increased from 4 to 8 (yellow arrow)

low dose (i.e. imaging dose) of '""Lu-EB-PSMA-617 in pa-
tients with mCRPC, and a comparison with T u-PSMA-
617.

Due to albumin binding, longer intratumoral residence time
of ""Lu-EB-PSMA-617 compared to '"’Lu-PSMA-617 re-
sulted in much higher absorbed doses in bone metastasis with
comparable baseline SUV ,,x of 10.0-15.0. This result was
consistent with the treatment response. At 1 month after the
administration of low-dose '"’Lu-EB-PSMA-617, a signifi-
cant decrease of **Ga-PSMA-617 uptake was found which
was not observed in the '”’Lu-PSMA-617 group. In addition
to the decrease of **Ga-PSMA-617 uptake, all the patients that
were re-evaluated 1 month after '"’Lu-EB-PSMA-617 injec-
tion showed partial response (three out of three), while only
one patient out of five in the '”"Lu-PSMA-617 group showed
partial response. This result suggests that '"’Lu-EB-PSMA-
617 therapy will be more efficacious and may facilitate reduc-
tion of dose or dosing frequency.

Hematological toxicity is the most commonly reported ad-
verse side effect related to '”’Lu PSMA therapy, especially for
the patients with a heavy burden of skeletal metastases and
borderline marrow function. In men with significant bone
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metastases, up to 10-25% had a grade 1-2 reduction in hemo-
globin or platelets [26]. A multicenter retrospective case series
for toxicity showed that 10%, 4%, and 3% of the patients
experienced grade 3—4 anemia, thrombocytopenia, and leuko-
penia, respectively [12]. In this study, '”’Lu-EB-PSMA-617
showed relatively long half-life, thus higher effective dose in
red bone marrow than '”’Lu-PSMA-617. In the present study,
imaging dose of '"’Lu-EB-PSMA-617 induced a reversible
grade 1-2 leucocyte reduction in two out of four patients with
diffuse bone marrow involvement. A low blood count at base-
line and extensive bone marrow infiltration in combination
with previous chemotherapy or ***Ra-therapy was considered
a risk for the development of hematotoxicity [27, 28]. Based
on the mean absorbed dose to red marrow and dose limit of
2 Gy, similar patients can be injected with as much as 34 GBq
of '""Lu-EB-PSMA-617. However, such therapeutic study
should be carefully preformed with escalating doses and mon-
itored closely.

Similar to 177Lu—PSMA—617, the highest estimated radia-
tion dose of '""Lu-EB-PSMA-617 was observed in the kid-
neys and salivary glands. None of the current studies have
reported nephrotoxicity. In our study, the calculated absorbed
dose of '’Lu-EB-PSMA-617 was higher than '”’Lu-PSMA-
617. Kidney function (serum creatinine, urea) was not signif-
icantly changed within a 2-month period of observation.
However, closely monitoring renal function should be needed
for further investigation with increased doses. Due to the high
physiological uptake in healthy salivary glands, up to 30% of
men reported dry mouth or xerostomia following high dose
repeated '7’Lu-PSMA-617 treatment [26]. Although salivary
gland dysfunction is a common finding in patients treated with
radioiodine, it is usually transient and persistent dysfunction
rate was reported to be only 5% [29]. The salivary glands
(parotid and submandibular glands) received the highest radi-
ation dose of 6.41+1.40 mSv/MBq for '""Lu-EB-PSMA-
617. Although we did not observe xerostomia in patients with
"""Lu-EB-PSMA-617 administration during follow-up, it is a
matter of concern that increasing the dose might put the sali-
vary glands at risk. A possible reduction of damage to salivary
glands might be facilitated by applying icepacks to the glands
in order to reduce blood flow and '”’Lu-EB-PSMA-617 up-
take during the blood pool phase.

77Lu-EB-PSMA-617 allows the radioactivity to remain in
the target, prolongs tumor retention, maximizes the therapeu-
tic effect, and reduces dosage of 177Lu, but also induces much
higher estimated doses in other organs including several
glands, kidneys and blood, and increases potential side effects,
especially hematotoxicity. To weigh the advantages and dis-
advantages, we are currently proposing a larger prospective
study using 1.85 GBq (50 mCi)/cycle per patient with exten-
sive bone marrow involvement and 3.70 GBq (100 mCi)/cy-
cle per patient with predominant lymph node and soft tissue
metastases.

There were several limitations in our study. Firstly, the
most prominent of these is the small number of patients.
Nevertheless, with this small cohort we observed that '’ Lu-
EB-PSMA-617 is significantly better than '”’Lu-PSMA-617,
and low imaging doses already achieved some therapeutic
benefits for the patients. Secondly, our study lacked long-
term observations of side effects such as nephrotoxicity and
hepatotoxicity. Thirdly, it missed histological confirmation for
CR. This study warrants future studies with escalating dose
treatment of mCRPC patients. As suggested above, future
studies with '”’Lu-EB-PSMA-617 patients with diffuse bone
marrow involvement should be done carefully because these
patients have a higher probability to develop hematotoxicity.

Conclusions

This first-in-human study demonstrates that '’’Lu-EB-
PSMA-617 has much higher tumor accumulation than
""Lu-PSMA-617 and a single imaging dose provides some
therapeutic efficacy in patients with mCRPC. The '""Lu-EB-
PSMA-617 uptakes in kidneys and red bone marrow are
higher than '""Lu-PSMA-617 but are well tolerated at low
doses. Further investigations with increased dose and frequen-
cy of administration are warranted.
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