European Journal of Nuclear Medicine and Molecular Imaging (2020) 47:3008-3017
https://doi.org/10.1007/500259-020-04856-1

ORIGINAL ARTICLE m

Check for
updates

Dosimetry and safety of '’’Lu PSMA-617 along with polyglutamate
parotid gland protector: preliminary results in metastatic
castration-resistant prostate cancer patients

Giovanni Paganelli' - Anna Sarnelli’ - Stefano Severi' - Maddalena Sansovini' - Maria Luisa Belli' - Manuela Monti' -
Flavia Foca' - Monica Celli' - Silvia Nicolini® - Elisa Tardelli' - Irene Marini** - Federica Matteucci' -
Melchiore Giganti? - Valentina Di lorio* - Ugo De Giorgi'

Received: 23 December 2019 /Accepted: 4 May 2020 / Published online: 20 May 2020
© Springer-Verlag GmbH Germany, part of Springer Nature 2020

Abstract

Purpose Radioligand therapy (RLT) with '”’Lu-PSMA-617 is a promising option for patients with metastatic castration-resistant
prostate cancer (NCRPC). The present study was designed to define the safety and initial response to a minimal effective injected
activity/cycle of '"’Lu-PSMA-617 in mCRPC patients. New protective agents for salivary glands and kidney were co-
administered and dosimetry was carried out.

Patients and methods A prospective single-arm, open label phase II study on mCRPC was activated at our institute in April
2017. Patients with histologically confirmed advanced mCRPC previously treated with standard life-prolonging agents were
enrolled. Folic polyglutamate tablets were orally administered as parotid gland protectors and 500 mL of a 10% mannitol solution
was intravenously infused to reduce kidney uptake before the injection of 3.7-5.5 GBq of '"’Lu-PSMA-617 repeated four times
at interval of 8 weeks. The adsorbed dose calculation was performed with MIRD formalism (OLINDA/EXM software). The
Bryant and Day design was used to estimate the sample size taking account of both activity and toxicity.

Results Forty-three eligible patients were evaluated for toxicity and initial response. Dosimetry was carried out in 13 patients.
Two (4.8%) patients had G3 and 8 (19.5%) had G2 hematological toxicity. Only 3 (6.9%) patients had mild G1 salivary gland
toxicity and 8 (19.5%) had G1 renal toxicity. A decrease of >30% in prostate-specific antigen (PSA) was achieved after the first
cycle in 17 (40.5%) patients, of whom 13 had a PSA decline of >50% after the second cycle. The median adsorbed doses were
0.65 mGy/MBq (range 0.33-2.63) for parotid glands, 0.42 mGy/MBq (0.14-0.81) for kidneys, 0.036 mGy/MBq (0.023-0.067)
for red marrow, and 0.038 mGy/MBq (0.018-0.135) for the whole body.

Conclusion In advanced, heavily pre-treated mCRPC patients, 3.7 GBg/cycle of '"Lu-PSMA-617 was safe and produced early
biochemical and imaging responses at PSMA whole-body scan post injection. Dosimetry of salivary glands suggests that the co-
administration of polyglutamate tablets may reduce salivary gland uptake.

Clinical trial registration EU Clinical Trials Register No.: 2016-002732-32; NCT03454750. Collection and assembly of data:
April 2017 and February 2019.
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Introduction

Prostate cancer is the second most common cancer worldwide
in terms of incidence and the third cause of death from cancer
in males [1]. Standard care for patients with advanced or met-
astatic disease is androgen deprivation therapy (ADT) includ-
ing luteinizing hormone-releasing agonists or antagonists and
anti-androgen agents. However, the disease may progress de-
spite castration levels of testosterone to become metastatic
castration-resistant prostate cancer (mCRPC), which is cur-
rently treated with life-prolonging agents such as novel anti-
androgens (abiraterone/enzalutamide), taxanes (docetaxel/
cabazitaxel), and radium 223 [1].

PSMA (prostate-specific membrane antigen) is an attrac-
tive target for diagnosis and therapy of metastasized PCa as its
expression levels are directly correlated with androgen inde-
pendence, metastases, and progression [2]. PSMA, also
known as glutamate carboxypeptidase II (GCPII), is a
membrane-type zinc protease anchored in the cell membrane
of prostate epithelial cells. PSMA expression increases as tu-
mor de-differentiation increases, in metastatic and hormone-
refractory cancers. In addition to being expressed by prostate
cells, it is also expressed at lower levels by non-prostate tis-
sues such as small intestine, proximal renal tubules, and sali-
vary glands, which are considered critical organs in
radioligand therapy (RLT) with radiolabeled PSMA [2—4].

A DOTA version of a PSMA inhibitor has been synthesized
and has shown promising properties when labeled with '"lu-
tetium [5]. This novel theranostic agent, 7 u-DKFZ-PSMA-
617 (*’’Lu PSMA—617), has been administered to patients
with mCRPC who show strong PSMA expression at pre-
therapy diagnostic PET/CT scan [6-9]. Several retrospective
studies, mainly carried out in Germany where the ligand was
developed [5, 10-20], have reported favorable biochemical
and objective response rates in patients with far advanced
mCRPC.

In May 2018, the results from the first prospective phase 11
study on 30 mCRPC patients were published in Australia,
showing a high response rate and low toxicity [19]. In this
particular study, all patients received 7500 MBq PSMA-RLT
per cycle at 6-week intervals, whereas other trials did not have
a standardized protocol for PSMA-RLT and treatment plans
were also heterogeneous in terms of activity of [177Lu]Lu-
PSMA, which ranged from about 1.1 to 9.3 GBg/cycle [21].
Thus, there is no single established therapeutic protocol for
PSMA-RLT in mCRPC patients or best (minimal-maximal)
activity dosage of [177Lu] Lu-PSMA according to different
clinical situations.

Here we report, in a prospective study, dosimetry and acute
side effect of !”"Lu PSMA-617 co-administered, for the first
time, with polyglutamate as protective agents for salivary
glands. Moreover, a minimal effective activity per cycle was
investigated.

Patients and methods
Patients

From April 2017 to February 2019, 43 heavily pre-treated
patients with advanced prostate cancer were enrolled in this
European phase II RLT prospective trial (Eudract no. 2016-
002732-32, NCT03454750). Patients were eligible if they had
histologically or cytologically confirmed prostate cancer,
mCRPC defined according to PCWG3 criteria, and measur-
able disease according to RECIST 1.1. Criteria. Patients with
only bone lesions could also be enrolled. Patients with docu-
mented radiological progression (in soft tissue and/or bone)
and/or biochemical progression (sequence of 3 PSA increased
values from a screening PSA value >2 ng/mL) according to
PCWGS3 in the pre-study period, refractory to or unfit for
conventional life-prolonging new anti-androgen treatments
(abiraterone and enzalutamide), chemotherapeutic agents (do-
cetaxel and cabazitaxel), and radium-223 were admitted. All
patients performed diagnostic PET/CT **Ga-PSMA showing
an evident uptake equal to or higher than that of salivary
glands at metastatic tumor sites. Concomitant treatment with
LH-RH analogs was needed. Inclusion criteria included
Eastern Cooperative Oncology Group (ECOG) performance
status <2, adequate hematological, liver and renal function,
hemoglobin >9 g/dL, absolute neutrophil count (ANC)
> 1.5 x 10°/L, platelets > 100 x 10°/L, bilirubin <1.5 UNL
(upper normal limit), ALT and AST <2.5 UNL (<5 UNL in
presence of liver metastases), and creatinine <2 mg/dL).
Patients treated with chemotherapy and ***radium radiothera-
py <4 weeks previously or those receiving palliative radio-
therapy <2 weeks previously were excluded. The protocol
was approved by the Ethics Committee of Area Vasta
Romagna and IRST and by the competent Italian regulatory
authorities. The study was conducted in accordance with the
Declaration of Helsinki and good clinical practice (GCP)
guidelines. All patients gave written informed consent.

Study design

This was a single-center, prospective, non-controlled, open
label, and phase II trial. The radiopharmaceutical '"’Lu-
PSMA 617 was injected four times every 8—12 weeks at a
dosage ranging from 3.7 to 5.5 GBq. Patients < 75 years old
who were unfit to be treated with docetaxel received 5.5 GBq
of '"""Lu PSMA-617. In a specific cohort, patients already
treated with abiraterone/enzalutamide and docetaxel and/or
aged > 75 years mainly received lower activities ranging from
3.7 to 4.4 GBq of '""Lu PSMA-617. Patients received up to
two additional cycles if this could prolong clinical benefit
according to the clinical investigator. A total cumulative ac-
tivity (TCA) up to 33 GBq was envisaged, respecting dose
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constraints for normal organs after repeated intravenous (iv)
injection of '""Lu PSMA-617 [12, 16].

Preparation and administration of Lu-PSMA and new
protective agents

National Good Preparation standards (NBP MN) for pharma-
ceutical products were followed for '"’Lu-PSMA-617 produc-
tion, as required by current Italian legislation. DOTA-PSMA-
617 was kindly provided by Endocyte Inc. (West Lafayette,
IN, 47906, USA) and Ly was purchased from AAA
(LuMark®, Baarle-Nassau, Netherlands) or ITG
(Endolucinbeta®, Isotope Technologies Garching GmbH,
Garching, Germany). The labeling procedure and quality con-
trol of '’"Lu-DOTA-PSMA-617 compound was performed in
the Radiopharmacy Laboratory of our institute (Istituto
Scientifico Romagnolo per lo Studio e la Cura dei Tumori
(IRST) IRCCS, Meldola, Italy).

The radiopharmaceutical was slowly infused intravenously
over 15-30" in a dedicated room using a dedicated delivery
system (Paganelli-Chinol; patent US 7,842,023 B2). Before
therapy, patients received iv administration of 500 mL man-
nitol 10%, 250 mL half an hour before therapy and 250 mL
after therapy. Two polyglutamate folate tablets of plant origin
(Ferramina, Morganpharma, Monteviale, Italy) were orally
administrated to patients half an hour before, during, and 4 h
after treatment. These tablets contain 200 pg of folic acid that
are rich in glutamate groups engaging proteolytic activity of
PSMA expressed in the salivary glands. Moreover, ice packs
were positioned on parotid glands.

Dosimetry and imaging

Dosimetric analysis were performed in 13 patients, 7 injected
with 4.4 GBq and 6 with 5.5 GBq. Pharmacokinetics,
biodistribution, and absorbed dose to parotid (PGs), subman-
dibular (SGs) and lacrimal glands (LGs), and kidneys, liver,
red marrow (RM), whole body, and tumor (target lesions)
were evaluated. Serial whole-body images were acquired at
0.5-1, 16-24, 3648, and 120 h post injection. Imaging was
performed on a Discovery NM/CT 670 scanner (International
General Electric, General Electric Medical System, Haifa,
Israel). Blood sampling for RM dosimetry evaluation was
performed at the same time points as imaging acquisitions.
In addition, a SPECT/CT scan, centered on the kidney region,
was acquired 16-24 h post injection.

Image analysis was carried out on a Xeleris 3.0 workstation
to allow the co-registration of serial post therapy whole-body
scans (WBS) and the segmentation of the target organs and
corresponding background regions. Dosimetry evaluations
were performed with the MIRD formalism [22-24].
Contouring on SPECT/CT 3D images was performed on the
MimVista software. Attenuation (based on transmission scan),

@ Springer

scatter, and background corrections were applied [25, 26].
OLINDA/EXM software (v 1.0, [27, 28]) was used to assess
effective half-life and absorbed dose with the inclusion of the
patient-specific masses evaluated by CT scan. For each con-
sidered lesion, the volume was evaluated on pre-therapy **Ga-
PSMA PET/CT using the MimVista software. An adult male
phantom was used for kidney, liver, RM, and whole-body
evaluation, while a unit-density sphere model was used for
SG, LG, and tumor lesion evaluation.

Relative kidney uptake was evaluated on SPECT/CT scan
16-24 h post injection. It was calculated by multiplying total
counts per second by calibration factor ([cps/MB(q] measured
with the same SPCET/CT acquisition parameters [29]) and
normalized to the total injected activity. Time-activity curves
derived from planar images were then rescaled according to
the ratio of relative uptake observed on post injection WBS
and SPECT/CT at 16-24 h. The hybrid dosimetry evaluation
was then performed for kidneys with the OLINDA/EXM soft-
ware as well as for all other structures [26].

Statistical analysis

In this phase II prospective study, eligible patients were
assigned to the following treatments:

A—patients treated with docetaxel and/or > 75 years 3.7—
4.4 GBq x 4 cycles every 8—12 weeks.

B—patients not treated with docetaxel or <75 years
5.5 GBq % 4 cycles every 812 weeks.

Patients could receive up to two additional cycles (3.74.4
or 5.5 GBq, depending on the dosage assigned) based on the
clinical benefit assessed by the investigators. The Bryant and
Day design was used to estimate the sample size and takes in
account both therapeutic activity and toxicity [30]. A sample
size of 84 patients (42 per cohort) was required in the first step.
The protocol envisaged a total of 210 patients.

The primary aim was to evaluate the safety and efficacy as
co-primary objectives of two different administration sched-
ules of '7"Lu-PSMA-617 in two specific cohorts. Secondary
objectives were dosimetry and late toxicity. In this preliminary
analysis, acute toxicity and safety was evaluated according to
Common Terminology Criteria for Adverse Events (CTC-
AE) version 4.03. Frequency tables were performed for all
categorical variables while continuous variables were present-
ed using median and range or interquartile range (IQR).
Dosimetric comparisons with external data have been per-
formed via the distribution-free Kolmogorov—Smirnov test at
a significance level of 0.10 due to low sample sizes. In this
way, we have been able to statistically evaluate the null hy-
pothesis that two different sets of data come from the same
probability distribution. Statistical analyses were carried out
with STATA/MP 15.1 (Stata Corp LP, USA) and R 3.6.1 for
Windows.
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Results

Between April 2017 and February 2019, 43 consecutive
patients (IQR 66-77 years old, median 73 years) with
PET/CT ®*Ga-PSMA-positive mCRPC were enrolled in
the present study. Baseline characteristics of the cohort
are summarized in Table 1. Median Gleason score at di-
agnosis was 8 (IQR range 7-9). Twenty (46.5%) patients
had undergone previous surgery on the prostate, while 5
(11.6%) had had previous radiotherapy. Fourteen (32.5%)
patients had visceral metastases, 25 (58.1%) lymph node
metastases, and 41 (95.3%) bone metastases. Twenty-
three patients (53.5%) had previously received three

Table 1 Baseline patient characteristics

Variable Overall
n=43 (%)

Median age, years (IQR) 73 (66-77)

Median Gleason score at diagnosis (IQR) 8 (7-9)

Median alkaline phosphatase (U/L) (IQR)
Median hemoglobin count (g/L) (IQR)

106 (68-229)
11.6 (10.9-12.5)

Median PSA (ng/L) IQR) 56.5 (18.8-131.9)
ECOG performance status
0 19 (44.2)
1 20 (46.5)
49.3)
No. of life-prolonging treatment
None 6(13.9)
1 6(13.9)
2 8 (18.7)
3 23 (53.5)
Previous treatment
Abiraterone/enzalutamide 33 (76.7)
Docetaxel 33 (76.7)
Cabazitaxel 25 (58.1)
Palliative-intent radiotherapy 28 (65.1)
Site of disease on PSMA PET/CT
Bone 41 (95.3)
Nodal 25 (58.1)
Visceral 14 (32.5)
Pain at baseline
No pain 10 (23.3)
Mild 16 (37.2)
Moderate 14 (32.5)
Severe 3(7.0)
Previous prostate radiotherapy 5(11.6)
Previous prostate surgery 20 (46.5)

IOR interquartile range, PSA prostate-specific antigen, ECOG Easter
Cooperative Oncology Group, PSMA prostate-specific membrane anti-
gen, PET positron emission tomography, CT compute tomography

treatment lines (abiraterone/enzalutamide or both and do-
cetaxel and cabazitaxel), while 6 (13.9%) patients had
only undergone palliative-intent radiotherapy. Fourteen
(32.5%) patients had moderate pain (median NRS scale
4-7) at study enrolment. ECOG performance status was
1 in 20 (46.5%) patients, 2 in 4 (9.3%), and O in the
remaining 19 (44.2%).

At the time of the analysis, all 43 patients had received at
least one cycle of '’Lu-PSMA-617, 10 had received 2 (23%),
8 had received 3 (19%), 11 had received 4 (25%), 9 had
received 5 (21%), and 3 had received 6 (7%) cycles. Thirty-
one (72%) patients received a low dosage ranging from 3.7 to
4-4 GBg/cycle as they were at risk of side effects because of
older age or amount of previous therapies administered, and
the remaining 11 (28%) received 5.5 GBq. The median num-
ber of cycles was 3 (IQR 2-5). Median cumulative activity
was 13.6 GBq (IQR 8.8-22.0 GBq).

Dosimetric evaluation

Dosimetry was performed for 13 patients (9 during first
cycle, 4 during second cycle) (Table 2). A wash-in and
wash-out trend was observed for all patients for PGs and a
bi-exponential curve fitting was used. For kidneys, a com-
bined wash-in/wash-out phase (7 patients) and pure wash-
outs (6 patients) were observed (Fig. 1a). In cases of
combined wash-in and wash-out phases, a maximum up-
take was observed 16-24 h post infusion (Fig. 1a). A pure
wash-out trend was observed for liver, RM, and whole
body time-activity curves and fitted with mono-
exponential (liver) or bi-exponential (RM and whole
body) curves. A total of 46 bony lesions and 14 lymph
nodal target lesions were evaluated. A wash-in and wash-
out trend was observed for all tumor lesions and fitted
with bi- or tri-exponential curves (Fig. 1a).

Using a 2D planar imaging method, median values of mean
absorbed dose were 0.65 mGy/MBq (range 0.33-2.63) for
PGs, 0.59 mGy/MBq (0.23—1.51) for submandibular glands,
2.26 mGy/MBq (0.48-3.59) for LGs, 0.13 mGy/MBq (0.05—
0.53) for liver, 0.036 mGy/MBq (0.023-0.067) for RM, and
0.038 mGy/MBq (0.018-0.135) for the whole body (Table 2;
Figs. 1b and 2a). With regard to the kidneys, high intestine
uptake was observed from day 2 to day 6 and with high over-
lapping of kidneys. Median value of kidney absorbed dose
evaluated with a hybrid method was 0.42 mGy/MBq (range
0.14-0.81) (Table 2; Fig. 2b).

The median mass value of tumor lesions was 23.6 g (range
2.3-574.4) for bone and 7.5 g (2.1-56.7) for lymph nodes.
The median values of corresponding mean absorbed doses
were 4.70 mGy/MBq (range 0.74-55.86) for bony lesions
and 3.64 mGy/MBq (0.25-15.10) for lymph node lesions
(Table 3; Fig. 1b; Table S1 for detailed dosimetry).
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Table 2  Dosimetry results for all considered healthy structures
Patient  Injected activity ~ Dosimetry performed at Ist or  Mean absorbed dose (mGy/MBq)
no. (GBq) 2nd cycle

Parotid Submandibular ~ Lacrimal Kidneys Liver Red Whole

glands glands glands marrow  body
1 5.5 Ist 1.21 0.67 0.86 0.53 0.11 - 0.113
2 4.4 1st 2.63 1.20 3.54 0.21 0.10 0.044 0.035
3 44 Ist 0.79 0.32 2.99 0.56 015 - 0.044
4 44 Ist 0.41 0.59 0.82 0.15 0.05 0.023 0.018
5 4.4 Ist 0.65 0.51 2.83 0.14 0.05 0.067 0.088
6 44 2nd 2.46 1.51 226 0.81 024 - 0.068
7 5.5 Ist 0.33 0.23 295 0.31 0.53 0.033 0.043
8 4.4 Ist 1.33 0.77 0.65 0.32 0.06 0.028 0.135
9 5.5 2nd 0.37 0.69 3.44 0.48 0.13  0.036 0.027
10 5.5 Ist 1.93 0.59 0.62 0.60 012 - 0.028
11 5.5 2nd 0.48 0.57 0.48 0.37 0.14 0.061 0.038
12 5.5 2nd 0.41 0.75 3.59 0.49 0.19 - 0.033
13 44 Ist 0.49 0.26 1.69 0.42 042 - 0.025
Median 0.65 0.59 226 0.42 0.13  0.036 0.038
Min 0.33 0.23 0.48 0.14 0.05 0.023 0.018
Max 2.63 1.51 3.59 0.81 0.53  0.067 0.135

Adult male phantom was used for kidneys, liver, red marrow, and whole-body dose evaluation; sphere model of unit density for salivary and lacrimal
glands. Mean values between left and right for paired organs was considered. Patient-specific single-organ masses were evaluated by CT scan and scaled
in phantom model. Post-treatment sequential planar whole-body images were used for dosimetry evaluation. A hybrid method (i.e., combining post-
treatment sequential planar images and a single SPECT/CT 3D image acquired at 24 h post injection) was used for kidney dosimetry evaluation, with the

exception of patient no. 13

SPECT single-photon emission computed tomography, C7 computed tomography

Safety profile

The toxicity profile of '""Lu-PSMA-617 is shown in Table 4.
There were no cases of grade (G) 4 toxicity requiring treat-
ment suspension in either group. G3 toxicities were observed
in 3 (6.9%) patients. The most commonly reported G3 toxicity
was anemia (4.6%). G1 PG toxicity occurred in only 3 (6.9%)
patients.

Preliminary efficacy

PSA decreased >30% in 17 (40.5%) patients after the first
cycle and > 50% in 13 (30.8%) patients after the second cycle.
All 43 patients treated with '”’Lu-PSMA-617 demonstrated a
high uptake in all disseminated lesions at the WBS post injec-
tion consistent with that of pre-therapy **Ga PSMA PET/CT.
Forty (93.0%) patients, including those treated with the lowest
activity of 3.7 GBq (Fig. 3), showed a substantial decrease in
tumor uptake at WBS after the second or third cycle of ' ""Lu-
PSMA-617. The majority of these patients showed a clinical
benefit with pain reduction, opioid suspension, and weight
gain.
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Discussion

In this report, we analyzed the preliminary results of '""Lu-
PSMA-617 in terms of safety, initial response, and dosimetry
in a cohort of frail mCRPC patients treated with low injected
activity/cycle. In this heavily pre-treated patient population in
progression after standard life-prolonging treatments, even a
low activity of 3.7 GBg/cycle was sufficient to produce initial
activity, with a clear clinical benefit. Overall, the T -
PSMA-617 treatment was extremely well tolerated. The per-
centage of biochemical responses was < 50%, but it should be
underlined that 31 (72%) of these patients received a low
dosage ranging from 3.7 to 44 GBg/cycle as they were at
risk of side effects because of older age or amount of prior
therapies received. A comparison between the 3.7 and
5.5 GBq activity groups is not feasible at present, but when
all 84 planned patients have been recruited and completed
treatment, it will be interesting to see whether a higher injected
activity corresponds to a better outcome in terms of PSA de-
cline, objective response and OS. In addition to injected ac-
tivity and the relative adsorbed dose, it is possible that other
factors related to genetics, androgen receptor status, numbers
of previous therapies, tumor load, and localization (bone or
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Fig. 1 Median values of dosimetry evaluation for 177Lu-PSMA-617 (13
patients). Considered structures: tumors (bony and lymph node lesions),
lacrimal glands, parotid glands, submandibular glands, kidneys (hybrid
method), liver, red marrow, and whole body. a Time-activity curves, %IA
= activity at time of image acquisition/injected activity. %IA was normal-
ized to the single mass of the considered structure (%/g). b Mean
absorbed doses (mGy/MBq)

parenchymal) may influence the outcome of '"’Lu-PSMA-
617 RLT, not only in terms of disease control rate but also in
terms of progression-free survival and overall survival. In this
regard, RLT, being a target therapy, would be more suited to
carlier stages of disease provided that toxicity is minimal and
long-term side effects are acceptable. We believe that minimal
activity capable of producing an objective response is an im-
portant step to be assessed prospectively. Although 7.4 GBq
or higher dosages, as used in other studies [31], may produce
better outcomes, the search for a minimal effective and non-
toxic dosage is worth pursuing, especially in the prospect of
using RLT in combination with other treatments or in an ad-
juvant setting. In our opinion, the ultimate goal of '""Lu-
PSMA-617 therapy is not only to treat advanced mCRPC
patients but also to try to reach the use of RLT in very early
stages of the disease, avoiding side effects as much as possible
and delaying total castration as well. For this reason, it is

1 2 3 4 5 6 7 8 9 10 11 12 13

Patient number

b Kidneys - Hybrid Dosimetry
1.6
1.4
= 12
[-<]
S
~
>
Q
E
0
3
[=]
c
3
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1 2 3 4 5 6 7 8 9 10 11 12
Patient number

Fig. 2 a Parotid gland mean absorbed doses. Planar method was used to
evaluate uptake and MIRD unit-density sphere model was used for do-
simetry evaluation. b Kidney mean absorbed doses. A hybrid method was
used for uptake evaluation and MIRD adult male phantom model was
used for dosimetry evaluation

essential to establish a minimum effective dosage of '""Lu-
PSMA-617.

Another important issue relates to PG uptake, which is the
major limiting factor in RLT with radiolabeled PSMA, espe-
cially when **Ac PSMA-RLT is used. Accordingly, we per-
formed dosimetry calculations after the administration of folic
polyglutamate tablets of plant origin to reduce PG uptake.
PSMA possess two predominant enzymatic activities: the hy-
drolytic cleavage and liberation of glutamate from y-glutamyl
derivatives of folic acid and the proteolysis of the neuropep-
tide N-acetylaspartylglutamate (NAAG); due to this enzymat-
ic activity, folic acid y-Glu and NAAG are endogenous
PSMA substrate [32, 33]. These various functions and the
tissue distribution of PSMA result in different designations.
In the proximal small intestine, PSMA removes y-linked glu-
tamates from poly-g-glutamated folate, including dietary de-
rivatives [33], which is reflected in its name, folate hydrolase
FOLHI1 [34]. Our tablets contain plant-based folates that are
rich in glutamate groups; these poly-y-glutamated folates can
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Table 3  Dosimetry results for tumor lesions
Patient no. Injected activity Dosimetry performed Lesion location (no.) Mass (g) Mean absorbed dose (mGy/MBq)
(GBq) at 1st or 2nd cycle
Median Minimum Maximum Median Minimum Maximum
5.5 Ist Bone (10) 39.0 13.8 382.6 6.19 1.55 9.09
2 44 Ist Bone (1) 1040 - - 12.00 - -
Lymph node (3) 23.4 18.5 36.1 3.64 2.44 5.90
3 44 Ist Lymph node (3) 2.6 2.1 22.7 2.64 2.10 8.09
4 44 Ist Bone (1) 12.8 - - 1.27 - -
Lymph node (1) 3.8 - - 0.25 - -
44 Ist Bone (14) 17.0 23 5744 4.73 1.71 55.86
44 2nd Bone (1) 6.0 - - 1.57 - -
Lymph node (3) 6.9 6.9 8.1 422 1.59 13.24
7 5.5 Ist Bone (4) 279 12.9 39.5 5.58 3.62 7.51
Lymph node (2) 51.8 46.9 56.7 10.36 5.62 15.10
44 Ist Bone (3) 95.5 89.8 184.8 2.63 1.24 4.81
5.5 2nd Bone (2) 7.6 4.8 10.4 3.50 0.74 6.26
10 5.5 Ist Bone (3) 3.7 3.4 5.2 1.40 1.26 2.80
Lymph node (2) 3.6 2.6 4.6 1.80 1.30 2.30
11 5.5 2nd Bone (3) 21.8 9.8 25.7 229 1.01 3.17
Lymph node (1) 2.0 - - 9.18 - -
12 5.5 2nd Bone (1) 91.4 - - 1.34 - -
13 4.4 Ist Bone (3) 6.7 3.2 15.5 4.83 0.97 9.48
All lesions 17.8 2.0 38.5 427 0.25 9.18
Bone 21.8 2.3 574.5 4.70 0.74 55.86
Lymph node 6.9 2.0 56.7 3.64 0.25 15.10

The number of lesions for each localization is also indicated. Single-lesion mass evaluation was performed on pre-treatment PET/CT ®® Ga-PSMA scan
contoured by an expert physician. For each patient, median, minimum, and maximum values are indicated on the basis of lesion localization. A unit-

density sphere model was used for dosimetry calculation

engage proteolitic activity of PSMA expressed in the salivary
glands and small intestine reducing '"’Lu-PSMA-617 uptake
at these levels. Polyglutamate tablet administration can reduce
tumor uptake too. However, the tablets are given orally and
left to sit in the mouth assuming at least a partial absorption,
almost topical, through the oral mucosa and in the small in-
testine. Lutetium is administered intravenously soon after the
tablets and therefore it is unlikely that the folic acid

administered orally reaches the tumor sites before '”’Lu-
PSMA-617 and consequently inhibits tumor uptake. Post ther-
apy WBS images and dosimetry evaluation of tumor lesions
(see Table 3 and Table S1) would confirm our hypothesis.
Certainly, these preliminary data need to be further investigat-
ed to understand the rate of competitive inhibition that might
reduce tumor uptake. In this regard, a PG locoregional admin-
istration of folates should also be explored. A limitation of our

Table 4 Toxicity based on

Common Toxicity Criteria for Event

No. patients (%)

Adverse Events, version 4.0

Any toxicity Gl G2 G3 G4
Renal toxicity 9(21.9) 8 (19.5) 0(0.0) 124 0(0.0)
Anemia 30 (69.7) 20 (48.7) 8 (19.5) 2 (4.8) 0(0.0)
Thrombocytopenia 2 (4.8) 2 (4.8) 0 (0.0) 0(0.0) 0 (0.0)
Neutropenia 3(6.9) 2 (4.8) 12.4) 0(0.0) 0(0.0)
Parotid gland toxicity 3(6.9) 3(6.9) 0(0.0) 0(0.0) 0(0.0)

Patients could be present more than once if they had more than one adverse event

G grade
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Fig.3 An 83-year-old male patient underwent 4 cycles of 4.4GBq '""Lu-
PSMA for castration-resistant prostate cancer with diffuse bone metasta-
ses previously treated with surgery (radical prostatectomy in 2001;
Gleason score 8[4 +4]; stage pT4ANOMO), multiple hormone manipula-
tions (total androgen blockade, abiraterone, and enzalutamide), chemo-
therapy (taxotere and cabazitaxel), and 22RaCl2 (5 cycles in 2015). A
right nefrectomy was performed in 2012 for renal clear cell cancer. a
%8GaPSMA PET maximum intensity projection, fusion PET/CT, and
CT views performed in September 2017 showing high **GaPSMA up-
take in diffuse bone metastatic disease prior to '”’Lu-PSMA treatment. b

protocol is the lack of a control group without PG protectors.
However, other dosimetry studies reported data comparable
with our findings, both providing dosimetry of normal organs
and tissues. Kabasakal et al. and Kratochwil et al. [11, 15]
suggested that the PGs are the main dose-limiting organ rather
than the kidneys or bone marrow, as for peptide receptor ra-
dionuclide therapy (PRRT). Delker et al. [5] reported a high
dose to SGs and kidneys, which was not, however, critical
after administration of 3.6 GBq of '"’Lu-PSMA-617 (range
3.4-3.9 GBq). In our protocol, we pre-medicated patients with
folate tablets and mannitol 10%. The effect of mannitol on the
proximal tubuli has been reported elsewhere [24], confirming
that the reduction in kidney uptake is not significant.
Conversely, in the present study, the folate tablets significantly

"
»
o)

\k‘l
N

[

2440 q,

% “M

Anterior and posterior planar views of whole-body scan performed after
the first cycle of '”’Lu-PSMA (November 2017) demonstrating intense
7"Lu-PSMA uptake in bone metastases. ¢ **GaPSMA PET maximum
intensity projection, fusion PET/CT, and CT views performed in
June 2018 after the fourth cycle of '”’Lu-PSMA showing an overall
decrease in extent and degree of ®*GaPSMA uptake in bone disease and
increase in bone sclerosis. d Anterior and posterior planar views of
whole-body scan performed after the fourth cycle of '7"Lu-PSMA
(May 2018) demonstrating similar marked decrease in the extent and
degree of '7"Lu-PSMA uptake in bone metastases

reduced PG uptake compared with Kabasakal and Delker’s
studies, where no protectors for PGs were administered.
Figure 4 shows a graphical comparison between the absorbed
doses for PGs reported in our study and the dosimetric data
reported in the literature. The difference between our data and
that of Delker [5], Kratochwil [15], and Kabasakal [11] was
statistical significance (p values = 0.08, 0.05, and 0.06, respec-
tively; Kolmogorov- Smirnov test, with a significance level
equal to 10%). A statistical comparison with Baum et al.’s data
[16] was not feasible as single-patient data were not available.
A statistical comparison between the absorbed doses to tumor
lesions was not possible too. However, data comparing our
outcomes with those of Delker and Baum are reported in the
supplementary material (Fig. S1).
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Fig. 4 Graphical comparison of mean absorbed dose (mGy/MBq)
(median value over patient population) of Delker et al. [5], Kratochwil
et al. [15], Kabasakal et al. [11], and our data

For LGs, a small volume strongly influences the accuracy
of structure definition in both planar and PET/CT images (me-
dian volume 1.66 cm3, range 0.73-3.20; volume as sum of left
and right lacrimal glands). We did not protect LGs and the
absorbed dose in our patients was similar to that of other
studies [35]. This observation is consistent with the hypothesis
that folate tablets reduce PG uptake in these patients. A sub-
strate of N-acetyl aspartyl glutamate (NAAG) that could com-
pete with '""Lu-PSMA-617 at LG level is spanglumic acid.
Spanglumic acid is commercially available as anti-
inflammatory eye drops and is currently under investigation
at our institute for its potential to protect LGs. It would be
interesting to see whether premedication with spanglumic acid
is capable of reducing LG uptake. It should be underlined,
however, that other glands of the conjunctiva also produce
tears, i.e., accessory lacrimal glands (Krause’s glands).
Another group of accessory glands (Wolfring glands) are lo-
cated along the orbital margin of the tarsi, both above and
below. It is probable that accessory lacrimal glands show
low PSMA expression, which might explain the fact that,
despite the high adsorbed dose, there are no cases reported
of severe xerophthalmia even in patients treated with **>Ac
PSMA.

Conclusion

Although preliminary, the data presented in this report indicate
that 3.7 GBg/cycle could be considered as a minimum dosage
capable of producing a response in patients with mCRPC. In
our opinion, this is the minimal recommended dosage given
the extremely limited toxicity even in older and/or frail pa-
tients. Folic acid tablets may reduce the absorbed dose of

@ Springer

77Lu PSMA to the SGs, indicating its potentially high impact
on clinical practice for RLT with '”’Lu PSMA and even more
so for ***Ac PSMA.
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