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Simple Summary: Prostate-specific membrane antigen-direct radioligand therapy is a novel treat-
ment for patients with castration-resistant prostate cancer. Yet, given the mode of action of PSMA-RLT,
it is postulated that in early disease prostate cancer settings, e.g. hormone-sensitive, can also benefit
from this treatment. In this retrospective study, the safety and efficacy was investigated of two PSMA-
RLT schemes: monotherapy with 177Lu-PSMA and 177Lu-PSMA in combination with 225Ac-PSMA
in twenty patients with early stage metastatic prostate cancer. The treatment appeared safe with
limited and mainly transient side effects, also on a longer term follow-up, with encouraging efficacy
for twenty early-stage metastatic prostate cancer.

Abstract: Background: Prostate-specific membrane antigen (PSMA)-directed radioligand therapy
(RLT) is a novel treatment for patients with castration-resistant prostate cancer (CRPC). Given the
mode of action, patients in an earlier disease stage, such as hormone-sensitive prostate cancer (HSPC),
are also likely to benefit from [177Lu]Lu-PSMA- (177Lu-PSMA) or [225Ac]Ac-PSMA-radioligand
treatment (225Ac-PSMA). In this retrospective study, we analyzed the safety and efficacy of PSMA-
RLT in early-stage and hormone-sensitive metastatic prostate cancer patients. Methods: A retro-
spective study was performed in patients who received 177Lu-PSMA and/or 225Ac-PSMA with
early-stage metastatic prostate cancer. The primary outcome parameter evaluated in this study
was the progression-free survival (PFS) after PSMA-RLT and toxicity according to the Common
Terminology Criteria for Adverse Events. Secondary outcome parameters were prostate-specific
antigen (PSA) response and the date of onset of CRPC state. Results: In total, 20 patients were
included of which 18 patients received 177Lu-PSMA radioligand and two patients received tandem
treatment with both 177Lu-PSMA and 225Ac-PSMA radioligands. Patients received a median of
2 treatment cycles (range 1–6) and a median activity of 6.2 GBq 177Lu-PSMA per cycle (interquartile
range (IQR) 5.2–7.4 GBq). PSMA-RLT was overall well-tolerated. The most common grade 1–2 side
effects were xerostomia (n = 6) and fatigue (n = 8), which were only temporarily reported. One patient
that received 225Ac-PSMA developed grade 3–4 bone marrow toxicity. The median PFS was 12 months
(95% confidence interval (CI), 4.09–19.9 months). Seventeen (85%) patients had a ≥50% PSA response
following PSMA-RLT. One patient developed CRPC 9 months following PSMA-RLT. Conclusions: In
this small cohort study, PSMA-RLT appeared safe and showed encouraging efficacy for (metastasized)
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early-stage and hormone-sensitive prostate cancer patients. Prospective studies are awaited and
should include long-term follow-up.

Keywords: Actinium-225; Lutetium-177; early stage; prostate cancer; PSMA radioligand therapy

1. Introduction

Prostate cancer is the most common malignancy in males [1]. Patients with a metastatic
disease generally receive androgen deprivation therapy (ADT) as a first-line treatment.
Despite favorable response to ADT, this treatment modality is associated with significant
treatment-related side effects such as flushes, loss of libido, depression, osteoporosis, and
cardiovascular disease, which can significantly affect the quality of life [2]. Therefore, both
patients and physicians are increasingly searching for alternative strategies to defer or
delay ADT.

Prostate-specific membrane antigen (PSMA) radioligand therapy (RLT) labeled with
the beta-emitting 177Lutetium is a novel treatment for metastatic prostate cancer, with pend-
ing registration in 3rd or 4th line metastatic castration-resistant prostate cancer (mCRPC) [3].
However, it is postulated that patients in an earlier disease setting can also benefit from
PSMA-RLT, i.e., in the castration-resistant phase. Recently, we reported encouraging
outcomes of a prospective phase I study in which ten early-stage patients with hormone-
sensitive prostate cancer received two cycles of [177Lu]Lu-PSMA-617 radioligand treatment
(177Lu-PSMA) [4,5]. At present, a following randomized phase II study in the same setting
is recruiting patients [6,7]. Moreover, encouraging data was recently presented at the 2022
congress of the European Association of Urology of the LuTectomy trial which applied
177Lu-PSMA prior to the prostatectomy.

While worldwide registry and availability of 177Lu-PSMA radioligand therapy are
yet awaited, several patients were allowed to receive 177Lu-PSMA or the alpha-emitting
225Ac-PSMA in either study or in a compassionate use setting. This resulted in several
studies reporting encouraging results of 177Lu-PSMA and 225Ac-PSMA (or a combination
of both, so-called ‘Tandem therapy’) in patients in the mCRPC disease stage [8–14]. Due to
the promising outcomes, some individuals that had unacceptable toxicities from ADT or
chemotherapy were also treated in an earlier disease setting, e.g., prior to the castration-
resistant stage, or even before initiation hormonal therapy to postpone this treatment. At
present, there is a lack of published clinical data regarding the use of PSMA-RLT prior
to the castration-resistant stage. We retrospectively evaluated the safety and therapeutic
response of patients who received 177Lu-PSMA and/or 225Ac-PSMA in hormone sensitive
or early-stage metastatic prostate cancer, mostly prior to initiation of hormonal therapy.

2. Materials and Methods
2.1. Study Design and Cohort Population

Between 12 September 2016 and 1 June 2021, patients with early-stage metastatic prostate
cancer, mostly prior to the initiation of hormonal therapy, were evaluated in a retrospective
cohort study. Patients with proven CRPC were excluded from this study. All patients were
registered in Radboud University medical center (Radboudumc) and treated with PSMA-RLT
either locally or in a collaborating center. Patients were well-informed about the standard of
care therapeutic options by their treating urologist, oncologist and nuclear medicine physician.
However, patients were either ineligible to the standard of care or refused any other conventional
treatment due to unacceptable side effects. After being thoroughly informed on PSMA-RLT and
its experimental position in this early setting, they chose to have PSMA-RLT. To evaluate tumor
PSMA expression, a PSMA positron-emission tomography/computed tomography (PET/CT)
scan was acquired prior to PSMA-RLT. Furthermore, to have a legitimate treatment evaluation,
a minimum of 6 weeks of follow-up was required. All consecutive RLT cycles were included if
no new cancer therapeutic agent was initiated. No exclusions were made due to longer time
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intervals between the PSMA-PET/CT and PSMA-RLT. Ten of our patients were previously
published by Privé et al., 2021.

Demographic data, histopathology, diagnostic parameters, (prior-)treatments, toxicity
and follow-up data were collected and recorded in a Castor electronic case report form
(https://www.castoredc.com/ (accessed on 14 June 2021)).

2.2. PSMA Imaging and Therapy

The labelled compounds [68Ga]Ga-PSMA-11 (68Ga-PSMA), [18F]F-PSMA-1007 (18F-PSMA),
177Lu-PSMA and 225Ac-PSMA were manufactured locally (the Supplementary Table S1
provide an overview per patient). The production processes of all radioligands were
described previously [4,15–18]. In The Netherlands, the radiopharmaceuticals were syn-
thesized according to Good Manufacturing Practice (GMP). In Germany, the production
and administration were performed in accordance with the German Medical Products Act
AMG §13.2b. PSMA-RLT was offered as a salvage therapy in accordance with paragraph 37,
“Unproven Interventions in Clinical Practice” of the updated Declaration of Helsinki and
in accordance with the local regulations as these patients refused chemo- or androgen
deprivation therapy. Patients were treated in academic hospitals in either The Netherlands
(Radboudumc Nijmegen) or Germany (Saarland University Hospital, Jena University Hos-
pital or Magdeburg University Hospital). All patients were monitored in the outpatient
clinic prior and after each therapeutic application and received regular assessment of
blood values including hematology, chemistry and PSA levels. Clinically based treatment
eligibility and discontinuation was decided by weekly tumor board discussion, attended
by an oncologist, urologist and nuclear medicine physician. For data analyses, low vol-
ume or oligometastatic disease was defined as having a maximum of five metastases
on PSMA-PET/CT, whereas those with more than five metastases were considered high
volume [19].

2.3. Outcomes

The primary outcomes of this study were to determine the safety and the progression-
free survival (PFS) of PSMA-RLT in patients with early-stage metastatic prostate cancer.
Toxicity was scored according to the Common Terminology for Adverse Events (CTCAE)
version 5.0. PFS was defined as the time interval between first PSMA-RLT injection till the
earliest evidence of disease progression i.e., biochemical or clinical progression or death.
According to PCWG3 criteria, PSA progression was defined as the first date a 25% PSA
increase occurred from nadir [20]. If no decrease in PSA was observed, the first date of 25%
increase from baseline was recorded. Clinical progression was defined following PCWG3
as the moment of: clinical deterioration (e.g., pain increment or start of new systematic
treatment. Secondary endpoints were the PSA response defined as a ≥50% or ≥90%
decrease in serum PSA from baseline and the time between initiation of new treatment or
date of CRPC. CRPC was defined as a sequence of rising PSA levels with a minimum of
1-week interval (1.0 ng/mL initial value), with testosterone level of ≤50 ng/mL [20,21].

2.4. Statistical Analysis

Descriptive statistical methods were used to characterize the cohort groups. Survival
analysis was performed by using the Kaplan-Meier statistics. All data was collected and
managed using EPIC software and CastorEDC. Analyses were performed in SPSS version 27
software and in R statistics version 4.0.5. with ggplot2, dplyr, lifecycle packages.

2.5. Ethics

This study is in accordance with the Declaration of Helsinki. The study protocol
for this retrospective analysis was approved by the Medical Review Ethics Committee
Arnhem Nijmegen, The Netherlands CMO (2020-7526). Approval was received on the
23rd of December, 2020. All patients were well informed on the investigational product and
its still experimental position in this early setting and provided written informed consent.

https://www.castoredc.com/
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3. Results
3.1. Baseline Characteristics

In total 20 prostate cancer with early phase metastasized patients prior to castrations
resistant stage, and/or prior to hormonal therapy fulfilled the inclusion criteria of this
study. The baseline characteristics of the patient cohort are described in Table 1. The
median age of the patients was 69 years (interquartile range (IQR) 65.5–74), median PSA
levels at the start of PSMA-RLT therapy was 5.9 µg/l (IQR 1.8–16.9). Fourteen patients
had oligometastatic/low volume-disease on PSMA-PET/CT imaging, whereas six patients
were considered high volume. All patients had lymph node metastases, whereas six
patients (30%) had additional bone metastases. Two patients received both 177Lu-PSMA
and 225Ac-PSMA (tandem treatment), and 18 patients received monotherapy 177Lu-PSMA.
In these two patients, 225Ac was added to the regimen to provide stronger tumoricidal
effects in at least two cycles. The median number of cycles was 2 (range 1–6) with a median
of 6.2 GBq (IQR 5.4–7.9) 177Lu-PSMA per cycle. The swimmer plot provides a detailed
overview of prior treatment lines and PSMA-RLT (Figure 1).

Table 1. Baseline characteristics.

Characteristics mHSPC Total
(n = 20)

a Tandem of 177Lu-PSMA
and 225Ac-PSMA (n = 2)

b 177Lu-PSMA
(n = 18)

Age, median (IQR)
PSA doubling time >6 months, n (%)

69 (65.5–74)
5 (25%)

76 (72–80)
1 (50%)

68 (64.8–73.3)
4 (22.2%)

Previous treatments
Radical Prostatectomy, n(%)

PLND, n(%)
External beam radiotherapy, n (%)

Focal Cryotherapy, n(%)
Hormonal therapy, n (%)

â LHRH agonist/antagonist
â Bicalutamide

Previous chemotherapy (e.g., docetaxel), n (%)

15 (75%)
15 (75%)
15 (75%)
3 (15%)
8 (40%)
3 (15%)
7 (35%)
2 (10%)

1 (50%)
0
0
0

1 (50%)
1 (50%)
1 (50%)
1 (50%)

14 (77.8%)
15 (83.3%)
15 (83.3%)
3 (16.7%)
7 (38.9%)
2 (11.1%)
6 (33.3%)
1 (5.6%)

Site of disease on PSMA-PET/CT scan
* Low volume disease, n (%)

Hottest lesion, SUVmax, median (IQR)
Lymph nodes, n (%)

Bone, n (%)
Visceral, n (%)

16 (80%)
28.8 (11.5–36.3)

20 (100%)
6 (30%)
1 (5%)

0 (0%)
49.1 (44.3–53.8)

2 (100%)
1 (50%)
1 (50%)

16 (88.9%)
20.4 (11.1–32.4)

18 (100%)
5 (27.8%)

0 (0%)

PSMA radioligand therapy
Total number of PSMA-RLT cycles

median (range)
Administered activity of 177Lu (GBq), per cycle

median (IQR)
Administered activity of 225Ac (MBq) per cycle

median (IQR)

2 (1–6)
6.2 (5.7–7.4)
4.2 (2.0–6.0)

6 (6–6)
7.2 (5.7–7.4)
4.2 (2.0–6.0)

2 (1–4)
6.1 (4.5–7.4)

0 (0–0)

Blood analysis Baseline
Hemoglobin (mmol/L), median (IQR)
Leukocytes (×109/L), median (IQR)

Thrombocytes (×109/L), median (IQR)
eGFR (mL/min), median (IQR)

Creatinine (µmol/L), median (IQR)
Alkaline phosphatase (U/L), median (IQR)

Lactate dehydrogenase (U/L), median (IQR)
PSA (µg/L), median (IQR)

8.9 (8.4–9.4)
5.7 (4.3–7.5)

232 (175–249)
79.9 (72–90)
81 (75–89)

63 (55.3–71.5)
196 (174–218)
5.9 (1.8–16.9)

9.5 (9.1–10)
6.1 (6–6.2)

204 (178–229)
77 (77–78)
85 (84–87)

85.0 (72–98)
204.5 (192–217)

146 (20–272)

8.8 (8.4–9.4)
5.3 (4.1–8.8)

238 (174–250)
84 (71–90)
80 (75–90)

59.5 (54.8–70)
195.5 (172–219)
5.1 (1.8–12.8)

a Patients were included if they received ≥ 1 cycle of tandem therapy, b patients were solely treated with
177Lu−PSMA. * Low volume disease was defined as max 5 metastases. Data for the tandem patients are given in
mean (range).

3.2. Toxicity

Overall, treatment injections of PSMA-RLT were well tolerated (Table 2). Six patients
(30%) reported grade 1 xerostomia, which was deemed related to PSMA-RLT. Two of these
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patients received tandem therapy. One (5%) patient who received solely 177Lu-PSMA
(cumulative activity of 12.4 GBq) developed grade 2 dry mouth and therefore stopped
with PSMA-RLT. The xerostomia in these patients was transient and was not reported at a
maximum of 12 months following treatment injections. Grade 1–2 treatment-related fatigue
was observed in eight patients (40%), grade 1 nausea was observed in four (20%) patients.
These adverse events were also transient. One (5%) patient developed grade 1 anemia
likely related to PSMA-RLT. One (5%) patient developed grade 4 of thrombocytopenia
and grade 3 anemia, which was likely related to the PSMA-RLT. For which he received
blood transfusion. The patient was treated with four cycles of monotherapy 177Lu-PSMA,
and thereafter with two cycles of tandem with both 177Lu- and 225Ac-PSMA. At the study
cut-off, the adverse event has not been resolved.

3.3. Treatment Outcome

The median follow-up from the first cycle of PSMA-RLT was 20 (IQR 14.5–29.8) months.
Seventeen patients (85%) had a PSA response, with 13 patients (65%) having a ≥50% PSA
decline. Seven patients (35%) even had a PSA decline ≥90%. Both patients treated with
a tandem of 177Lu and 225Ac-PSMA therapy showed a more than 90% decline in PSA.
Figure 2 presents a waterfall plot of the best PSA response in all patients. Thirteen patients
fit the definition of biochemical progression and two patients of clinical progression (one
patient with pain increment and one patient started a new systemic treatment). Five patients
have a stable disease and are still deferring a following treatment line (see Figure 1). The
median PFS of all the patients was 12.0 (95% confidence interval [CI], 4.09–19.9) months
(Figure 3A). The patients who were treated with only 177Lu-PSMA had a median PFS of 10
(95% CI,4.1–15.7) months (Figure 3B), whereas the two patients that additionally received
225Ac-PSMA (tandem) had a PFS of 17 and 22 months, respectively. Within the study window
(12th of 2016 till June 1st of 2021), one patient developed CRPC nine months after the last
cycle of PSMA-RLT and one patient deceased (cause of death was unrelated to PSMA-RLT).

Table 2. Adverse events, possibly related to PSMA-RLT In 20 mHSPC patients.

Grade 1 Grade 2 Grade ≥ 3

Xerostomia 6 (30%) * 1 (5%) 0
Fatigue 8 (40%) * 1 (5%) 0
Nausea 4 (20%) 0 0
Anemia 1 (5.0%) 0 1 (5%) *

Thrombocytopenia 0 0 1 (5%) *

Data is in n(%). * Indicates patients who were treated with both 177Lu-PSMA and 225Ac-PSMA (tandem).
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Figure 1. Swimmer plot illustrating the duration in months of each treatment per patient. Columns
from left to right, initial Gleason Score; tumor volume at baseline (low volume was defined as having
a maximum of 5 metastases); the amount of cycles each patient has received. Five patients have an
ongoing response (indicated by the arrow), one patient has deceased (indicated by cross).
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Figure 2. Waterfall plot of the individual changes of best PSA-response following PSMA−RLT.
Blue bars indicate patients treated with 177Lu−PSMA and green bars with 177Lu−PSMA and
225Ac−PSMA. The two black lines represent ≥50% and ≥90% PSA decline. mHSPC = metastatic hor-
mone sensitive prostate cancer; PSA = prostate specific antigen; PSMA = prostate specific membrane
antigen; RLT = radioligand therapy.
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Figure 3. Survival analysis of progression-free survival in all early-stage prostate cancer patients.
(A) The median PFS is 15 months in all mHSPC patients. (B) Stratified to 177Lu-PSMA (n = 18) vs.
tandem of 177Lu-PSMA and 225Ac-PSMA (n = 2), the median PFS was 12 and 17 months respec-
tively. mHSPC = metastatic hormone-sensitive prostate cancer; PFS = progression-free survival;
PSA = prostate specific antigen; PSMA = prostate specific membrane antigen.

4. Discussion

Only sparse data is available regarding the use of PSMA-RLT in hormone-sensitive
prostate cancer patients. In this retrospective study, we evaluated the safety and efficacy
of two different PSMA-RLT schemes (monotherapy of 177Lu-PSMA and 177Lu-PSMA in
combination with 225Ac-PSMA) in 20 patients with early-stage metastatic prostate cancer
patients, and generally prior to application of ADT, and/or even prior to hormonal therapy.
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Moreover, this is the first study including two patients with early-stage metastatic prostate
cancer who were treated with tandem treatment. All patients in this study were either
ineligible to the standard of care or refused any other conventional treatment due to
unacceptable side effects (e.g., from ADT). Patients choose to receive PSMA-RLT after
being well informed on PSMA-RLT and its experimental position in this early setting.
During follow-up (median 20 months, IQR 14.5–29.8), we observed that PSMA-RLT with
177Lu-PSMA appeared to be safe with primarily low-grade transient toxicity. Moreover, a
PSA response was observed in most patients along with an encouraging PFS.

PSMA-RLT was well tolerated in all patients. Within our study, there were no life-
threatening treatment-related toxicities observed, besides, one patient who developed grade
4 bone marrow toxicity (anemia) for which he received blood transfusion. This patient was
treated with four cycles of 177Lu-PSMA (cumulative activity of 27 GBq) and two cycles of
tandem treatment with both 177Lu-PSMA (cumulative activity 14.5 GBq) and 225Ac-PSMA
(cumulative activity 12.0 MBq). The other patients, had no or low-grade hematotoxicity,
after a median follow-up of 20 months (range 7–51). We observed grade 1 xerostomia in
six of 20 patients and grade 2 xerostomia in one patient. The dry mouth was generally
transient, even the patient with grade 2 xerostomia did not report inconveniences regarding
his saliva production one year after treatment. The low rate of adverse events was probably
related to the lower amount of treatment activity applied and good organ reserve (e.g., bone
marrow) of the patients in this study compared to patients reported in the VISION-trial [22].
Hence, the present cohort was in an early disease stage and received fewer (or no) systemic
treatment lines compared to CRPC patients. Furthermore, it is also possible that most of our
patients have not received the critical doses of RLT for organ-related toxicity, with a median
cumulative total of 13.5 (IQR 9.0–20.7) GBq of 177Lu-PSMA. It was previously reported
that the salivary glands, kidneys and bone marrow, receive a mean 0.39 ± 0.17 Gy/GBq,
0.49 ± 0.11 Gy/GBq, 0.017 ± 0.008 Gy/GBq of 177Lu-PSMA, respectively. Therefore, it has
been suggested that up to 38 GBq of 177Lu-PSMA could be administered before clinically
relevant organ-related toxicity is observed [5]. However, the application of higher activity
of 225Ac-PSMA in early-stage patients requires careful consideration, particularly as the
in vivo stability of 225Ac-PSMA radio-ligand complex is still unelucidated [23].

The first reports on 177Lu-PSMA in hormone-sensitive prostate cancer are showing
promising efficacy [4,24,25]. In line with the earlier reports, we observed a ≥50% PSA
decline in 65% of the patients. This is relatively higher than the published results for
mCRPC patients following 177Lu-PSMA (~50%) [9,26,27]. Moreover, the median PFS was
12 months in the present study, whereas the PFS in mCRPC is around 9 months [3,28].
We postulate that this is related to patients in an earlier disease stage generally having a
better-differentiated tumor subtype or a lower tumor burden and are thus more responsive
to treatments. Although it is difficult to compare our small and heterogenous cohort to
literature, the observed PFS of a median of 12 months is longer than the reported data of
patients without treatment (median 5.6 months) [29]. Most of our patients (85%) had a
complete/partial response or stable disease following PSMA-RLT and thus postponed the
following treatment line. However, the present results should be interpreted with caution
and more studies are needed in early-stage metastatic prostate cancer patients [4,5,8,30–37].

This is the first study to report on the tandem application of 177Lu-PSMA and 225Ac-PSMA
in early-stage metastatic prostate cancer patients. The two patients treated with this regime
showed ≥90% PSA decline and a PFS of ≥17 months, this is comparable with studies in
mCRPC showing better response rates following 225Ac-PSMA [10,11,14]. Based on their
physical properties, alpha emitters are considered to be more effective compared to beta
emitters [38–41]. However, the mechanism of action is probably even more complex with
secondary immune effects as reported for 223Ra [42]. Importantly, while alpha emitters may
have higher efficacy, they may also be more toxic as mentioned above. Therefore, more
studies are needed to evaluate radiolabeled α-emitters such as 225Ac-PSMA in clinical trials.

The study has several limitations. The retrospective nature of the data collection may
have led to several forms of bias such as inherent reporting bias. The patient cohort is
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heterogeneous and, while all patients were considered hormone-sensitive as they were
still responding to ADT, some did receive (novel) hormonal agents (e.g., anti-androgens or
enzalutamide) or chemotherapy before PSMA-RLT. Therefore, some patients may not be
considered truly hormone-sensitive or early-stage. Moreover, since these patients actively
deferred from the standard of care (e.g., ADT, anti-androgens and chemotherapy), they are
difficult to compare to the general patient cohort.

We believe this study offers informative data to colleagues working in the field of
radioligand therapies on the long-term outcomes and safety of PSMA-RLT in an earlier
stage of the disease. We therefore chose to release this manuscript. Properly powered ran-
domized studies are on the way in a similar patient setting to truly evaluate the efficacy of
PSMA-RLT early-stage cancer patients such as in hormone-sensitive setting (NCT04430192,
NCT04443062, NCT04720157, NCT04343885, NCT04297410 & NCT05079698).

5. Conclusions

To conclude, in our cohort study of patients with early-stage (mainly hormone-
sensitive) metastatic PSMA-RLT appeared safe during follow-up (median 20 months;
IQR 14.5–29.8) with limited and mainly transient side effects. Importantly, PSMA-RLT
showed encouraging efficacy for early-stage metastatic disease. The addition of 225Ac-PSMA
to 177Lu-PSMA may result in better response rates but could result in high-grade toxicity
and therefore restricted to specific patients. Prospective studies are awaited and should
include long-term follow-up.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cancers15010297/s1, Table S1: Administrated activity of 177Lu-
and 225Ac-PSMA for each individual patient.
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