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Lutetium-177-labelled anti-prostate-specific membrane antigen
antibody and ligands for the treatment of metastatic
castrate-resistant prostate cancer: a systematic review and
meta-analysis
RJS Calopedos1, V Chalasani2, R Asher1,3, L Emmett4 and HH Woo1,2

BACKGROUND: Promising therapeutic results of the prostate-specific membrane antigen (PSMA) ligand have been shown when
labelling with lutetium-177 (177Lu). We performed a systematic review and meta-analysis to assess the therapeutic response
of 177Lu-PSMA in the treatment of metastatic castration-resistant prostate cancer (mCRPC).
METHODS: A systematic review was conducted using electronic databases up to December 2016. Two reviewers independently
extracted data and assessed methodological quality. The main outcome of interest was antitumour biochemical response of 177

Lu-PSMA, analysing two measures: ‘any PSA decline’ and ‘450% decline’ from baseline. A random-effects meta-analysis was used
to calculate the pooled proportion across studies. The I2 statistic was calculated in each case to investigate the extent of
heterogeneity across the studies. A sensitivity analysis was conducted removing two studies, which were presented as abstracts
and proportions were summarised by chemical type (177Lu-J591/DKZ/I&T). All analyses were conducted using Stata v14.
RESULTS: A total of 10 studies were included in the analysis giving a total sample size of 369, 220 (of 334 analysable) experienced
any PSA decline. The pooled proportion of patients with any PSA decline was 68% (95% confidence interval (CI): 61–74). The I2

statistic was 39.1% (P= 0.11) suggesting minor heterogeneity between results. The pooled proportion of patients with 450% PSA
decline was 37% (95% CI: 22–52). The I2 statistic was 91.0% (Po0.001) suggesting substantial heterogeneity between results. On
subgroup analysis, a higher proportion of patients in the 177Lu-DKZ/I&T subgroup had a PSA decline450%, however, it can be seen
that the 177Lu-DKZ/I&T subgroup had a substantial amount of heterogeneity across studies.
CONCLUSIONS: This review suggests promising early results for the treatment of mCRPC, especially from patients treated with the
more recently developed radioligands. Overall, our meta-analysis showed that approximately two-thirds of patients had a
biochemical response. Randomised-controlled trials would be necessary to verify its effectiveness against current systemic
therapies and create an ideal treatment protocol.
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INTRODUCTION
Most cases of prostate cancer (PCa) are curable if diagnosed at an
early stage; although a number of patients will still progress from
organ-confined disease to metastatic PCa or metastatic castration-
resistant PCa (mCRPC). Despite the effectiveness of hormone
therapy in the treatment of metastatic PCa, our patients who live
long enough will ultimately succumb to mCRPC. Castration-
resistant PCa is defined as any disease progression, whether
biochemical or radiological, with the presence of castrate-level
testosterone values.1 While palliative chemotherapy and suppor-
tive care were the only options available for men with mCRPC in
the early 2000s, the therapeutic landscape for mCRPC has
changed significantly over the past decade.
The discovery of tumour-associated and tumour-specific target

antigens has given rise to the use of radioimmunotherapy (RIT) in
the treatment of mCRPC. The most promising target for RIT of PCa
to date is glutamate carboxypeptidase II, otherwise known as
prostate-specific membrane antigen (PSMA). PSMA is a non-

secreted type II transmembrane protein produced almost
exclusively by prostatic tissue and on tumour-associated
neovasculature.2 Unlike other biomarkers, such as PSA, which
may decrease with increasing neoplastic de-differentiation, the
level of PSMA has been shown to be upregulated on high-grade,
de-differentitated PCa.3

Antibodies that bind to the extracellular domain of PSMA were
then developed4,5 to create a high affinity for mCRPC tissue.
Despite the disadvantages of radiolabelled 7E11 monoclonal
antibody, it has been Food and Drug Administration approved
and validated the use of PSMA for in vivo imaging and therapy.
This approval has lead the way for a generation of other promising
anti-PSMA antibodies.6 Among these, humanised IgG monoclonal
antibody ‘J591’ was initially identified as the most appropriate
anti-PSMA antibody for further trials.7 177Lu is a radio-isotope
produced in reactors by neutron-capture on natural Lu or enriched
176Lu. The radioisotope is then bound to the anti-PSMA antibody
to form therapeutic antibodies, such as 177Lu-J591, which are
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administered intravenously. The antibody then binds with the
PSMA molecule and is rapidly internalised by malignant cells for
the delivery of antibody-conjugated isotopes. Other more recent
anti-PSMA ligands showing promising results are the DKFZ-
PSMA-617 ligand and the peptide-linker unit DOTAGA-(I-y)fk
(Sub-KuE), termed PSMA-I&T.8–12 The resultant ligand, in its
various forms, has been labelled with lutetium-177 (177Lu) for
therapeutic purposes in the treatment of mCRPC.
Despite its infancy, numerous individual single-arm trials have

shown promising results. In this study, we performed a systematic
review and meta-analysis of all trials assessing the in vivo
therapeutic response of 177Lu-PSMA in the treatment of mCRPC.

MATERIALS AND METHODS
The conduct and reporting of this systematic review and meta-analysis
followed the Preferred Reporting Items for Systematic Reviews and Meta-
Analysis with predefined search terms, inclusion/exclusion criteria, data
collection and analyses.

Eligibility criteria
We included studies that reported original quantitative data on the
therapeutic response and side-effect profile of 177Lu-PSMA therapy in the
treatment of mCRPC. We included studies without restrictions of sample
size, country of origin or age of sample population. The review focused on
the antitumour biochemical response of 177Lu-PSMA in men with mCRPC.
Studies with incomplete data or purely reporting on the radiological effect
or therapeutic side effects of treatment were ineligible (Supplementary
Table 1). All studies using 177Lu for the treatment of mCRPC, despite the
specific anti-PSMA ligand or antibody used, were included in the analysis. If
multiple papers originated from one data set, we included the one with
the longest follow-up period.

Search strategy and study selection
A systematic review using electronic databases up to December 2016 was
conducted via a search of MEDLINE, Cochrane Library and EmBase. Search
terms used in both isolation and combination included ‘Lutetium-labeled
anti-PSMA, Lutetium-labeled PSMA, Lutetium, PSMA, prostate cancer,
radioimmunotherapy, radioligand therapy’ and their relevant synonyms.
We also hand-searched key journals in the field and abstracts presented at
international urological conferences. Reference lists were also searched for
potentially eligible publications and previous literature reviews of the use
of 177Lu-PSMA in mCRPC. Two reviewers (HW and RC) independently
screened all the titles and abstracts, and the resulting reference list was
compiled by a third reviewer (VC). Full-text screening, data extraction and
assessment of methodological quality were completed independently by
all three aforementioned reviewers. Any disagreements were resolved by
consensus.

Statistical analysis
The main outcome of interest was the proportion of patients with PSA
decline. Two measures of PSA decline were analysed; any PSA decline and
450% decline from baseline. A random-effects meta-analysis was used to
calculate the pooled proportion across studies. A random-effects model
was chosen instead of a fixed-effects model due to the uncertainty in the
‘true’ effect; the random-effect component allows the estimate to vary
across studies. The I2 statistic was calculated in each case to investigate the
extent of heterogeneity across the studies. A sensitivity analysis was
conducted removing two studies, which were presented as abstracts.
Proportions were summarised by chemical type.
Before analysis, sample sizes were adjusted where study populations

overlapped to ensure that patients were not double-counted. Half of the
overlapping patients were deducted from the total of each of the
overlapping studies. To adjust the number of ‘successes’ (that is, patients
with any or 450% PSA decline), the number removed from the total
number of successes in each study was determined according to the
study’s estimated ‘success’ proportion.
All analyses were conducted using Stata v14 (College Station, TX, USA).

RESULTS
Our search strategy retrieved 56 non-duplicate records with 10
ultimately selected for the study (Figures 1 and 2; refs 13–21). A
total of 10 studies were included in the analysis giving a total
sample size of 369 men, 220 (out of 334 analysable) experienced
any PSA decline. There were 9 retrospective clinical trials and one
multicentre retrospective analysis. Studies came from the United
States (n= 3), Germany (n= 5) and India (n= 2). Three studies used
the radiolabelled anti-PSMA monoclonal antibody 177Lu-J591, and
7 studies used the molecularly smaller radioligands 177Lu-DKZ and
177Lu-PSMA-I&T. Study characteristics have been summarised in
Table 1.

Overlapping studies
A total of 10 studies were included in this analysis; two of which
overlapped with the multicentre retrospective analysis.18 To avoid
‘double-counting’ those patients who were included in both
studies, the sample sizes were adjusted accordingly. A summary of
the adjusted sample sizes is tabulated in Table 2.

Any PSA decline. In all, 9 of the 10 studies presented data on any
PSA decline; 1 was excluded due to the results being unclear.13

Combined, the 9 studies had a total of 334 patients of which 220
experienced any PSA decline. The pooled proportion of patients
with any PSA decline was 68% (95% confidence interval (CI):
61–74). The I2 statistic was 39.1% (P= 0.11) suggesting minor
heterogeneity between results (Figure 2).

More than 50% PSA decline. All studies presented results for PSA
decline450% and when combined, contributed a total of 369
patients of which 131 experienced450% PSA decline. The pooled
proportion was 37% (95% CI: 22–52). The I2 statistic was 90.9%
(Po0.001) suggesting substantial heterogeneity between results.
This heterogeneity can be seen clearly in Figure 3 where there is
poor overlap of the CIs across studies.

Figure 1. Study selection (in accordance with 2009 Preferred
Reporting Items for Systematic Reviews and Meta-Analysis flow-
diagram).
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Sensitivity analysis. A sensitivity analysis was conducted remov-
ing two studies presented as abstracts (Tagawa et al.19 and
Rathore et al.20) from the meta-analysis. The pooled proportions
for any PSA decline and 450% PSA decline were comparable
to the initial estimates (70% [95% CI: 62–77] and 41% [95% CI:
24–59], respectively).

Subgroup analysis. Three studies used 177Lu-J591, giving a
combined sample of 131 men; 55 (of 96 analysable) had any
PSA decline. The remaining studies used 177Lu-DKZ/I&T with a
combined sample of 238 men; 165 having any PSA decline.
The 177Lu-DKZ studies had a higher proportion of patients with

any PSA decline compared to those in the Lu-J591 studies (71% vs
67%; Figure 4) and a higher proportion of patients with a PSA
decline 450% (51% vs 13%; Figure 5). However, there is a
significant heterogeneity seen across the 177Lu-DKZ/I&T studies,
which could affect the comparability of the pooled estimates.

DISCUSSION
Despite our best efforts in localised cancer control, then medical
or surgical castration, mCRPC develops in ~ 10–20% of men with
PCa.22 Chemotherapeutic agents such as docetaxel (first line) and
cabazitaxel (second line) have an important role in this population,
however are often toxic and prolong life by only a few months.23

Abiraterone acetate and enzalutamide can also be used as post-
chemotherapy androgen deprivation therapy (ADT), but again,
prolongation in overall survival averages only 3.9 and 4.8 months,
respectively, compared to placebo.24,25 Despite these innovations
in systemic treatment, it is estimated that 250 000 men
internationally die from mCRPC each year.26 Fortunately, recent
theragnostic advances utilising our innate antibody–antigen
interactivity has provided promising developments in the treat-
ment of mCRPC.
PSMA-targeted RIT is a novel and promising concept, which

provides a highly targeted systemic therapy for mCRPC, especially
after exhaustion of the above conventional treatments.2 This new

therapy involves the selective binding of a radioligand/antibody to
PSMA, a readily expressed surface enzyme on mCRPC tissue, to
increase tumour dose and spare normal tissue.3 Extra-prostatic
expression is limited to small bowel, proximal renal tubules and
salivary glands but expression in these tissues is significantly (100–
1000 × ) less than PCa cells. The mechanism of internalisation of
these radiolabelled molecules by tumour cells is essential to the
cell-killing effect in this form of ‘endoradiotherapy’.10 Once
intracellular, internalised radioligands accumulate in the peri-
nuclear location allowing direct DNA damage.27 In this study, we
analysed 10 trials evaluating safety and efficacy of 177Lu in the
treatment of this subgroup of patients. To our knowledge, this
study represents the largest systematic review and meta-analysis
of the utility of 177Lu-PSMA in treating mCRPC.
From subgroup analyses, we can observe the technological

progression in RIT in the treatment of mCRPC, from the use of
radiolabelled antibodies targeting its extracellular structure to very
small radioligands targeting its catalytic site. This is most evident
in Figure 5, which suggests a superior PSA response in patients
treated in the latter group. J591 was the first humanised
monoclonal antibody targeting the extracellular domain of
PSMA.7 177Lu-J591 went on to demonstrate antitumour activity
and acceptable tolerability in a phase 1 clinical trial,13 represented
by the earliest study in the present meta-analysis (Table 1).
Tagawa et al.14,19,28,29 continued the work by Bander et al.13 with
177Lu-J591. However, both Bander’s and Tagawa’s work report
significant toxicity and inferior PSA response compared to the
subsequent studies outlined in this meta-analysis. In the phase 2
clinical trial of 177Lu-J591, 46.8% of the patients suffered grade 4
thrombocytopaenia and a 25.5% of them grade 4 neutropoenia.13

This 177Lu-J591-associated haematotoxicity could be explained by
the fact that whole antibodies are large molecules that penetrate
less effectively into tumours and for the same reasons, have
decreased glomerular clearance leading to a relatively longer
circulatory half-life and greater radiation exposure to bone
marrow.16 On the other hand, multicenter analysis on smaller

Figure 2. Forest plot for meta-analysis results of the proportion of patients with any PSA decline.
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ligand therapy by Rahbar et al.18 yielded a grade 3–4 haemotoxi-
city in 12% of patients.
A variety of small molecules that act as inhibitors to the

enzymatic site on PSMA have been developed in the recent
years.30 These radioligands are very small compared to the much
larger whole antibodies, such as J591. Competitive binding and
internalisation experiments using the PSMA-positive LNCaP cell
line have been carried out to develop these low-molecular-weight
ligands for use in endoradiotherapeutics. PSMA-tracer affinity was
first enhanced by increasing the lipophilic interaction of the
peptidic linker unit DOTAGA-FFK(Sub-KuE); then higher internali-
sation capacity achieved with DOTAGA-[I-y]fk (Sub-KuE).8–10 The
resultant peptide PSMA-I&T (for imaging and therapy) was
developed and evaluated in the studies included in this analysis
(Table 1).10 177Lu-DKFZ-617, also featured in this analysis, is a
DOTA derivative of the Glu–urea–Lys motif, developed in the
Department of Nuclear Medicine, University Hospital Heidelberg,
Germany.11 In its development, in vitro studies demonstrated
highly efficient internalisation into LNCaP cells and small-animal
positron emission tomography (PET) measures specific tumour
uptake with rapid renal clearance.12 In this meta-analysis, Kulkarni
et al.2 document their experience of both radioligands and
conclude that 177Lu-I&T and 177Lu-DKZ did not significantly differ
in response and toxicity profiles.2

Lutetium-PSMA is proving to have a promising therapeutic
response for patients with mCRPC where other conventional
treatments have failed. Most patients in the experimental studies
making up this meta-analysis had docetaxel-refractory disease and
failed post-chemotherapy ADT with abiraterone acetate and
enzalutamide. This cohort of patients closely mimics those treated
with cabazitaxel, a novel tubulin-binding taxane drug with
antitumour activity in docetaxel-resistant cancers, in the TROPIC
trial.31 Inclusion criterion was documented disease progression
despite ongoing castration by orchiectomy or luteinising
hormone-releasing hormone agonists and cumulative docetaxel
dose 4225 mg m− 2.31 PSA response rate, defined by 450%
reduction in PSA from baseline, was observed in 39.2% of men
treated with cabazitaxel.31 Overall, these results are comparable to
those of the present meta-analysis, with the pooled proportion of
those achieving a 450% PSA reduction occurring in 39% (95% CI:
24–54) of cases. However, on subgroup analysis of the smaller
radioligands (Lu-DKZ/Lu-I&T), we observe possible superior
therapeutic effect compared not only to Lu-J591 but also to
equivalent systemic treatments such as Cabazitaxel (51%, 95% CI:
40–61 vs 39%, 95% CI: 24–54). While accurate comparisons of the
treatments are not possible due to the heterogeneity of data, it
provides an expansive and promising view of the future treatment
of mCRPC.
Despite comparing similar patient groups, significant hetero-

geneity in follow-up and outcome measures still exist. The primary
end point for efficacy in the present study was based on PSA
reduction. While one can argue that PSA is the most objective and
reliable marker of tumour response, compared to radiological
follow-up, its clinical value in mCRPC remains controversial.32

Further prospective randomised control trials comparing lutetium-
PSMA with other systemic therapies are required to evaluate PSA
response rate and survival data in an unbiased manner. In the near
future, studies such as these may lead clinicians to consider
systemic endoradiotherapy using 177Lu-PSMA earlier in the line of
management of men suffering from mCRPC.
Given the complexity and heterogeneity of PCa cells, research-

ers already speculate that multimodal systemic therapy may act
synergistically to optimise therapeutic efficiency and increase life
expectancy, without increasing toxicity levels to normal tissues.33

Specifically, the use of ADT and lutetium-PSMA may be closer than
expected. Without the opportunity to maximise this synergy,
it has long been understood that PSMA is upregulated by ADT
in patients with mCRPC, as PSMA genes are suppressed byTa
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androgens.34 Furthermore, an understanding of why the addition
of ADT to radiotherapy improves survival has remained elusive for
decades.35 A recent study is providing mechanistic insight into
this benefit and providing hopeful evidence for the clinical
benefits of combining 177Lu-PSMA’s endoradiotherapy with ADT.
Androgen receptor (AR) pathway upregulation, as measured by a
rise in serum levels of AR-regulated hK2 protein, was demon-
strated in nearly 20% of patients after radiotherapy. These men
were also three times more likely to experience biochemical
failure. In fact, the degree of AR upregulation correlated with
survival in vitro and time to tumour progression in animal
models.36 This evolving field demonstrates that radiotherapy
may upregulate AR signalling post therapy and consequently
negatively impact disease progression and survival. While this
combination was not specifically measured in the included
studies, future prospective studies analysing the benefits of ADT
and 177Lu-PSMA are warranted.

This meta-analysis is not without limitations. A major limitation
of this meta-analysis is the fact that the majority of included data
has come from small single-centre studies, and all studies were
single arm. Nevertheless, despite the inherent bias of single-arm
studies, the results from this meta-analysis indicate that larger
trials are justified. While toxicity is an unmistakable consideration
in this treatment, this analysis focuses on treatment efficacy,
rather than toxicity, as there was significant heterogeneity in the
documentation of toxicity in the included studies. Furthermore,
despite taking appropriate steps to adjust for study population
overlap between the multicentre study Rahbar et al.18 and smaller
single-institution studies, we are limited by the information
presented and must acknowledge the possibility of persistent
overlap, albeit small.
It is important to be cautious in extrapolating the present

PSMA-based RIT efficacy data to the metastatic PCa in general.
Results of this study are of course inherently curbed by the

Table 2. Adjustment of sample sizes due to overlapping studies

Study Original totals % of successes Number overlapping Number deducted Adjusted totals

Kulkami et al.
Total 80 17 8 80–8= 72
Any PSA decline 61 76 61–(8 × 0.76)= 55
450% PSA decline 46 58 46–(8 × 0.58)= 41

Fendler et al.
Total 15 6 3 15–3= 12
Any PSA decline 12 80 12–(3 × 0.8)= 10
450% decline 9 60 9–(3 × 0.6)= 7

Rahbar et al.
Total 99 17+6 9+3 99–12= 87
Any PSA decline 59 60 59–(12 × 0.60)= 52
450% PSA decline 45 45 45–(12 × 0.45)= 40

Figure 3. Forest plot for meta-analysis results of proportion of patients with 450% PSA decline.
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Figure 4. Forest plot for meta-analysis results of the proportion of patients with any PSA decline by chemical type.

Figure 5. Forest plot for meta-analysis results of the proportion of patients with 450% PSA decline by chemical type.
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limitation of PSMA expression itself and the increasing availability
of PSMA-PET technology in the past decade. While PSMA has
proved itself a very promising biomarker for de-differentiated
mCRPC, there is recently emerging evidence that PSMA may in
fact be downregulated in neuro-endocrine differentiation of
PCa.37 Given our evolving understanding of the heterogeneity of
PCa, the apparent superiority of smaller molecular radioligands
used in more recent studies needs to be considered in the context
of increasing availability of PSMA-PET imaging. Unquestionably,
recent studies have taken advantage of the recent availability of
PSMA-PET imaging to select PSMA-positive (high) patients;
whereas in earlier antibody-based studies, no such selection was
attempted.

CONCLUSIONS
Despite significant heterogeneity in this meta-analysis, our review
suggests promising early results of Lu-PSMA RIT for the treatment
of mCRPC. While superior efficacy was observed in studies using
the smaller radioligands Lu-DKZ and Lu-I&T, this needs to be
considered in the context of the increasing availability of PSMA-
PET and improved ability to select patients with metastatic PSMA-
positive PCa. Overall, our meta-analysis produced PSA reductions
comparable to current available systemic therapy for this cohort of
patients. PSMA-targeted RIT, whether by ligand or antibody, co-
validate PSMA as a viable target opportunity for personalised
treatment of men with mCRPC and one worthy of further
development and evaluation.
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