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Abstract

Purpose y-H2AX and 53BP1 are fundamental for cellular DNA damage response (DDR) after radiation exposure and are
linked to cell repair, arrest, or apoptosis. We aimed to evaluate whether DDR-markers in peripheral blood lymphocytes (PBLs)
may have predictive potential for outcome in metastatic castration-resistant prostate cancer (mCRPC) patients receiving
["""Lu]Lu-prostate-specific membrane antigen (PSMA) radioligand therapy (RLT).

Methods We prospectively enrolled 20 men with advanced mCRPC scheduled for PSMA-targeted RLT. Prior to the first
cycle of ['7"Lu]Lu-PSMA RLT, all patients underwent ['*F]JF-PSMA-1007 positron emission tomography (PET)/computed
tomography (CT) for assessment of tumor PSMA expression (assessing maximum standardized uptake value (SUV,,,,) of
all tumor lesions). Blood samples were collected prior to,+ 1 h after, and +24 h after administration of [!"’Lu]Lu-PSMA,
and DDR-markers y-H2AX and 53BP1 were determined in PBLs through immunocytofluorescence. We then tested the pre-
dictive performance of DDR-markers relative to clinical and PET-based parameters for progressive disease (PSA-PD) after
2 cycles. In addition, the predictive value for progression-free survival (PSA-PFS, provided as median and 95% confidence
interval [CI]) was explored.

Results Low baseline 53BP1 and y-H2AX foci (P=0.17) tended to predict early PSA-PD, whereas low SUV . was sig-
nificantly associated with higher risk for PSA-PD (P =0.04). In Kaplan—Meier analysis, there was a trend towards prolonged
PSA-PFS in patients with higher baseline 53BP1 of 6 months (mo; 95%CI, 4-9 mo) compared to 3 mo in patients with low
53BP1 (95% CI, 2-3 mo; P=0.12). Comparable results were recorded for higher y-H2AX expression (6 mo [95% CI, 3-9
mo] relative to 3 mo [95% CI, 2—4 mo] in patients with low y-H2AX; P=0.12). SUV ., however, did not demonstrate pre-
dictive value (P =0.29). Consistently, in univariate Cox-regression analysis, baseline 53BP1 foci demonstrated borderline
significance for predicting PSA-PFS under ['7'Lu]Lu-PSMA RLT (P=0.05).

Conclusion In this prospective study investigating mCRPC patients undergoing ['”’Lu]Lu-PSMA RLT, low baseline DDR-
markers in PBLs tended to predict poor outcome. Although the study group was small and results need further confirmation,
these preliminary findings lay the foundation for exploring additive radiosensitizing or treatment intensification in future
studies with high-risk individuals scheduled for RLT.
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Genitourinary approaches have gained increasing acceptance for the diag-

54 Liam Widjaja nos.is and t.reatment of patients afflicted with metastatic cas-
Widjaja.Liam @mh-hannover.de tration-resistant prostate cancer (mCRPC) [1-3]. As a type

2 transmembrane protein, PSMA is heavily overexpressed
on the surface of prostate cancer cells [4], providing a target
for radiolabeled imaging and therapy [1, 5-8]. For instance,
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safety in a first prospective phase 2 study (LuPSMA) with
over half of the investigated patients demonstrating a bio-
chemical response [prostate-specific antigen (PSA) decline
of over 50%] [1]. Further building on these promising
results, Hofman et al. also recently revealed a favorable out-
come for patients treated with [!”’Lu]Lu-PSMA-RLT when
compared to the standard chemotherapeutic regimen using
cabazitaxel [9]. Finally, the recently published prospective
phase 3 VISION trial reported on longer progression-free
(PFS) and overall survival for patients treated with [!”’Lu]
Lu-PSMA-RLT compared to standard care [3, 10].

However, although patients had to demonstrate significant
tumor PSMA expression to be enrolled into the VISION
trial, 54% of the RLT-treated patients did not reach biochem-
ical response [3]. In previous studies, high PSMA expres-
sion on pretherapeutic **Ga-labeled PSMA-targeted PET/
CT emerged as a strong predictor for treatment response
[7, 11, 12]. Yet, all studies reported patients who did not
respond although demonstrating increased PSMA expression
[11-13]. In light of these results, more reliable predictors
are needed. Gafita et al. recently reported on the predic-
tive performance of nomograms containing both PET-based
and clinical parameters [14], emphasizing the complexity of
predicting treatment response in mCRPC patients receiving
['""Lu]Lu-PSMA RLT. Thus, investigating the underlying
pathophysiological response caused by RLT-based radiation
might help to better understand the biological mechanisms
of response and non-response.

Used for PSMA-targeted treatment, '’Lu as a primarily
beta-emitting isotope induces a plurality of DNA damages,
including DNA double-strand breaks (DSBs), ultimately
leading to subsequent cell death [15, 16]. Following DSBs,
a cascade of cellular DNA damage response (DDR) mecha-
nisms is activated, involving the histone-variant y-H2AX
and the p53-binding protein 1 (53BP1) [16-18]. However,
beta-radiation from ['”’Lu]Lu-PSMA does induce DSBs not
only in tumor cells but also in benign cells such as periph-
eral blood lymphocytes (PBLs) which become exposed dur-
ing circulation [19, 20]. The time course of DSB formation
in PBLs and the potential to obtain data on the individual
dose-response relationships in vivo have recently been
reported in ['""Lu]Lu-PSMA RLT [19, 20]. Marked inter-
individual heterogeneity on both amount and kinetics of
DNA damage response (DDR) foci during ['7’Lu]Lu-PSMA
RLT was also reported [19, 20]. Given the broad range of
measured y-H2AX and 53BP1 levels potentially reflecting
individual radiosensitivity, these parameters may also hold
potential for risk stratification, serving as “liquid biopsy” to
identify patients that most likely benefit from RLT [21, 22].

In the present prospective study, we investigated the pre-
dictive performance of DSB markers relative to other estab-
lished parameters, for the prediction of both early progres-
sion and progression-free survival in [!”’Lu]Lu-PSMA RLT.

Materials and methods
Patient population

Prior to their first treatment cycle, 20 mCRPC patients sched-
uled for ["""Lu]Lu-PSMA-I&T RLT were included between
August 2020 and Mai 2021 in this prospective monocentric
study for assessing the value of DDR-markers in the context
of therapy (Table 1). All patients were selected for [!"’Lu]
Lu-PSMA-I&T RLT compliant to the German Medicinal
Products Act, AMG §13.2b after progressing under previous
treatments, including radiation therapy, androgen depriva-
tion, and second-line antihormonal treatment, and had pro-
gressed under or were unfit for chemotherapy. In addition, all
patients demonstrated PSMA-expression on pretherapeutic
['®F]F-PSMA-1007 PET/CT. The institutional review board

Table 1 Patient characteristics (n=20)

Variable

Age (years, mean +SD) 72.1+8.6
Gleason score (mean + SD) 9+1
Previous treatments (%)

Radical prostatectomy 45
Primary radiation therapy 15

Salvage radiation therapy 65
Androgen deprivation therapy 100
Enzalutamide 75
Abiraterone acetate 90
Previous chemotherapy 95
Docetaxel 95
Cabazitaxel 50
Laboratory values at baseline (mean +SD)

AST (U/N) 59+84
ALT (UNM) 21+12
AP (U/D) 241+194
LDH (U/T) 515+420
PSA (pg/L) 309.8+418.3
Site of tumor lesions (%)

Skeleton 100
Lymph nodes 90

Liver 10
Prostate/Prostate bed 55
PET-based parameters at baseline (mean + SD)

SUV ax 194+114
SUV ean 12.6+8.2
PSMA-TV (cm®) 226.5+195.8

ALT, alanine transaminase; AP, alkaline phosphatase; AST, aspartate
transaminase; LDH, lactate dehydrogenase; PET, positron emission
tomography; PSA, prostate-specific antigen; PSMA, prostate-specific
membrane antigen; RLT, Radioligand therapy; SUV, standardized
uptake value; TV, tumor volume
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at Hannover Medical School approved this study (No. 9182_
BO_S_2020), and written informed consent was obtained
from all individuals. A detailed study protocol can be found
in the Supplementary material.

Imaging procedure and interpretation

All PET/CTs were acquired on a dedicated PET/CT system
(Biograph mCT 128 Flow; Siemens Healthineers; Knoxville,
TN, USA), with an extended field-of-view for the PET and
a 128-slice spiral CT. Per patient, 306 +23 MBq of ['*F]
F-PSMA-1007 was administered. Prior to PET acquisition, a
low-dose non-enhanced helical CT (120 kV, mA modulated,
pitch of 1.2, reconstructed axial slice thickness of 5.0 mm)
for attenuation correction was performed. 100 min p.i. and
after voiding of the bladder, whole-body PET was acquired
using continuous bed motion at a speed of 0.9 mm/s for the
chest and abdomen and 2.1 mm/s for the legs. All studies
were reconstructed using Ultra HD (iterative algorithm with
time-of-flight and point-spread function information includ-
ing 2 iterations, 21 subsets; matrix, 200; zoom, 1.0; Gauss-
ian filter, 5.0). No intravenous contrast material was injected.

For image analysis, a commercial software package
enabling simultaneous and fused review of PET and CT
data was used (syngo.via; V10B; Siemens Healthcare).
Malignant lesions on all scans were segmented manually
by one reader (L.W.) and verified by an experienced board-
certificated specialist (R.A.W.), if necessary. To this end,
an isocontour volume of interest was placed on individual
lesions, including all voxels above 45% of the maximum
using a 3-dimensional segmentation method allowing for a
semi-automatic volumetric assessment [23]. This enabled for
calculation of the whole-body PSMA-TV, averaged SUV
(mean SUV
aged SUV

max
of all tumor lesions in one patient), and aver-

as described in [12].

max

mean

['77Lu]Lu-PSMA-I&T RLT

A GMP-compliant synthesis of ['7’Lu]Lu-PSMA-I&T was
conducted [7, 24]. Per cycle, a median of 7.32 GBq (inter-
quartile range [IQR], 7.28 to 7.37) of ['"’Lu]Lu-PSMA-
1&T was administered. Treatment was performed following
established procedure guidelines, with RLT cycles repeated
every 6-8 weeks (median, 42 days [IQR, 42 to 43] [8]. Prior
to the first and at each cycle, a standard laboratory panel,
including blood cell counts, liver enzymes, and PSA was
also assessed [25].

Assessment of DDR-markers
As part of the study procedure, dedicated blood samples for

the evaluation of DDR-markers were collected before admin-
istration of ['"’Lu]Lu-PSMA-I&T, + 1 h after administration
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and + 24 h after administration. Blood samples were pre-
pared as previously described in [22]. In brief, after isolating
PBLs through Ficoll (GE Healthcare, Chicago, IL, USA)
density-gradient from EDTA blood, PBLs from mCRPC
patients were frozen in an RPMI1640 medium with 15%
fetal calf serum 500 U/ml penicillin, 0.5 mg/ml streptomy-
cin, and 2 mM L-glutamine, supplemented with 10% glycerol
at— 80 °C until further use. Subsequent PBLs were centri-
fuged on cover glasses (Cytospin ROTANTA 460/460R cen-
trifuge, Hettich), fixed (3% (w/v) PFA, 2% (w/v) sucrose in
PBS for 10 min and at RT) and permeabilized (0.2% (v/v)
Triton X-100 in PBS for 3 min). Afterwards, cells were
incubated simultaneously with antibodies against Phospho
(S139)-Histone H2AX (Millipore, Burlington, MA, USA)
in a ratio of 1:200 and against 53BP1 (Bethyl Laboratories,
Montgomery, TX, USA) in a ratio of 1:400 for 1 h followed
by at least three PBS washing steps and simultaneously
incubation with Alexa Fluor anti-mouse IgG 488 and Alexa
Fluor anti-rabbit IgG 546 (Invitrogen, Carlsbad, CA, USA;
both at a ratio of 1:250) for another 45 min. Finally, DAPI
(Invitrogen) was used to counterstain DNA and cells were
mounted with ProLong® Gold (Invitrogen). Further details
can be found in [22].

y-H2AX and 53BP1 foci were counted under a Leica
DMI6000B microscope (Wetzlar, Germany) using a
63 X objective lens at 1.6 X magnification with a manual
focus through the whole nucleus enabling 3-dimensional
foci detection. DDR-markers were assessed independently
in several different areas of the slide leading to a median of
64 analyzed cells per sample. Cells demonstrating apoptotic
morphology or an intensely stained nucleus were excluded
from the analysis. In addition, monocytes and granulocytes
were excluded from the analysis according to morphological
criteria as described in [22]. DDR-markers related to intact
PBLs were summed up and divided by the total number of
PBLs to access the number of foci per cell.

Assessment of clinical outcome

Before and 6-8 weeks after 2 cycles of RLT, PSA levels
were determined and %-change to baseline was assessed.
In patients discontinuing RLT, the last available PSA was
used for response assessment. According to prostate can-
cer clinical trials working group 3 (PCWG3) criteria [26],
treatment response after 2 cycles of RLT was determined.
Early progressive disease (PSA-PD) was defined as a PSA
increase of >25% from baseline, stable disease (PSA-SD)
was defined as PSA-change between +25% and —50% and
partial response (PSA-PR) as a PSA decrease over 50%.
Patients without PSA-PD continued RLT with PSA measure-
ments at and 4-6 weeks after each cycle. For the determina-
tion of progression-free survival (PSA-PFS), we calculated
the time between the day of the first treatment cycle and
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the date of PSA-based PD as defined above. Patients were
followed up until progression, termination of RLT due to

other medical reasons, or the end of the follow-up period in
December 2021.

Statistical analysis

For statistical analyses, we used GraphPad Prism 9 (Graph-
Pad Software, San Diego, CA, USA) and SPSS Statistics
27 Inc. (IBM; Chicago, IL, USA). We performed simple
linear regression to demonstrate the association between
the two DDR-markers y-H2AX and 53BP1. Changes in
DDR-marker levels at different time points were assessed
through repeated-measures one-way ANOVA. Stratifying
patients into high versus low values by median univariate
logistic regression analysis was performed for DDR-marker
levels and PET-derived and clinical parameters to explore
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Fig. 1 Evolution of DDR-markers during ['7’Lu]Lu-PSMA-RLT.
There was a highly significant correlation between the DDR-markers
v-H2AX and 53BP1 (a). Both the number of y-H2AX (b) and 53BP1
(c) foci increased significantly+1 h after administration of ['""Lu]
Lu-PSMA and demonstrated a significant decrease after +24 h. Com-
pared to baseline, DDR-marker levels remained elevated at+24 h
after administration. Fluorescence microscopy images (63X objec-
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the relationship of parameters with PSA-PD. The predictive
performance for progression-free survival (PSA-PFS) of
these parameters was then further assessed in Kaplan—Meier
analysis and log-rank test. Finally, univariate Cox-regression
for PSA-PFS was performed using continuous variables. A
P value < 0.05 was considered significant.

Results

Inter- and intraindividual heterogeneity
of DDR-markers during ['”’Lu]Lu-PSMA RLT

A significant correlation between y-H2AX and 53BP1
foci was observed (r=0.88, P<0.001; Fig. 1a), thereby
validating the herein-established model for measuring
DDR-markers in PBLs. In addition, we observed marked
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tive lens at 1.6 X magnification) of peripheral blood lymphocytes of
a patient undergoing ['"’Lu]Lu-PSMA RLT, with one merged and
three separate channels for y-H2AX (red), 53BP1 (green), and DAPI
for nuclei stain (blue). Compared to baseline levels (d), DDR-mark-
ers increased at+1 h after administration of ['"’Lu]Lu-PSMA (e).
Although there was a decrease at+24 h (f), DDR-marker remained
elevated when compared to baseline
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Table 2 Evolution of DDR-markers during ['""Lu]Lu-PSMA RLT

Table 3 Univariate predictors of early PSA-progression

Variable P value* Variable Odds ratio  95% CI P value
Baseline Clinical parameters at baseline
y-H2AX foci per cell 0.29+0.19 AST (U/) 4 0.55-29.096  0.17
53BP1 foci per cell 0.37+0.17 ALT (UM) 4 0.55-29.096  0.17
+ 1 h after administration AP (U/) 13.5 1.197-152.211  0.04*
y-H2AX foci per cell 0.95+0.26 <0.0001 LDH (U/T) 4 0.55-29.096  0.17
53BP1 foci per cell 1.27+0.36 <0.0001 PSA (pg/) 0.25 0.034-1.819 0.17
+24 h after administration Baseline PET
y-H2AX foci per cell 0.45+0.26 0.06 SUV 1k 0.074 0.007-0.835 0.04*
53BP1 foci per cell 0.61+0.31 0.02 PSMA-TV (cm?) 0.643 0.101-4.097 0.64
L DDR-markers
RLT, radioligand therapy. *P value of repeated-measures one-way .
ANOVA compared to baseline values Baseline
y-H2AX foci per cell 0.25 0.034-1.819 0.17
53BP1 foci per cell 0.25 0.034-1.819 0.17

interindividual heterogeneity of DDR-marker levels at base-
line,+ 1 h and+24 h (Table 2). Both y-H2AX and 53BP1
foci per cell increased significantly from baseline to+1 h,
followed by a subsequent decrease at+24 h (P <0.0001,
respectively). In addition, 53BP1 and y-H2AX foci remained
elevated relative to baseline at+24 h (53BP1, P=0.02;
y-H2AX, P=0.06; Fig. 1b-f).

Prediction of early treatment response

4/20 (20%) RLT-naive patients achieved PSA-PR, whereas
9/20 (45%) had PSA-SD and the remaining 7/20 (35%)
PSA-PD.

Stratifying patients into low versus high values by
median, only 20% of the patients with higher baseline 53BP1
or y-H2AX foci per cell demonstrated PSA-PD, whereas
in patients with lower baseline DDR-markers, 50% suf-
fered from early PSA-PD. In line with these results, there
was a trend for both higher baseline 53BP1 foci per cell
(Odds Ratio [OR], 0.25, 95% confidence interval [CI],
0.034-1.819, P=0.17) and higher baseline y-H2AX foci
per cell (OR, 0.25, 95%CI, 0.034-1.819, P=0.17) reducing
the likelihood of PSA-PD in univariate logistic regression
(Table 3). In addition, higher SUV,,, (OR, 0.074, 95%CI,
0.007-0.835, P=0.04), but not PSMA-TV (P=0.64), signif-
icantly reduced the risk for PSA-PD, as well. Among clinical
parameters, elevated AP (OR, 13.5,95%CI, 1.197-152.211,
P =0.04) was predictive for PSA-PD.

Prediction of PSA-PFS

In the Kaplan-Maier analysis (Fig. 2), there was a trend
towards prolonged median PSA-PFS in patients with higher
baseline 53BP1 (6 months [mo; 95% CI, 4-9 mo] compared
to 3 mo [95% CI, 2-3 mo] in patients with low 53BP1;
P=0.12) and higher y-H2AX expression (6 mo [95% CI,
3-9 mo] compared to 3 mo [95% CI, 2—4 mo] in patients

@ Springer

+ 1 h after administration
v-H2AX foci per cell 1.556
53BP1 foci per cell 4
+24 h after administration
vy-H2AX foci per cell
53BP1 foci per cell

0.224-9.913 0.64
0.55-29.096  0.17

1.556
1.556

0.224-9.913 0.64
0.224-9.913 0.64

ALT, alanine transaminase; AP, alkaline phosphatase; AST, aspartate
transaminase; CI, confidence interval; LDH, lactate dehydrogenase;
PSA, prostate-specific antigen; PSMA, prostate-specific membrane
antigen; TV, tumor volume; SUV, standardized uptake value; DDR,
DNA damage response. *Reached significance

with low y-H2AX; P=0.12), albeit not statistically signifi-
cant. In contrast, patients with high SUV_ . only achieved
a median PSA-PFS of 4 mo (95% CI, 4-4 mo) compared
to 3 mo (95% CI, 2-3 mo) in patients with low SUV ..
(P=0.29). In line with these results, baseline 53BP1 foci
per cell demonstrated borderline significance (Hazard Ratio
[HR], 0.24 (95%CI, 0.001-1.025), P=0.05) in univariate
Cox-regression for PSA-PFS (Table 4). In addition, base-
line y-H2AX foci per cell (P=0.1) and SUV_,,, (P=0.06)
showed borderline significant associations. Among clinical
parameters, AP (P=0.03) was predictive for PSA-PFS.
Representative cases are provided in Figs. 3 and 4.

Discussion

In the present prospective study, we evaluated the predic-
tive performance of y-H2AX and 53BP1 foci in PSMA-
targeted RLT. There was a consistent trend emphasizing the
predictive value of reduced DDR-markers at baseline for
subsequent poor outcome under ['7’Lu]Lu-PSMA RLT, but
likely due to the small patient cohort significance could not
be reached. In this regard, low baseline DDR-marker levels
prior to treatment on-set probably reflected low individual
radiosensitivity and thus, were linked to early PSA-PD and
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Fig.2 Kaplan—Meier analysis for PSA-progression-free survival
(PFS). There was a clear trend for high baseline 53BP1 foci (a) and
high baseline y-H2AX foci (b) predicting prolonged PFS. SUV_ .

Table 4 Results of univariate Cox-regression analysis for PSA-pro-
gression-free survival

Variable Hazard ratio 95% CI P value

Clinical parameters at baseline

AST (U/N) 1 0.993-1.007 0.98
ALT (UN) 1 0.957-1.044 0.99
AP (U/M) 1.003 1-1.005 0.03*
LDH (U/) 1.001 1-1.002 0.2
PSA (pg/l) 1 0.998-1.001 0.59
Baseline PET

SUV ax 0.926 0.855-1.003 0.06
PSMA-TV (cm?) 0.99 0.997-1.002 0.66
DDR-markers

Baseline

y-H2AX foci per cell 0.054 0.002-1.819 0.1
53BP1 foci per cell 0.024 0.001-1.025 0.05

+ 1 h after administration
y-H2AX foci per cell 1.779
53BP1 foci per cell 1.897
+24 h after administration
y-H2AX foci per cell 1.565
53BP1 foci per cell 1.227

0.164-19.336  0.64
0.421-8.539 0.4

0.106-23.167  0.74
0.21-7.176 0.82

ALT, alanine transaminase; AP, alkaline phosphatase; AST, aspartate
transaminase; CI, confidence interval, LDH, lactate dehydrogenase;
PSA, prostate-specific antigen; PSMA, prostate-specific membrane
antigen; TV, tumor volume; SUV, standardized uptake value; DDR,
DNA damage response. *Reached significance

Progression-free survival (months)

Probability of Progression-free Survival

Progression-free survival (months)

3 6 9 time(m) O 3 6 9
5 1 0 Low 10 4 2 1
7 4 1 High 10 8 3 0

derived from pretherapeutic [.'®F]F-PSMA-1007 PET did not reach
significance for PFS (c)

shorter PSA-PFS. Thus, we herein provide for the first time
data on the role of individual radiosensitivity in the context
of PSMA-targeted RLT along with predictive capability,
which requires further studies with larger patient popula-
tions to provide definite evidence. Nonetheless, the herein
presented consistent results may also enable future studies
investigating the potential of pretherapeutic administration
of radiosensitizing agents, e.g., in patients having low base-
line levels of y-H2AX and 53BP1 foci.

Schumann et al. were the first to investigate changes in
DDR-marker levels during [!”’Lu]Lu-PSMA RLT [27].
Enrolling 16 mCRPC patients, a distinctive time-depend-
ent kinetic pattern of both y-H2AX and 53BP1 foci was
observed, with an early increase of both DDR-marker levels
within 44 h after administration and a subsequent decrease
thereafter [27]. Ritt et al. corroborated these findings by
reporting on similar DDR-marker kinetic patterns enrolling a
larger cohort of 48 patients under !"’Lu-DOTATOC (n=26)
or ['”"Lu]Lu-PSMA RLT (n=22) [20]. Of note, in both stud-
ies, DDR-marker remained elevated compared to baseline
even+ 24 h after initiation of RLT [20, 27]. This is in line
with our results also showing a time-dependent kinetic pat-
tern of DDR-marker levels in a prospective cohort of 20
mCRPC patients. Of note, a recent study reported on the
predictive value of DDR-markers for therapy response under
7Lu-DOTATATE [22], while the present investigation is
the first to evaluate the predictive performance of y-H2AX
and 53BP1 foci for men treated with ['"’Lu]Lu-PSMA
RLT. Consistent with findings of that study investigating
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PSMA RLT

SUV SUV
0 I 3 0 i S
PSMA-TV: 39.06 cm3 PSMA-TV: 38.74 cm?3
PSA: 523 ugl/l PSA: 196 ug/l

Fig.3 High DDR-marker levels are associated with treatment
response. Baseline ['*F]JF-PSMA-1007 PET/CT (maximum intensity
projection (MIP, a) of a patient scheduled for RLT. Multiple PSMA-
positive lesions in the skeleton can be seen, e.g., in the ribs or in the
left acetabulum. Averaged SUV .. was 14.6 (below median, indica-
tive of progressive disease). Pretherapeutic PSA was 523 ug/l. Fluo-
rescence microscopy images (63X objective lens at 1.6 X magnifica-
tion), with one merged and three separate channels for y-H2AX (red),

DDR-markers in patients with gastroenteropancreatic neu-
roendocrine neoplasms treated with somatostatin receptor-
targeted peptide receptor radionuclide therapy (PRRT), low
levels of 53BP1 foci were linked to shorter PFS [22], sup-
porting the notion of an incremental value of those DDR-
markers for patients scheduled for endoradiotherapy.
Despite favorable results of PSMA-targeted RLT com-
pared to other therapies in advanced disease [3, 9], a sub-
stantial portion of patients will experience early PD, and
thus, reliable predictors for subsequent treatment response
would be crucial for optimizing patient care [13]. In this
regard, the averaged SUV . derived from tumor lesions on
pretherapeutic [**Ga]Ga-PSMA PET/CTs has shown prom-
ise for predicting early response to treatment and overall
survival [11, 12]. However, due to various advantages such
as improved image quality and longer half-life allowing for
a higher throughput in a busy PET practice, recent years
have witnessed an increased use of '8F-labeled PSMA radi-
otracers, e.g., ['*F]JF-PSMA-1007 [6]. Given this shift from
8Ga to !8F radiotracers in clinical routine, the predictive
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53BP1 (green), and DAPI for nuclei stain (blue) of DDR-markers in
PBLs prior to treatment (b). This patient demonstrated a rather high
number of y-H2AX (n=0.44) and 53BP1 (n=0.5) foci per cell, pre-
sumably reflecting high radiosensitivity. This patient achieved partial
response after 2 cycles of [.'”’Lu]Lu-PSMA RLT (c; PET: 66 days
after study inclusion; PSA: 84 days after study inclusion, —63% com-
pared to baseline)

potential of '8F-PSMA PET in patients scheduled for RLT
needs further exploration. We demonstrated that a low
SUV, .. derived from a pretherapeutic ['*F]F-PSMA-1007
PET/CT was significantly associated with early PSA-PD
after two cycles of RLT (P=0.04). Nonetheless, SUV ..
did not reach significance for the prediction of PSA-PFS in
Kaplan—Meier analysis and univariate Cox-regression which
might be clinically even more important than early PD for
the long-term outcome of mCRPC patients. Although the
study population was rather small, this may also be a hint
at restricted predictive capability of 'SF-PSMA PET-based
quantification. While a strong relation between uptake of
PSMA-ligands and histologic PSMA-expression has already
been proven for [*3Ga]Ga-PSMA-11 in a dedicated ex vivo
animal model [28] and immunohistochemical validation of
clinical primary prostate cancer samples [29], such evidence
has not been provided for ['®F]F-PSMA-1007 to date. How-
ever, there is an increasing body of evidence of potential
pitfalls on scan interpretation for this '®F-labeled PSMA
radiotracer [30]. Along with the high rate of indeterminate
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a Baseline b ¢ Follow-up
18F-PSMA-1007 Baseline DDR-markers 18BF-PSMA-1007
PET/CT PET/CT

- Low y-H2AX and 53BP1 foci

2 cycles 77Lu-

PSMA RLT

SuUvV SUV
0 I 3 0 o 8
PSMA-TV: 130.15 cm?3 PSMA-TV: 273.33 cm3
PSA: 59 g/l PSA: 98.7 ug/l

Fig.4 Low DDR-marker levels are associated with treatment failure.
Baseline ['®F]F-PSMA-1007 PET/CT (maximum intensity projec-
tion (MIP), a) of a patient prior to treatment. This patient had mul-
tiple tumor lesions in lymph nodes and the skeleton, e.g., in thel1"
thoracic vertebral body. Averaged SUV .. was 18.39 (above median,
indicative of no progressive disease). Pretherapeutic PSA was 59 pg/l.
Fluorescence microscopy images (63 X objective lens at 1.6 X magni-
fication), with one merged and three separate channels for y-H2AX

findings on '*F-PSMA especially in the skeleton [31] and
moderate interobserver agreement rates [32], one may
question the reliability of '*F-PSMA PET-based predictors.
One way to maximize the predictive performance of PET-
based parameters could be a dual tracer approach for patient
selection targeting both PSMA and glucose metabolism [9].
Excluding patients with PSMA-negative and simultaneously
FDG-positive metastases, Hofman et al. were able to achieve
biochemical response in 65% of the RLT-treated patients
compared to 46% in the VISION trial, in which only PSMA
PET/CTs were performed for patient selection [3, 9].

In addition, blood-based markers such as AP have also
shown promise for the prediction of treatment response
[33, 34] and we also confirmed the value of AP levels in
the present investigation (P =0.04), but inconsistent results
question the suitability of this parameter to identify patients
prone to early therapeutic failure [13]. For instance, Gafita
et al. reported on no predictive value of AP for overall sur-
vival under ['”’Lu]Lu-PSMA RLT [35]. As such, liquid
biopsies assessing DNA damage due to ionizing radiation,

(red), 53BP1 (green), and DAPI for nuclei stain (blue) of DDR-mark-
ers in PBLs prior to treatment (b). This patient demonstrated a low
number of y-H2AX (n=0.16) and 53BP1 (n=0.18) foci per cell, pre-
sumably reflecting low radiosensitivity. This patient had progressive
disease after 2 cycles of ['7’Lu]Lu-PSMA RLT (c; PET: 71 days after
study inclusion, multiple new lesions (red arrows) on follow-up PET/
CT; PSA: 65 days after study inclusion, +67% compared to baseline)

either emitted through external beam radiation or internal
RLT, may provide a more causal-system approach to identify
patients prone to treatment failure [17].

Following RLT-induced DSBs, a cascade of biological
response mechanisms is activated including the phosphoryl-
ation of the histone H2AX to y-H2AX and the assembling of
53BP1, subsequently leading to either repair, arrest, or apop-
tosis of the referring cell [15—17]. Thus, one might speculate
that low levels of the DDR-markers 53BP1 and y-H2AX are
associated with reduced responsiveness to radiation subse-
quently causing ineffective cell repair and less apoptosis [36,
37]. In this regard Xiao et al. were able to demonstrate, that
low levels of 53BP1 were associated with reduced expres-
sion of proteins fundamental for p5S3-dependent apoptosis
such as the ataxia-telangiectasia mutated kinase and the
checkpoint kinase-2 in a dedicated colorectal cancer cell
line after radiation [38]. Decreased expression of 53BP1
led to radiotolerance with reduced apoptosis and elevated
proliferation rates after treatment [38]. However, beta-irra-
diation due to '""Lu not only induces DDR mechanisms in
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malignant but also in benign cells, e.g., PBLs [20, 22]. Of
note, the evolution of y-H2AX and 53BP1 foci in PBLs have
previously been investigated under RLT [20, 27].

In the present study, we expanded the concept of blood-
based assessment of DNA damage and demonstrated clinical
value of these parameters beyond dosimetry. We were able
to demonstrate a clear and consistent trend emphasizing the
predictive value of reduced DDR-markers assessed prior to
treatment onset for subsequent poor outcome under [!"7Lu]
Lu-PSMA RLT. Future studies, however, may also measure
DDR-foci in circulating tumor cells (CTCs) possibly ena-
bling an even more accurate determination of tumor radio-
sensitivity [21]. However, relative to PBLs, previous single-
cell studies assessing mutations in CTCs of breast cancer
patients revealed remarkable heterogeneity within inves-
tigated cells from the same patient [39], and thus, DDR-
marker in CTCs derived from men affected with prostate
cancer may also be prone to such intra-patient heterogeneity,
limiting their usefulness for prediction.

The herein presented results also support the hypothesis
that low DDR-marker levels reflect low individual radiosen-
sitivity explaining their predictive value for treatment out-
come. Although other clinical parameters demonstrated sim-
ilar or even superior predictive performance, e.g., AP, this is
of importance as these parameters can hardly be influenced.
By contrast, simultaneous chemoradiotherapy to boost radio-
sensitivity upon external beam radiation is widely practiced
in numerous other tumor entities e.g. non-small-cell lung
cancer [40]. Thus, our study provides a rationale for future
studies exploring the use of radiosensitizing agents under
[""Lu]Lu-PSMA RLT, especially in high-risk individuals
exhibiting low baseline DDR-marker levels. Among others,
a combination of ['"’Lu]Lu-PSMA RLT and docetaxel has
already demonstrated high response rates with only limited
side effects [41]. An even more sophisticated approach was
presented by Guo et al. [42]. Conjugating docetaxel-loaded
nano-particles with a PSMA-ligand achieved high tumor
doses while the whole-body dose was reduced [42]. Given
the herein reported findings, patients with low y-H2AX and
53BP1 foci in PBLs at baseline may benefit from such com-
bination approaches, e.g., by conducting a docetaxel-based
radiosensitizing prior to RLT.

This study has several limitations. First, although we were
able to demonstrate consistent and robust results, the base-
line DDR-marker closely failed to reach significance in pre-
dicting early PSA-PD and PSA-PFS due to the small num-
ber of enrolled patients in this prospective study. Therefore,
future studies need to verify these results in a substantially
larger cohort with a longer follow-up interval, which would
then also allow to investigate overall survival. In addition,
factors influencing the individual expression of DDR-mark-
ers in PBLs before RLT remain unclear and should also be
investigated. Moreover, additional characterization of PBLs,
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e.g., CD4 +or CD8 +, might also help in better understand-
ing radiosensitivity of specific immune cell types and their
influence on treatment outcome after radiation therapy [43].
Future studies may also investigate the additional predictive
role of DDR markers when combined with established out-
come predictors, e.g., recently suggested nomograms [14].

Conclusion

In this prospective study investigating mCRPC patients
undergoing ['"’Lu]Lu-PSMA RLT, low baseline DDR-
markers in PBLs demonstrated a trend towards association
with poorer outcome. Although the study group was small
and results need further confirmation to provide definite
evidence, these preliminary findings lay the foundation for
exploring additive radiosensitizing or treatment intensifica-
tion in future studies with high-risk individuals scheduled
for RLT.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00259-022-05974-8.

Author contribution All authors contributed to writing, critically
reviewing, and approving the paper. Specific author contributions are
as follows: Conceptualization, L.W., R A.W., N.B., T.D., H.C., and
F.M.B.; methodology, L. W., R.A.W., EK., N.B., and T.D.; software,
L.W.,, R AW, and N.B.; validation, T.D., N.B., R.A.W., H.C., and
F.M.B.; formal analysis, L.W., R.A.W., and N.B.; investigation, L.W.,
R.A.W., N.B,, and T.D.; visualization, L.W. and R.A.W.; supervision,
T.D., N.B., H.C., and F.M.B.; project administration, R.A.W., N.B.,
and T.D..; funding acquisition, R.A.W., N.B., and T.D.

Funding Open Access funding enabled and organized by Projekt
DEAL. This work was supported by the KlinStrucMed program of the
Hannover Biomedical Research School (HBRS) at Hannover Medical
School (MHH) funded by the Else Kroner-Fresenius-Stiftung (Else
Kroner-Fresenius-Foundation), and the HiLF program at MHH.

Declarations

Ethics approval All procedures performed in studies involving human
participants were in accordance with the ethical standards of the insti-
tutional and/or national research committee and with the 1964 Helsinki
declaration and its later amendments or comparable ethical standards.
The study was approved by the ethical committee of Hannover Medical
School, Hannover, Germany (# 9182_BO_S_2020).

Consent to participate Informed consent was obtained from all indi-
vidual participants included in the study.

Conflict of interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are


https://doi.org/10.1007/s00259-022-05974-8

European Journal of Nuclear Medicine and Molecular Imaging (2023) 50:602-612

611

included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

10.

11.

12.

Hofman MS, Violet J, Hicks RJ, Ferdinandus J, Thang SP,
Akhurst T, et al. (177)Lu]-PSMA-617 radionuclide treatment
in patients with metastatic castration-resistant prostate cancer
(LuPSMA trial): a single-centre, single-arm, phase 2 study. Lan-
cet Oncol. 2018;19:825-833.

Fendler WP, Calais J, Eiber M, Flavell RR, Mishoe A, Feng FY,
et al. Assessment of %Ga-PSMA-11 PET accuracy in localizing
recurrent prostate cancer: a prospective single-arm clinical trial.
JAMA Oncol. 2019;5:856—863. https://doi.org/10.1001/jamao
ncol.2019.0096.

Sartor O, de Bono J, Chi KN, Fizazi K, Herrmann K, Rahbar K,
et al. Lutetium-177-PSMA-617 for metastatic castration-resistant
prostate cancer. N Engl J Med. 2021;385:1091-1103. https://doi.
org/10.1056/NEJMoa2107322.

Chang SS. Overview of prostate-specific membrane antigen. Rev
Urol. 2004;6(Suppl 10):13.

Derlin T, Schmuck S, Juhl C, Zorgiebel J, Schneefeld SM, Walte
ACA, et al. PSA-stratified detection rates for [**Ga]THP-PSMA, a
novel probe for rapid kit-based 68.sup.Ga-labeling and PET imag-
ing, in patients with biochemical recurrence after primary therapy
for prostate cancer. Eur J Nucl Med Mol Imaging 2018;45:913.
https://doi.org/10.1007/s00259-017-3924-9.

Werner RA, Derlin T, Lapa C, Sheikbahaei S, Higuchi T, Giesel
FL, et al. '®F-Labeled, PSMA-targeted radiotracers: leveraging
the advantages of radiofluorination for prostate cancer molecular
imaging. Theranostics 2020;10:1-16. https://doi.org/10.7150/
thno.37894.

Derlin T, Werner RA, Lafos M, Henkenberens C, von Klot,
Christoph A J, Sommerlath Sohns JM, et al. Neuroendocrine dif-
ferentiation and response to PSMA-targeted radioligand therapy
in advanced metastatic castration-resistant prostate cancer: a sin-
gle-center retrospective study. J Nucl Med. 2020;61:1602-1606.
https://doi.org/10.2967/jnumed.120.241588.

Kratochwil C, Fendler WP, Eiber M, Baum R, Bozkurt MF,
Czernin J, et al. EANM procedure guidelines for radionuclide
therapy with (177)Lu-labelled PSMA-ligands ((177)Lu-PSMA-
RLT). Eur J Nucl Med Mol Imaging 2019;46:2536-2544. https://
doi.org/10.1007/s00259-019-04485-3.

Hofman MS, Emmett L, Sandhu S, Iravani A, Joshua AM, Goh
JC, et al. (177)Lu]Lu-PSMA-617 versus cabazitaxel in patients
with metastatic castration-resistant prostate cancer (TheraP): a
randomised, open-label, phase 2 trial. Lancet 2021;397:797-804.
Fendler WP, Herrmann K, Eiber M. Nuclear medicine beyond
VISION. J Nucl Med. 2021;62:916-917. https://doi.org/10.2967/
jnumed.121.262441.

Seifert R, Seitzer K, Herrmann K, Kessel K, Schifers M, Kleesiek
J, et al. Analysis of PSMA expression and outcome in patients
with advanced prostate cancer receiving (177)Lu-PSMA-617
radioligand therapy. Theranostics 2020;10:7812-7820. https://
doi.org/10.7150/thno.47251.

Widjaja L, Werner RA, Ross TL, Bengel FM, Derlin T. PSMA
Expression predicts early biochemical response in patients with
metastatic castration-resistant prostate cancer under (177)Lu-
PSMA-617 radioligand therapy. Cancers (Basel). 2021;13:2938.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

https://doi.org/10.3390/cancers13122938;10.3390/cancers131
22938.

Manafi-Farid R, Harsini S, Saidi B, Ahmadzadehfar H, Herrmann
K, Briganti A, et al. Factors predicting biochemical response and
survival benefits following radioligand therapy with [177Lu]Lu-
PSMA in metastatic castrate-resistant prostate cancer: a review.
Eur J Nucl Med Mol Imaging 2021;48:4028—4041. https://doi.org/
10.1007/500259-021-05237-y.

Gafita A, Calais J, Grogan TR, Hadaschik B, Wang H, Weber
M, et al. Nomograms to predict outcomes after (177)Lu-PSMA
therapy in men with metastatic castration-resistant prostate can-
cer: an international, multicentre, retrospective study. Lancet
Oncol. 2021;22:1115-1125.

Natale F, Rapp A, Yu W, Maiser A, Harz H, Scholl A, et al.
Identification of the elementary structural units of the DNA
damage response. Nat Commun. 2017;8:15760. https://doi.org/
10.1038/ncomms15760.

Su TT. Cellular responses to DNA damage: one signal, multiple
choices. Annu Rev Genet 2006;40:187-208. https://doi.org/10.
1146/annurev.genet.40.110405.090428.

Kumar R, Horikoshi N, Singh M, Gupta A, Misra HS, Albu-
querque K, et al. Chromatin modifications and the DNA damage
response to ionizing radiation. Front Oncol. 2013;2:214. https://
doi.org/10.3389/fonc.2012.00214.

Lowndes NF, Toh GW. DNA repair: the importance of phos-
phorylating histone H2AX. Curr Biol. 2005;15:R99-R102.
Eberlein U, Nowak C, Bluemel C, Buck AK, Werner RA, Scher-
than H, et al. DNA damage in blood lymphocytes in patients
after '""Lu peptide receptor radionuclide therapy. Eur J Nucl
Med Mol Imaging 2015;42:1739-1749. https://doi.org/10.1007/
500259-015-3083-9.

Ritt P, Jobic C, Beck M, Schmidkonz C, Kuwert T, Uder
M, et al. Dissimilar DNA damage to blood lymphocytes
after 7’Lu-labeled DOTATOC or PSMA therapy. J Nucl
Med. 2020;62:379-385. https://doi.org/10.2967/jnumed.120.
243782.

Heitzer E, Haque IS, Roberts CES, Speicher MR. Current and
future perspectives of liquid biopsies in genomics-driven oncol-
ogy. Nat Rev Genet 2019;20:71-88. https://doi.org/10.1038/
s41576-018-0071-5.

Derlin T, Bogdanova N, Ohlendorf F, Ramachandran D, Werner
RA, Ross TL, et al. Assessment of y-H2AX and 53BP1 foci in
peripheral blood lymphocytes to predict subclinical hematotoxic-
ity and response in somatostatin receptor-targeted radionuclide
therapy for advanced gastroenteropancreatic neuroendocrine
tumors. Cancers (Basel). 2021;13:1516. https://doi.org/10.3390/
cancers13071516;10.3390/cancers13071516.

Schmuck S, von Klot CA, Henkenberens C, Sohns JM, Chris-
tiansen H, Wester H, et al. Initial experience with volumetric
%8Ga-PSMA I&T PET/CT for assessment of whole-body tumor
burden as a quantitative imaging biomarker in patients with pros-
tate cancer. J Nucl Med. 2017;58:1962-1968. https://doi.org/10.
2967/jnumed.117.193581.

Okamoto S, Thieme A, Allmann J, D'Alessandria C, Maurer T,
Retz M, et al. Radiation dosimetry for (177)Lu-PSMA I&T in
metastatic castration-resistant prostate cancer: absorbed dose in
normal organs and tumor lesions. J Nucl Med. 2017;58:445-450.
https://doi.org/10.2967/jnumed.116.178483.

Widjaja L, Werner RA, Ross TL, Bengel FM, Derlin T. Com-
parison of pretherapeutic osseous tumor volume and standard
hematology for prediction of hematotoxicity after PSMA-targeted
radioligand therapy. Eur J Nucl Med Mol Imaging 2021;48:4077-
4088. https://doi.org/10.1007/s00259-021-05412-1.

Scher HI, Morris MJ, Stadler WM, Higano C, Basch E, Fizazi
K, et al. Trial design and objectives for castration-resistant pros-
tate cancer: updated recommendations from the Prostate Cancer

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1001/jamaoncol.2019.0096
https://doi.org/10.1001/jamaoncol.2019.0096
https://doi.org/10.1056/NEJMoa2107322
https://doi.org/10.1056/NEJMoa2107322
https://doi.org/10.1007/s00259-017-3924-9
https://doi.org/10.7150/thno.37894
https://doi.org/10.7150/thno.37894
https://doi.org/10.2967/jnumed.120.241588
https://doi.org/10.1007/s00259-019-04485-3
https://doi.org/10.1007/s00259-019-04485-3
https://doi.org/10.2967/jnumed.121.262441
https://doi.org/10.2967/jnumed.121.262441
https://doi.org/10.7150/thno.47251
https://doi.org/10.7150/thno.47251
https://doi.org/10.3390/cancers13122938;10.3390/cancers13122938
https://doi.org/10.3390/cancers13122938;10.3390/cancers13122938
https://doi.org/10.1007/s00259-021-05237-y
https://doi.org/10.1007/s00259-021-05237-y
https://doi.org/10.1038/ncomms15760
https://doi.org/10.1038/ncomms15760
https://doi.org/10.1146/annurev.genet.40.110405.090428
https://doi.org/10.1146/annurev.genet.40.110405.090428
https://doi.org/10.3389/fonc.2012.00214
https://doi.org/10.3389/fonc.2012.00214
https://doi.org/10.1007/s00259-015-3083-9
https://doi.org/10.1007/s00259-015-3083-9
https://doi.org/10.2967/jnumed.120.243782
https://doi.org/10.2967/jnumed.120.243782
https://doi.org/10.1038/s41576-018-0071-5
https://doi.org/10.1038/s41576-018-0071-5
https://doi.org/10.3390/cancers13071516;10.3390/cancers13071516
https://doi.org/10.3390/cancers13071516;10.3390/cancers13071516
https://doi.org/10.2967/jnumed.117.193581
https://doi.org/10.2967/jnumed.117.193581
https://doi.org/10.2967/jnumed.116.178483
https://doi.org/10.1007/s00259-021-05412-1

612

European Journal of Nuclear Medicine and Molecular Imaging (2023) 50:602-612

217.

28.

29.

30.

31.

32.

33.

34.

35.

Clinical Trials Working Group 3. J Clin Oncol. 2016;34:1402—
1418. https://doi.org/10.1200/JC0O.2015.64.2702.

Schumann S, Scherthan H, Lapa C, Serfling S, Muhtadi R, Lass-
mann M, et al. DNA damage in blood leucocytes of prostate
cancer patients during therapy with (177)Lu-PSMA. Eur J Nucl
Med Mol Imaging 2019;46:1723-1732. https://doi.org/10.1007/
$00259-019-04317-4.

Liickerath K, Stuparu AD, Wei L, Kim W, Radu CG, Mona
CE, et al. Detection threshold and reproducibility of (68)Ga-
PSMAI11 PET/CT in a mouse model of prostate cancer. J Nucl
Med. 2018;59:1392-1397. https://doi.org/10.2967/jnumed.118.
207704.

Woythal N, Arsenic R, Kempkensteffen C, Miller K, Janssen JC,
Huang K, et al. Immunohistochemical validation of PSMA expres-
sion measured by (68)Ga-PSMA PET/CT in primary prostate
cancer. ] Nucl Med. 2018;59:238-243. https://doi.org/10.2967/
jnumed.117.195172.

Sheikhbahaei S, Werner RA, Solnes LB, Pienta KJ, Pomper MG,
Gorin MA, et al. Prostate-specific membrane antigen (PSMA)-
targeted PET imaging of prostate cancer: an update on important
pitfalls. Semin Nucl Med. 2019;49:255-270. https://doi.org/10.
1053/j.semnuclmed.2019.02.006.

Kuten J, Dekalo S, Mintz I, Yossepowitch O, Mano R, Even-Sapir
E. The significance of equivocal bone findings in staging PSMA
imaging in the preoperative setting: validation of the PSMA-
RADS version 1.0. EINMMI Res. 2021;11:3-8. https://doi.org/
10.1186/s13550-020-00745-8.

Draulans C, Pos F, Smeenk RJ, Kerkmeijer L, Vogel WV, Naga-
rajah J, et al. (68)Ga-PSMA-11 PET, (18)F-PSMA-1007 PET,
and MRI for gross tumor volume delineation in primary pros-
tate cancer: intermodality and intertracer variability. Pract Radiat
Oncol. 2021;11:202-211.

Ferdinandus J, Violet J, Sandhu S, Hicks RJ, Ravi Kumar AS,
Iravani A, et al. Prognostic biomarkers in men with metastatic
castration-resistant prostate cancer receiving [177Lu]-PSMA-617.
Eur J Nucl Med Mol Imaging 2020;47:2322-2327. https://doi.org/
10.1007/500259-020-04723-z.

Heck MM, Tauber R, Schwaiger S, Retz M, D'Alessandria C,
Maurer T, et al. Treatment outcome, toxicity, and predictive factors
for radioligand therapy with (177)Lu-PSMA-I&T in metastatic
castration-resistant prostate cancer. Eur Urol. 2019;75:920-926.
Gafita A, Heck MM, Rauscher I, Tauber R, Cala L, Franz C, et al.
Early prostate-specific antigen changes and clinical outcome after
(177)Lu-PSMA radionuclide treatment in patients with metastatic
castration-resistant prostate cancer. J] Nucl Med. 2020;61:1476—
1483. https://doi.org/10.2967/jnumed.119.240242.

@ Springer

36.

37.

38.

39.

40.

41.

42.

43.

Huang A, Xiao Y, Peng C, Liu T, Lin Z, Yang Q, et al. 53BP1
expression and immunoscore are associated with the efficacy
of neoadjuvant chemoradiotherapy for rectal cancer. Strahl-
enther Onkol. 2020;196:465-473. https://doi.org/10.1007/
$00066-019-01559-x.

Pariset E, Bertucci A, Petay M, Malkani S, Lopez Macha A,
Paulino Lima IG, et al. DNA damage baseline predicts resilience
to space radiation and radiotherapy. Cell Rep. 2020;33:108434.
Xiao Y, Zheng X, Huang A, Liu T, Zhang T, Ma H. Deficiency
of 53BP1 inhibits the radiosensitivity of colorectal cancer. Int
J Oncol. 2016;49:1600-1608. https://doi.org/10.3892/ij0.2016.
3629.

Pestrin M, Salvianti F, Galardi F, De Luca F, Turner N, Malorni
L, et al. Heterogeneity of PIK3CA mutational status at the single
cell level in circulating tumor cells from metastatic breast cancer
patients. Mol Oncol. 2015;9:749-757.

Eberhardt WE, Pottgen C, Gauler TC, Friedel G, Veit S, Hein-
rich V, et al. Phase III study of surgery versus definitive concur-
rent chemoradiotherapy boost in patients with resectable stage
IITA(N2) and selected IIIB non-small-cell lung cancer after
induction chemotherapy and concurrent chemoradiotherapy
(ESPATUE). J Clin Oncol. 2015;33:4194-4201. https://doi.org/
10.1200/JC0O.2015.62.6812.

Maharaj M, Heslop L, Govender T, Korowlay N, Singh A,
Choudhary P, et al. The outcome and safety of re-challenge lute-
tium-177 PSMA ((177)Lu-PSMA) therapy with low-dose doc-
etaxel as a radiosensitizer-a promising combination in metastatic
castrate-resistant prostate cancer (nCRPC): a Case Report. Nucl
Med Mol Imaging 2021;55:136-140. https://doi.org/10.1007/
s13139-021-00696-5.

Guo XX, Guo ZH, Lu JS, Xie WS, Zhong QZ, Sun XD, et al.
All-purpose nanostrategy based on dose deposition enhancement,
cell cycle arrest, DNA damage, and ROS production as prostate
cancer radiosensitizer for potential clinical translation. Nanoscale
2021;13:14525-14537. https://doi.org/10.1039/d 1nr03869a.
Riickert M, Flohr AS, Hecht M, Gaipl US. Radiotherapy and the
immune system: more than just immune suppression. Stem Cells
2021;39:1155-1165. https://doi.org/10.1002/stem.3391.

Publisher's note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1200/JCO.2015.64.2702
https://doi.org/10.1007/s00259-019-04317-4
https://doi.org/10.1007/s00259-019-04317-4
https://doi.org/10.2967/jnumed.118.207704
https://doi.org/10.2967/jnumed.118.207704
https://doi.org/10.2967/jnumed.117.195172
https://doi.org/10.2967/jnumed.117.195172
https://doi.org/10.1053/j.semnuclmed.2019.02.006
https://doi.org/10.1053/j.semnuclmed.2019.02.006
https://doi.org/10.1186/s13550-020-00745-8
https://doi.org/10.1186/s13550-020-00745-8
https://doi.org/10.1007/s00259-020-04723-z
https://doi.org/10.1007/s00259-020-04723-z
https://doi.org/10.2967/jnumed.119.240242
https://doi.org/10.1007/s00066-019-01559-x
https://doi.org/10.1007/s00066-019-01559-x
https://doi.org/10.3892/ijo.2016.3629
https://doi.org/10.3892/ijo.2016.3629
https://doi.org/10.1200/JCO.2015.62.6812
https://doi.org/10.1200/JCO.2015.62.6812
https://doi.org/10.1007/s13139-021-00696-5
https://doi.org/10.1007/s13139-021-00696-5
https://doi.org/10.1039/d1nr03869a
https://doi.org/10.1002/stem.3391

	Individual radiosensitivity reflected by γ-H2AX and 53BP1 foci predicts outcome in PSMA-targeted radioligand therapy
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusion 

	Introduction
	Materials and methods
	Patient population
	Imaging procedure and interpretation
	[177Lu]Lu-PSMA-I&T RLT
	Assessment of DDR-markers
	Assessment of clinical outcome
	Statistical analysis

	Results
	Inter- and intraindividual heterogeneity of DDR-markers during [177Lu]Lu-PSMA RLT
	Prediction of early treatment response
	Prediction of PSA-PFS

	Discussion
	Conclusion
	References


