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Abstract

Patients with neuroendocrine tumors (NETs) can be treated with peptide receptor radionuclide therapy
(PRRT). Here, the somatostatin analogue octreotate radiolabeled with lutetium-177 is targeted to NET
cells by binding to the somatostatin receptor subtype 2 (SST2). During radioactive decay, DNA damage is
induced, leading to NET cell death. Although the therapy proves to be effective, mortality rates remain
high. To appropriately select more optimal treatment strategies, it is essential to first better understand
the radiobiological responses of tumor cells to PRRT.

Methods: We analyzed PRRT induced radiobiological responses in SST2 expressing cells and xenografted
mice using SPECT/MRI scanning and histological and molecular analyses. We measured
['77Lu]Lu-DOTA-TATE uptake and performed analyses to visualize induction of DNA damage, cell death
and other cellular characteristics.

Results: The highest accumulation of radioactivity was measured in the tumor and kidneys. PRRT
induced DNA damage signaling and repair in a time-dependent manner. We observed intra-tumor
heterogeneity of DNA damage and apoptosis, which was not attributed to proliferation or bioavailability.
We found a strong correlation between high DNA damage levels and high SST2 expression. PRRT elicited
a different therapeutic response between models with different SST2 expression levels. Heterogeneous
SST2 expression levels were also confirmed in patient NETSs.

Conclusion: Heterogeneous SST2 expression levels within NETs cause differentially induced DNA
damage levels, influence recurrent tumor phenotypes and impact the therapeutic response in different
models and potentially in patients. Our results contribute to a better understanding of PRRT effects,
which might impact future therapeutic outcome of NET patients.

Key words: Peptide receptor radionuclide therapy, neuroendocrine tumors, somatostatin receptor subtype 2,
radiobiology, DNA damage response

Introduction

Neuroendocrine tumors (NETs) form a
heterogeneous group of tumors, nonetheless 70-100%
of differentiated NETs highly express the
somatostatin receptor subtype 2 (SST2) on their cell
membrane [1]. These receptors can be targeted with

radiolabeled somatostatin analogues, such as
[Tyr3]octreotate, for diagnostics or therapy [2, 3].
Peptide receptor radionuclide therapy (PRRT) using
[Tyr®]octreotate labeled with the p-particle emitter
lutetium-177  (['7Lu]Lu-DOTA-[Tyr3]octreotate or
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['7Lu]Lu-DOTA-TATE) has proven to be an effective
therapy for patients with non-operable or metastatic
SST» positive NETs in terms of improving progression
free survival (PFS) and quality of life [4, 5].

During PRRT, ['77Lu]Lu-DOTA-TATE is targeted
to NETs via SST binding and will deliver a cytotoxic
radiation dose to the cancer cells [6]. PRRT
outperforms other available treatments for
metastasized NETs on various levels, but
unfortunately still lacks the efficacy for complete
remission in the majority of patients [5]. Increasing
the therapeutic efficacy might be accomplished by
changing the treatment planning (time interval or
dosing), by developing new targeting biomolecules [7,
8], by using more powerful radionuclides [9] or by
combining PRRT with other treatments, such as DNA
damage repair modulating compounds [10].

Before the best PRRT optimization strategy can
be determined, it is essential to first better understand
the biological effects of ionizing radiation, i.e.
radiobiology. However, until now little information is
available [11]. In sharp contrast, radiobiological
principles of external beam radiotherapy (EBRT) have
been studied for decades and these studies have
significantly =~ contributed to breakthroughs in
improving effectiveness of EBRT [12]. Unfortunately,
due to fundamental differences in radiation qualities
between EBRT and PRRT, such as dose-rate and
continuous radiation versus single or fractionated
doses, extrapolation of radiobiological knowledge is
not straightforward [13]. To make calculated decisions
for therapy optimization, first a better understanding
of the radiobiological effects of PRRT has to be
obtained [11]. For this purpose, we dissected
radiobiological responses of PRRT in different in vivo
and in vitro SST, expressing models. Our analyses
showed that important biological parameters, such as
SSTrexpression levels, can differ within and between
models and human NET samples. Furthermore, we
have demonstrated that differential SST> expression
levels are an important determinant for some
radiobiological effects of PRRT in NET cells.

Methods

Cell culture and in vitro treatment

NCI-H69 cells (ATCC) were cultured in Rosewell
Park Medium Institute 1638 medium (RPMI-1638)
(Sigma-Aldrich) supplemented with penicillin (50
units/mL), streptomycin (50 ng/mL) (Pen/Strep) and
10% fetal calf serum (FCS). CA20948 [14] cells were
cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM) (Gibco) supplemented with Pen/Strep and
10% FCS. Cells were cultured at 37 °C and 5% CO:s.

The molar activity of [7Lu]Lu-DOTA-TATE
used in vitro was 37 MBq/pg with a purity > 95%.

Both CA20948 and NCI-H69 cells were incubated with
1 MBq/mL ["77Lu]Lu-DOTA-TATE for 4 h at 37 °C.
NCI-H69 cells were spun down on a glass slide using
a cytospin centrifuge (Rotofix 32A, Hettich) for 6
minutes at 347 g at room temperature (RT). CA20948
cells were washed and fixed on coverslips. Fixation
was done using 2% paraformaldehyde (PFA) for 20
minutes at RT and samples were stained according to
protocol (see below).

Animal experimental conditions

Animal experiments were approved by the
Animal Welfare Committee of the Erasmus MC and
were conducted in accordance with European
guidelines. Animal experiments included a time series
for analyses of radiobiological parameters in NCI-H69
xenografts and survival cohorts with NCI-H69 or
CA20948 xenografts. For both animal experiments 30
MBq/0.5 ng [77Lu]Lu-DOTA-TATE was labeled as
previously described with a purity of > 95% [15]. All
animals received a single injection of 30 MBq
[*7Lu]Lu-DOTA-TATE.

Human NET tissue samples

Pancreatic NET tissue was obtained from
patients undergoing surgery. Tissue was obtained
according to the code of proper secondary use of
human tissue in the Netherlands established by the
Dutch Federation of Medical Scientific Societies and
approved by the local Medical Ethical committees.
Specimens were coded anonymously.

In vivo treatment for radiobiological analysis

BALB-c/nude mice were engrafted
subcutaneously with 5 x 106 NCI-H69 cells in 200 pl
Hanks Balanced Salt Solution (HBSS) (Gibco,
14065056) containing 33,3% Matrigel (Corning,
354248). Tumor volumes were measured every 2 days
by palpation and at a tumor size of 369 + 203 mm?
mice were injected intravenously: 100 pL (40 g/L)
gelofusine (Braun Medical) and after 2 minutes 30
MBq/0,5 ng [77Lu]Lu-DOTA-TATE in 0,1% Bovine
serum albumin (BSA) in phosphate buffered saline
(PBS) (Sigma, D8537-500 mL) (n = 4 per group). Mice
were sacrificed by cervical dislocation and analyzed at
1h1,2,3,4,5 79, 11 and 14 days post injection (p.i.).
Organs were put in a gamma-counter for
measurement of radioactive uptake and then fixed in
formalin for 1 day at RT and stored in 70% ethanol
until they were embedded in paraffin. Uninjected
animals were used as control (n = 4).

In vivo treatment for survival analysis

BALB-c/nude mice were engrafted
subcutaneously with 5 x 10¢ NCI-H69 cells in 200 pl
HBSS containing 33,3% Matrigel or with 5 x 10¢
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CA20948 cells in 200 pul HBSS. Mice with NCI-H69
tumors (n = 8) were injected when tumor volumes
reached 697 + 256 mm?® and mice with CA20948
tumors (n = 9) when tumor reached 318 + 216 mm?3.
Both groups were compared to vehicle injected
counterparts (n = 8 and n = 6, respectively). Tumor
volumes were measured three times per week p.i.
Mice were sacrificed when tumor volumes reached
the humane endpoint of 2000 mm3. Tumors were
fixed in formalin for 1 day at RT and stored in 70%
ethanol until they were embedded in paraffin.

In vivo single photon emission computed

topology/magnetic resonance imaging
(SPECT/MRI)

On each time-point p.i. SPECT/MRI-scans were
performed post mortem on one mouse per group in
the radiobiology cohort. SPECT/MRI was performed
using a 4-head multipinhole SPECT/MRI system
(NanoScan; Mediso Medical Imaging). SPECT images
were acquired in 30 min (28 projections; 60
s/projection). Maximum Likelihood Estimation
Method image reconstruction was performed with 32
iterations showing full signal recovery. MRI of the
mice was done using a T1 gradient echo sequence
(repetition time/echo time, 12/2 ms, 1 average) and
T2-weighted images were acquired using a and a spin
echo sequence (repetition time/echo time, 4,500/41
ms, 4 averages). The other scan parameters included a
70-mm field of view, a 128 x 128 matrix, and a 1-mm
slice thickness. The MRI images were used to
delineate tumor tissue and were quantified using the
scanner software (Nucline, version 3; Mediso Medical
Imaging). On the T2-weighted MR images, a region of
interest was drawn around the tumor that best
showed the tissue boundaries. The total SPECT
uptake within the region of interest was divided by
the tumor volume to give a volumetric uptake
(kBgq/mm?3).

Pharmacokinetics and dosimetry assessments

The biodistribution data were analyzed to
determine the kinetics of the activity in organs and
tumors. The measured activity data as a function of
time were fitted with single or double exponential
curves using the least-square regression method with
Graphpad Prism version 5 (graphpad.com). Decisions
on to use a single or a double exponential curve was
based on the (corrected) Akaike’s information
criterion [16]. The time-activity curves were
integrated over time to determine the time-integrated
activity coefficients after folding in the lutetium-177
decay function. Absorbed doses in all organs and in
the tumor were calculated by using the MIRD
equation with the lutetium-177 S-values for a 22 g

mouse Moby phantom, kindly provided by Dr Erik
Larsson [17].

Hematoxylin and eosin (H&E) staining

Paraffin tissue sections of 4 pm were cut using a
microtome (Microm, 800-1683). Slides were dried
overnight at 37 °C. Sections were deparaffinized in
xylene and rehydrated in decreasing alcohol
concentrations. Sections were then incubated in
Harris Hemotoxylin (Sigma-Aldrich, HHs16) for 1
min at RT and subsequently in eosin yellowish
solution (AppliChem, 251299) for 1 minute. Slides
were then dehydrated in increasing alcohol
concentrations and cleared in xylene. The slides were
mounted using pertex (Histolab, 00811). Images were
procured using a BX40 light microscope (Olympus).

Antibodies

For immunofluorescent (IF) stainings p53
binding protein 1 (53BP1) (Novus Biologicals,
NB100-904; 1:500), phosphorylated histone 2AX
(YH2AX) (Millipore, JBW301; 1:250), SST> (Abcam,
134152; 1:100) and Cluster of differentiation 31 (CD31)
(Abcam, ab28364; 1:100) primary antibodies were
used. Secondary antibodies used are
donkey-anti-rabbit IgG Alexa Fluor 594 (Thermo
Fisher, A-11078; 1:500) and donkey-anti-mouse IgG
Alexa Fluor 488 (Thermo Fisher; A-11005; 1:500). For
immunohistochemical stainings (IHC) Ki-67 (Abcam,
ab15580; 1:200) was used. Here, the secondary
antibody used is Peroxidase donkey-anti-rabbit IgG
(Jackson Immunoresearch, 711-035-152; 1:2000).

Immunofluorescent stainings

Cells were IF stained as previously described
[10]. Briefly, tissue sections were deparaffinized as
described above. Then antigen retrieval was
performed by boiling slides for 20 minutes in pH 6
(for cytoplasmic antigens) or pH 9 (for nuclear
antigens) antigen retrieval buffer (DAKO) and cooling
down to RT. Tissues were permeabilized with
PBS+0.5% Triton (PBS(T)) at RT and blocked with 3%
BSA in PBS(T) at RT. Sections were incubated with
primary antibodies overnight at 4 °C in block buffer
and with secondary antibodies for 60 minutes at RT.
Mounting was done using Vectashield containing
DAPI (Vector labs, H-1200).

Immunohistochemical stainings

Tissue sections of 4 pm were deparaffinized and
rehydrated. Samples were then incubated in 3% H>O;
(Honeywell, 95299) in methanol (Honeywell,
32213-2.51) for 20 minutes at RT. Slides were washed
with tap water and boiled in pH 6 Antigen Retrieval
buffer for 20 minutes. Slides were incubated in
blocking solution (PBS 5%BSA), following with the
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primary antibody in blocking solution overnight at 4
°C and with the secondary antibody in blocking
solution for 90 minutes at RT. Slides were washed and
incubated for 1 minute in DAB-solution (DAKO,
K3468). The slides were dehydrated, cleared and then
mounted using Pertex (Histolab, 00811). Images were
procured using a BX40 light microscope (Olympus).
Quantification was performed in Image] by using
particle analysis after.

TUNEL assay

Tissue sections of 4 um were deparaffinized and
rehydrated. TUNEL assay was performed using the In
Situ Cell Death Detection Kit, Fluorescein (Roche,
11684795910) according to manufacturer’s
instructions.

Confocal microscopy and quantification

53BP1 and yH2AX focus formation was imaged
with a Leica SP5 confocal microscope (Leica) using
Z-stack acquisition. For tile-scan analyses a LSM700
confocal microscope (Zeiss) was used. Tiles were
stitched, thresholded and quantified using Image].

Image] was utilized to apply the same local
threshold (default for DAPI, MaxEntropy for SST») to
all images in order to segment nuclei or quantify
DAPI signal and quantify IF signal. Foci were
quantified using the Find Maxima function.

Statistical analyses and mathematical models

Statistical analyses were performed in GraphPad
Prism version 8.2.1. Analyses conducted were
unpaired Student t-tests or one-way ANOVA
followed by Bonferroni’s or Tukey’s test for multiple
comparisons or Browne-Forsythe and Welch posttest
for comparisons to control samples. For the
correlation between SPECT and ex wvivo bio
distribution data the Pearson correlation was
performed. All tests with values of p < 0.05 are
assumed significant.

Results

Biodistribution of ['77Lu]Lu-DOTA-TATE
shows high radioactive uptake in tumors and
kidneys

To evaluate the in wivo distribution of
['"7Lu]Lu-DOTA-TATE, we performed SPECT
imaging and measured radioactivity ex vivo in excised
organs of NCI-H69 xenografted mice. Accumulation
of lutetium-177 was visualized by SPECT starting
from 1 h p.i. with the highest accumulated uptakes in
the tumor and kidneys (Figure 1A; Figure S1A). The
highest level of lutetium-177 retained in the tumors,
which could be visualized up to 14 days p.i. by SPECT
and y-counter measurements (Figure 1A-B; Figure

S1A). Inferring from the ex vivo biodistribution data
we found an increasing tumor-to-kidney ratio over
time, ranging from 1.01 £ 0.18 to 17.50 £ 4.52 at 1 h and
14 days p.i., respectively (Figure 1C). Furthermore, we
have calculated the absorbed dose in all analyzed
organs and found substantial absorbed doses received
by both tumor and kidney of 10.08 + 0.35 Gy and 3.5 +
0.12 Gy, respectively and an absorbed dose ranging
from 0.22 to 1.48 Gy for the other organs (Figure 1D;
Figure S1B).

When quantifying the level of lutetium-177 on
the SPECT scans, we observed a distribution very
similar to the measured radioactivity ex vivo in the
tumors and kidneys (Figure 1E-F; Figure S1C).

Therapeutic response is induced
heterogeneously in the tumors

To investigate the therapy response of the
NCI-H69 tumors at the cellular level, we performed
histochemical analyses. H&E stainings of the different
tumors showed large pyknotic and disintegrating
regions  starting from 2 days pi.  of
['7Lu]Lu-DOTA-TATE, indicating induction of cell
death. These regions were heterogeneously
distributed in the tumors and were diverse in size.
Also, these regions became more prominent until day
7 pi. (Figure 2A; Figure S2).

To further analyze the kinetics and heterogeneity
of cell death induction, we performed a TUNEL assay,
which stains cells with fragmented DNA, indicating
apoptosis (Figure 2B). The level of TUNEL signal
started increasing from 3 days p.i. TUNEL signal
reached the highest level 4 and 5 days p.i. with an
average of 50% and 47% TUNEL positive areas,
respectively (Figure 2C). The fraction of TUNEL
positive cells then declined to an average of 26% at 14
days after treatment. We observed a large variation in
size and distribution of TUNEL positive areas, which
was corroborated as a large spread in the
quantification (Figure 2C).

Furthermore, we measured the therapeutic effect
in an additional group of mice. Tumor growth curves
showed that 5 days pi. of ["7Lu]Lu-DOTA-TATE
NCI-H69 tumors start to decrease in volume to 71% of
the starting volume at 14 days p.i., upon which
regrowth occurred (Figure 2D).

DNA double strand breaks are induced in a
heterogeneous manner

The therapeutic response of [77Lu]Lu-DOTA-
TATE can be attributed to induction of DNA damage
of which DNA double strand breaks (DSBs) are the
most cytotoxic [18]. Therefore, we investigated the
level of PRRT-induced DSBs and their repair kinetics
on the different time-points p.i. [19]. IF staining of the
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DNA damage markers 53BP1 and yH2AX, showed a
strong induction DNA damage response (Figure 2E).
53BP1 foci was observed from 1 h p.. (Figure 2F). A
further increase and large spread in the number of foci
per cell was observed at 1 and 2 days p.i. to an
average of 2.3 + 2.2 and 2.0 = 1.3 respectively, after
which the number 53BP1 foci declined again, yet
remained significantly higher than tumors from
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Figure 1. In vivo and ex vivo biodistribution of ['77Lu]Lu-DOTA-TATE in NCI-H69 xenografted mice. (A) SPECT/MRI scans of ['77Lu]Lu-DOTA-TATE injected
mice at different time-points (n = 1). (B) The biodistribution measured ex vivo over time in percentage of injected dose per gram of ['77Lu]Lu-DOTA-TATE in the tumor and
healthy organs (n = 4). Error bars indicate standard deviation. (C) The ['77Lu]Lu-DOTA-TATE uptake tumor-to-kidney ratio over time based on the biodistribution data. Error
bars indicate standard deviation. (D) The total absorbed dose of the tumor and healthy organs based on the ex vivo bio distribution data. Error bars indicate standard deviation
(n = 4). (E) Comparison of the biodistribution (left Y-axis) and SPECT (right Y-axis) measurements of radioactivity in the tumor and kidney. (F) Pearson’s correlation of the
biodistribution measured ex vivo and SPECT measurements of accumulated radioactivity in tumors.
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Figure 2. Histological analysis of ['77Lu]Lu-DOTA-TATE induced cell death and DNA damage. (A) Representative H&E images and zoom of NCI-Hé9 tumors of
non-treated (NT) mice and 5 days after ['77Lu]Lu-DOTA-TATE injection. (B) Representative TUNEL tile-scan images and zoom of NCI-H69 tumors of non-treated mice and 5
days after ['77Lu]Lu-DOTA-TATE injection. (C) Quantification of the TUNEL signal in DAPI stained cells of 25 fields of view per tumor sample (n = 4). Error bars indicate
standard error of the mean. (D) Tumor growth curves of NCI-H69 tumors after vehicle (blue) or ['77Lu]Lu-DOTA-TATE (red) injection of the mice. Error bars indicate standard
error of the mean (vehicle n = 9, ['77Lu]Lu-DOTA-TATE n = 8). (E) Representative images of DNA damage markers 53BP1 (red) and yH2AX (green) in NCI-H69 tumors of NT
mice or 2 or 14 days after ['77Lu]Lu-DOTA-TATE injection. (F) Quantification of 53BP1 (left panel) and YH2AX (right panel) foci in cells in 5 field of view in NCI-H69 tumors NT
mice or at different time points post ['77Lu]Lu-DOTA-TATE injection. Error bars indicate standard error of the mean.
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The heterogenic therapy response is not
explained by variation in proliferation and
bioavailability

Although it is often assumed that cell
line-derived tumors have a homogenous composition,
we observed a heterogenic intra-tumoral therapy
response. Therefore, we investigated whether the
distribution of cycling cells could underlie this
heterogenic therapy response by measuring Ki-67
expression (Figure 3A). The NCI-H69 tumors showed
a homogeneous distribution of cycling cells.
Quantification of the fraction of cycling cells in
non-apoptotic regions showed 60.96 + 5.32% cycling
cells in all samples regardless of therapy, the only
exception being 2 days after treatment, where the
level of Ki-67 positive cells was significantly increased
to 74.13% (Figure 3B).

Another possibility that can augment therapy
response is the bioavailability of a drug to different
parts of a tumor. Therefore, we analyzed the
vascularization of the tumors by staining for the
endothelial cell marker CD31 in NT and tumors 2 d
p-i- Here, we observed an equal distribution of blood
vessels in the whole tumors (Figure 3C). Moreover,
we analyzed the proximity of DNA damage to blood
vessels by combining IF stainings of CD31 with
vH2AX at 2 days p.i. with ['”7Lu]Lu-DOTA-TATE.

No  correlation  between  presence  of
CD31-positive vessels and level of induced DNA
damage was found in these tumors as yH2AX foci
were observed regardless of the distance to blood
vessels (Figure 3D).

DNA damage levels induced by
['"7Lu]Lu-DOTA-TATE are correlated to SST;
expression levels

To further investigate the heterogeneous therapy
response, we analyzed SST» expression levels. SST»
membrane staining was observed in all tumor cells
and interestingly, the SST: expression levels differed
greatly between clustered NCI-H69 cells within all
tumors (Figure 4A).

To investigate whether the differential SST»
expression influenced the level of [777Lu]Lu-DOTA-
TATE induced DNA damage, we performed a
co-staining of SST, with yH2AX (Figure 4B). No
significant difference in baseline yH2AX foci in cells
of SSThhigh and SST,low regions was observed in tumors
of the non-treated mice. Moreover, SST>low cells in the
tumors of treated mice showed no significant increase
in the number of yYH2AX foci compared to SSTlow
cells in tumors of non-treated mice. However, we
observed a significant increase in the number of

yH2AX foci in SSTohigh cells in tumors from treated
mice compared to non-treated SSTohsh regions.
Moreover SSThish cells showed a significantly higher
number of YH2AX foci compared to SST2'°v cells in
tumors from [77Lu]Lu-DOTA-TATE treated mice
(Figure 4C).

Overall the fraction of SST>high cells reduced over
time (Figure 4D). Tumors from non-treated mice and
from 2 days p.. of ["7Lu]Lu-DOTA-TATE showed
36% and 38% SST."igh expressing areas, respectively.
Interestingly, tumors at 5 days and 11 days p.i.
showed a strong reduction of SST> expression to a
fraction of 9% and 14% SST>hish cells, respectively
(Figure 4E).

SST; expression levels differ between
CA20948 and NCI-H69 cells and influence
['"7Lu]Lu-DOTA-TATE uptake

To corroborate the correlation between SST»
expression levels, radioactive uptake and DNA
damage, we performed [7’Lu]Lu-DOTA-TATE
treatment in vitro. We measured a significant increase
in the level of 53BP1 and yH2AX foci per cell in
NCI-H69 cells at 1 day post treatment compared to
non-treated cells, with a large variation in the number
of foci per cell (Figure 5A-B; Figure S3). A continued
presence of elevated of yH2AX and 53BP1 foci was
observed from day 3 until at least day 7 after
treatment.

Staining of SST> in NCI-H69 cells again revealed
differential receptor expression among the cells
(Figure 5C). In order to determine whether this is
universal or not for SST. positive models, we
analyzed the SST, expression in CA20948 cells, a rat
pancreatic cancer cell line which is frequently used in
PRRT research [14]. In these cells, we observed a
much more homogenous distribution of SST»
expression levels compared to NCI-H69 (Figure 5C).

Upon ["77Lu]Lu-DOTA-TATE treatment of both
cell lines we observed a 3 fold higher uptake of
radioactivity in CA20948 compared to NCI-H69
(Figure S4A). Moreover we observed more SST»
internalization ~ directly after incubation with
[77Lu]Lu-DOTA-TATE in cells that have higher
expression of SST> compared to their lower expressing
counterparts in both CA20948 and NCI-H69 cells
(Figure S4B). In line with this and what was found in
vivo, we observed that in NCI-H69 cells a significant
higher number of yH2AX foci in the SST>hish cells was
measured after [77Lu]Lu-DOTA-TATE in wvitro
treatment compared to SST.ov cells (Figure 5D-E;
Figure S5).
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Figure 3. Analysis of Ki-67 status and vasculature in correlation with DNA damage levels. (A) Representative image of the Ki-67 staining of NCI-H69 tumors of
non-treated mice. (B) Quantification of Ki-67-positive cells over time. ***p < 0.001 compared to NT. Error bars indicate standard error of the mean. (C) Representative tile-scan
image of CD31 staining of a NT NCI-Hé9 tumor. (D) Representative Z-stack image with zooms of CD31 staining (red) and yH2AX staining (green) of NCI-H69 tumors two days
post ['77Lu]Lu-DOTA-TATE injection. Depicted are areas directly next to vessels (lower panel) and further from vessels (upper panel).
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Figure 4. Analysis of SST: expression levels in correlation with DNA damage. (A) Representative tile-scan image with zoom of SST» stainings of NCI-H69 tumors of
NT mice. (B) Representative tile-scan image with zoom of SST> and YH2AX stainings of NCI-H69 tumors 2 days after ['77Lu]Lu-DOTA-TATE injection. (C) YH2AX foci
quantification in SSTheh and SSTalew regions of NT tumors and 2 days p.i. Error bars indicate the standard error of the mean (n = 4) *p < 0.05, **p < 0.01. (D) Representative
tile-scan images of SST> stained tumors 2 and 5 days after ['77Lu]Lu-DOTA-TATE injection. (E) Quantification of the fraction of SSTaie" cells in NCI-H69 tumors of NT mice or
at different time points post ['77Lu]Lu-DOTA-TATE injection. Error bars indicate standard deviation. *p < 0.05, **p < 0.01.
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Figure 5. In vitro analyses of ['77Lu]Lu-DOTA-TATE treatment in a time-dependent manner. (A) Representative images of 53BP1 and yH2AX foci in NCI-Hé9 cells
| day after ['77Lu]Lu-DOTA-TATE incubation and NT cells. (B) Quantification of the number of 53BP1 and yH2AX foci per nucleus in NCI-H69 cells in a time-dependent manner
after incubation with [177Lu]Lu-DOTA-TATE. Error bars indicate 95% confidence interval, *p < 0.05, *p < 0.01, ****p < 0.0001. Two other independent experiments and average
of all three experiments can be found in Figure S3. (C) Representative IF images of SST2 expression in NT NCI-Hé9 cells (upper panels) and CA20948 cells (lower panels). (D)
Representative images of SST2 expression and YH2AX foci in NCI-H69 cells 2 days after incubation with ['77Lu]Lu-DOTA-TATE. (E) Quantification of yH2AX foci per nucleus
in SSTahigh and SSTalow regions in NCI-H69 cells 2 days after incubation with ['77Lu]Lu-DOTA-TATE. Error bars indicate 95% confidence interval. Two other independent

experiments and average hereof can be found in Figure S5.
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SST; expression levels of CA20948 and
NCI-H69 tumors impact
['"7Lu]Lu-DOTA-TATE uptake and
therapeutic response

To analyze whether differences in SST»
expression levels can influence therapeutic efficacy,
we treated CA20948 and NCI-H69 xenografted mice
with [77Lu]Lu-DOTA-TATE. We observed a stronger
therapeutic response in CA20948 tumors compared to
the NCI-H69 tumors: CA20948 tumor bearing mice
started relapsing at approximately 20 days and
NCI-H69 tumor bearing mice at 12 days p.i. (Figure
6A). Moreover, treated CA20948 bearing mice showed
a median survival of 54 days compared to 34 days of
NCI-H69 bearing mice (Figure 6B). We analyzed the
uptake of radioactivity on 2 and 4 days p.i. in the two
tumor models. The difference in uptake of
radioactivity was 2.5 fold higher in CA20948 tumors 2
days p.i. and 4.7 fold higher 4 days p.i. compared to
NCI-H69 tumors (Figure S6). To investigate whether
this difference in uptake was caused by receptor
expression, we analyzed SST> levels in the two tumor
models. In accordance with the uptake levels and
therapy efficacy, a higher SST, expression was
observed in non-treated CA20948 tumors compared
to NCI-H69 tumors. Furthermore, while NCI-H69
tumors had a heterogeneous expression pattern,
CA20948 tumors showed a homogeneous SST»
expression pattern (Figure 6C top panels). Moreover,
when comparing SST> expression levels in recurrent
NCI-H69 and CA20948 tumors, we again observed
that NCI-H69 tumors exhibit significantly lower
expression levels, while CA20948 tumors retained
high and homogeneous expression (Figure 6C-D). To
determine whether receptor heterogeneity occurred in
human NETs, we performed SST, stainings on
resected tumor samples from NET patients. Here, we
observed differences in expression levels between
patients. Furthermore, SST> heterogeneity was
observed within these tumors, however to different
extents between patient samples (Figure 6E; Figure
S7).

Discussion

In this study we dissected important
radiobiological parameters in SST, positive tumors
and cells in the context of PRRT. We observed
extensive uptake of [77Lu]Lu-DOTA-TATE in the
tumor which resulted in induction of DNA damage
and subsequent cell death, which then mitigates over
time. We noted that these therapeutic effects are
heterogeneous throughout the NCI-H69 tumors and
that this can be, at least in part, attributed to the
heterogeneous distribution of the target receptor

expression. As SST» expression levels and its
intra-tumor distribution differ between the models we
used, this might underlie the difference in therapeutic

efficacy and the different recurrent tumor
phenotypes.
The high observed [77Lu]Lu-DOTA-TATE

uptake in the tumor and kidneys corroborates
previous findings in mice and patients [20].
Furthermore, splenic uptake differed between mice
and patients [21, 22]. ['7Lu]Lu-DOTA-TATE showed
a favorable tumor-to-kidney ratio over time, which is
also reflected in the calculated total absorbed dose.
Importantly, data acquired with the SPECT/MRI and
biodistribution measured ex vivo, even though
expressed in different dimensions, are in agreement.
This confirms an earlier study that analyzed renal
uptake of [77Lu]Lu-DOTA-TATE in rats using similar
platforms [23]. The correlation between the two
platforms is strong and the feasibility of SPECT as a
means of performing dosimetry on absorbed dose in
NETs therefore supports (pre-)clinical data [24-26].
This could instigate dosimetry studies using SPECT as
a means of evaluating biokinetics and intra-tumoral
distribution of radioligands in preclinical models, or
even patients.

The impact and limiting effects of intra-tumor
heterogeneity on therapeutic efficacy are reported in
different cancer models [27, 28]. Such heterogeneity is
observed for many different parameters, such as
mutational load [29], epigenetic status [30] and
specific protein expression levels [31]. This
heterogeneity complicates and influences standard of
care treatments and emphasizes the need for a better
understanding of patient-specific tumor biology and
subsequent personalized treatment planning. In line
with this, our data showed that upon treatment with a
non-curative dose of [777Lu]Lu-DOTA-TATE different
areas within the tumors suffered extensive DNA
damage induction, while other areas remained largely
unaffected. We observed a similar pattern for the
apoptotic response, which is extensively activated in
certain tumor areas, but not in others. In our analyses,
recurrent NCI-H69 tumors express the target receptor
SST> in a much lesser extent than treatment-naive
tumors, which is in sharp contrast to CA20948 where
no decline in SST> expression levels was observed
after treatment. This suggests that selective pressure
can play an important role when the target is
heterogeneously expressed and not when it is
homogeneously expressed, which might impact
retreatment strategies. From PFS data in patients the
response to retreatment regimes seems mitigated
compared to the first cycles of PRRT [32, 33]. If
decreased SST. expression on a cellular level in
recurrent lesions plays a role in these mitigated
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retreatment responses remains to be elucidated. Since
it has been described that occasional SST negative
lesions also exert a higher grade of dedifferentiation
[34] and that SST> heterogeneity between lesions can
impact the overall survival of patients [35], follow-up
research could focus on the (de)differentiation status
of NET cells after PRRT and the impact of this on
disease progression.

As our data showed that the distribution of
cycling cells is homogenous throughout the tumors,
the heterogeneous therapy response is likely not
attributed to proliferation. Additionally, blood vessels
were well distributed throughout the tumors and no
association between the proximity to vessels and
DNA damage could be found, thus it is unlikely that
bioavailability played a major role in the therapeutic
response observed in our study. Although it must be
stated that these factors can play major roles in
determining therapeutic efficacy and should not be
disregarded without care [36, 37]. Moreover, we have
not analyzed the functionality of the vessels or
investigated the perfusion efficiency in these tumors,
a factor which has also proven to be of importance to
delivery of radioligands [38].

It is described that after the initial 4 cycles of
PRRT the majority of patients will present with stable
disease, but will eventually show disease progression
[5, 39]. Patients that present with progressive disease
after at least a year and that have responded well to
the initial PRRT cycles are eligible for additional
cycles of PRRT as it has been shown that retreatment
is beneficial in terms of PFS and is often well tolerated
[32, 40]. A prerequisite for (re)treatment is the
presence of positive lesions by [%¥Ga]Ga-DOTA-TATE
on a positron-emission-tomography (PET) scan,
indicating SST» positive tumors [40, 41]. However,
information about the SST> expression of single tumor
cells within these lesions and their uptake of the
radioligand before and after treatment is often
unknown. Clinical response to somatostatin
analogues is correlated with SST> expression levels.
Patients with higher levels of SST, show a
significantly higher PFS and longer overall survival
after somatostatin analogue treatment compared to
patients with lower SST2 expression levels [42]. Also,
it was already shown that [%Ga]Ga-DOTA-TATE
uptake and SST, expression levels correlate in a
preclinical SST> positive xenograft model [43]. This
was confirmed in a study focused on prostate specific
membrane antigen (PSMA), where the investigators
showed a correlation between PSMA expression, the
fraction of PSMAPNigh cells and therapeutic efficacy
with a  lutetium-177-labeled = PSMA-targeting
compound [44]. These findings are concomitant with
our observation that CA20948 tumors showed higher

['77Lu]Lu-DOTA-TATE uptake than NCI-H69 tumors,
which subsequently led to a significant longer median
survival after treatment.

Although PRRT target levels and the fraction of
positive tumor cells influence the uptake of
radioactivity, this cannot always predict therapeutic
efficacy. It has been shown previously that cellular
characteristics such as pb3 status can strongly
influence the sensitivity to radiation in cancer cells
[45]. Intrinsic differences in radiosensitivity were also
demonstrated by analyzing the amount of DSBs after
irradiation in a panel of cell lines, which showed that
equivalent doses induced varying amounts of DNA
damage in different cell lines [46]. This suggests that
not only the absorbed dose, but also the intrinsic
radiosensitivity can influence the therapeutic efficacy
of PRRT. Moreover, there is little knowledge as to
which radionuclide induces what type of DNA lesions
exactly. In the case of lutetium-177 the vast majority of
research has been focused on analyzing DSBs by
measuring of either 53BP1 or yH2AX foci formation
[10, 47, 48]. How various other types of DNA damage
or the capacity of the target cell to repair these can
contribute  to  sensitivity = remains  elusive.
Interestingly, our data shows that 53BP1 and yH2AX
foci do not exclusively overlap, which has been
reported before [49]. What this means exactly for the
underlying DNA damage landscape in these cells will
warrant further investigation.

Many different angles for improvement of
therapeutic efficacy are currently being investigated
as NETs become more prevalent and standard of care
treatment is still not curative [6, 39, 50]. As we have
shown that SST» expression levels can influence
cellular therapy effects, it is an interesting concept to
stimulate SST» expression to improve therapeutic
outcome. Research has shown that certain epigenetic
modulators can increase the SST> expression of human
pancreatic NET cells [51]. Whether this upregulation
is limited to tumor cells and not healthy tissues
remains to be investigated. Moreover, due to
epigenetic heterogeneity within and between NET
cells it is still unclear if a tailored epigenetic approach
is necessary or possible [52]. Furthermore, the options
of using different radionuclides, optimizing treatment
planning, modulating target expression or applying
other combination therapies to improve therapeutic
outcomes for patients still warrants further
investigation. However, before such options become
feasible a better understanding of the radiobiological
effects of PRRT is warranted. We believe that our data
can contribute to such understanding in various ways.
One option would be to use the DNA damage
response kinetics data as a touchstone to resolve the
ideal time-frame for potential combination therapies,
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or to determine what time p.i. would be suitable as a
read-out for PRRT induced DNA damage. A different
option would be to use the SST, heterogeneity in
tumors as a strategy for adapted cellular
dose-mapping to gain insight in differentially
absorbed doses within tumors.

In conclusion, our data deepens the current
knowledge on the radiobiological effects of PRRT
which can be used to investigate new avenues to
improve therapeutic outcome. We describe pheno-
typic differences between recurrent malignancies of
different tumor models and provide evidence for
selective pressure in tumors that heterogeneously
express the target receptor.

Abbreviations

['”7Lu]Lu-DOTA-TATE: [*7Lu]Lu-DOTA-[Tyr?]
octreotate; 53BP1: P53-binding protein 1; BSA: Bovine
serum albumin; CD31: Cluster of differentiation 31;
DNA: deoxyribonucleic acid; DSB: Double strand
break; IF: Immunofluorescence; MRI: Magnetic
resonance imaging; NET: Neuroendocrine tumor;
PBS: Phosphate-buffered saline; PFS: Progression-free
survival; PRRT: Peptide receptor radionuclide
therapy; PSMA: Prostate specific membrane antigen;
SPECT: Single photon emission computed
tomography; SSB: Single strand break; SSTa:
Somatostatin receptor subtype 2; TUNEL: Terminal
deoxynucleotidyl transferase dUTP nick end labeling;
yYH2AX: Phosphorylated H2A histone family member
X.

Supplementary Material

Supplementary figures.
http:/ /www.thno.org/v11p0491s1.pdf

Acknowledgments

We are grateful to Stefan Roobol and Christine
van Tuyll-van Serooskerken for their help with foci
quantifications. We are grateful to Erik de Blois, who
kindly labeled ["77Lu]Lu-DOTA-TATE for in vivo use
and we thank the Nuclear Medicine clinic at the
Erasmus MC for providing ["7Lu]Lu-DOTA-TATE
for in vitro experiments. We thank Nicole van Vliet,
Debra Stuurman and Corrina de Ridder for technical
assistance during in vivo experiments. Fluorescent
imaging was performed in collaboration with the
Optical Imaging Center core facility and animal
experimentation in collaboration with the Applied
Molecular Imaging core facility of the Erasmus MC.
This work was supported by a grant from the Daniel
den Hoed Foundation and by Advanced Accelerator
Applications SA, a Novartis company.

Competing Interests

Part of this research was sponsored by

Advanced Accelerator Applications, a Novartis
Company.
References

1.  Arnold R, Trautmann ME, Creutzfeldt W, Benning R, Benning M, Neuhaus C,
et al. Somatostatin analogue octreotide and inhibition of tumour growth in
metastatic endocrine gastroenteropancreatic tumours. Gut. 1996; 38: 430-8.

2. Termanini B, Gibril F, Reynolds JC, Doppman JL, Chen CC, Stewart CA, et al.
Value of somatostatin receptor scintigraphy: a prospective study in
gastrinoma of its effect on clinical management. Gastroenterology. 1997; 112:
335-47.

3. Wangberg B, Nilsson O, Johanson VV, Kolby L, Forssell-Aronsson E,
Andersson P, et al. Somatostatin Receptors in the Diagnosis and Therapy of
Neuroendocrine Tumor. Oncologist. 1997; 2: 50-8.

4. Kwekkeboom DJ, de Herder WW, Kam BL, van Eijck CH, van Essen M, Kooij
PP, et al. Treatment with the radiolabeled somatostatin analog [177 Lu-DOTA
0,Tyr3]Joctreotate: toxicity, efficacy, and survival. J Clin Oncol. 2008; 26:
2124-30.

5. Strosberg J, El-Haddad G, Wolin E, Hendifar A, Yao J, Chasen B, et al. Phase 3
Trial of 177Lu-Dotatate for Midgut Neuroendocrine Tumors. N Engl ] Med.
2017; 376: 125-35.

6.  Bison SM, Konijnenberg MW, Melis M, Pool SE, Bernsen MR, Teunissen JJM,
et al. Peptide receptor radionuclide therapy using radiolabeled somatostatin
analogs: focus on future developments. Clin Transl Imaging. 2014; 2: 55-66.

7. Dalm SU, Nonnekens ], Doeswijk GN, de Blois E, van Gent DC, Konijnenberg
MW, et al. Comparison of the Therapeutic Response to Treatment with a
177Lu-Labeled Somatostatin Receptor Agonist and Antagonist in Preclinical
Models. ] Nucl Med. 2016; 57: 260-5.

8. Kam BLR, Teunissen JJM, Krenning EP, de Herder WW, Khan S, van Vliet EI,
et al. Lutetium-labelled peptides for therapy of neuroendocrine tumours. Eur J
Nucl Med Mol Imaging. 2012; 39 Suppl 1: S103-512.

9. Parker C, Nilsson S, Heinrich D, Helle SI, O'Sullivan JM, Fossa SD, et al. Alpha
Emitter Radium-223 and Survival in Metastatic Prostate Cancer. N Engl ] Med.
2013; 369: 213-23.

10. Nonnekens J, van Kranenburg M, Beerens CE, Suker M, Doukas M, van Eijck
CH, et al. Potentiation of Peptide Receptor Radionuclide Therapy by the PARP
Inhibitor Olaparib. Theranostics. 2016; 6: 1821-32.

11. Terry SYA, Nonnekens ], Aerts A, Baatout S, de Jong M, Cornelissen B, et al.
Call to arms: need for radiobiology in molecular radionuclide therapy. Eur J
Nucl Med Mol Imaging. 2019; 46: 1588-90.

12. Lomax ME, Folkes LK, O'Neill P. Biological Consequences of
Radiation-induced DNA Damage: Relevance to Radiotherapy. Clin Oncol.
2013; 25: 578-85.

13. Nickoloff JA, Boss M-K, Allen CP, LaRue SM. Translational research in
radiation-induced DNA damage signaling and repair. Transl Cancer Res.
2017; 6: S875-S91.

14. Bernard BF, Krenning E, Breeman WA, Visser T], Bakker WH, Srinivasan A, et
al. Use of the rat pancreatic CA20948 cell line for the comparison of
radiolabelled peptides for receptor-targeted scintigraphy and radionuclide
therapy. Nucl Med Commun. 2000; 21: 1079-85.

15. de Blois E, Chan HS, de Zanger R, Konijnenberg M, Breeman WA. Application
of single-vial ready-for-use formulation of 111In- or 177Lu-labelled
somatostatin analogs. Appl Radiat Isot. 2014; 85: 28-33.

16. Glatting G, Kletting P, Reske SN, Hohl K, Ring C. Choosing the optimal fit
function: comparison of the Akaike information criterion and the F-test. Med
Phys. 2007; 34: 4285-92.

17. Larsson E, Ljungberg M, Strand SE, Jonsson BA. Monte Carlo calculations of
absorbed doses in tumours using a modified MOBY mouse phantom for
pre-clinical dosimetry studies. Acta Oncol. 2011; 50: 973-80.

18. Jeggo PA, Lobrich M. DNA double-strand breaks: their cellular and clinical
impact? Oncogene. 2007; 26: 7717-9.

19. WangH, Adhikari S, Butler BE, Pandita TK, Mitra S, Hegde ML. A Perspective
on Chromosomal Double Strand Break Markers in Mammalian Cells. Jacobs J
Radiat Oncol. 2014; 1(1): 003.

20. Melis M, Bijster M, de Visser M, Konijnenberg MW, de Swart ], Rolleman EJ, et
al. Dose-response effect of Gelofusine on renal uptake and retention of
radiolabelled octreotate in rats with CA20948 tumours. Eur ] Nucl Med Mol
Imaging. 2009; 36: 1968-76.

21. Moradi F, Jamali M, Barkhodari A, Schneider B, Chin F, Quon A, et al.
Spectrum of 68Ga-DOTA TATE Uptake in Patients With Neuroendocrine
Tumors. Clin Nucl Med. 2016; 41: e281-7.

22. Vaidyanathan G, Affleck DJ, Zhao X-G, Keir ST, Zalutsky MR.
[Lu]-DOTA-Tyr-octreotate: A Potential Targeted Radiotherapeutic for the
Treatment of Medulloblastoma. Curr Radiopharm. 2010; 3: 29-36.

23. Rolleman EJ, Bernard BF, Breeman WA, Forrer F, de Blois E, Hoppin J, et al.
Molecular  imaging of reduced renal uptake of radiolabelled
[DOTAO,Tyr3]octreotate by the combination of lysine and Gelofusine in rats.
Nuklearmedizin. 2008; 47: 110-5.

http://lwww.thno.org



Theranostics 2021, Vol. 11, Issue 2

505

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Marin G, Vanderlinden B, Karfis I, Guiot T, Wimana Z, Reynaert N, et al. A
dosimetry procedure for organs-at-risk in (177)Lu peptide receptor
radionuclide therapy of patients with neuroendocrine tumours. Phys Med.
2018; 56: 41-9.

Kupitz D, Wetz C, Wissel H, Wedel F, Apostolova I, Wallbaum T, et al.
Software-assisted dosimetry in peptide receptor radionuclide therapy with
177Lutetium-DOTATATE for various imaging scenarios. PLOS ONE. 2017; 12:
€0187570.

Beauregard JM, Hofman MS, Pereira JM, Eu P, Hicks R]. Quantitative (177)Lu
SPECT (QSPECT) imaging using a commercially available SPECT/CT system.
Cancer Imaging. 2011; 11: 56-66.

Martelotto LG, Ng CKY, Piscuoglio S, Weigelt B, Reis-Filho JS. Breast cancer
intra-tumor heterogeneity. Breast Cancer Res. 2014; 16: 210.

Miranda A, Hamilton PT, Zhang AW, Pattnaik S, Becht E, Mezheyeuski A, et
al. Cancer stemness, intratumoral heterogeneity, and immune response across
cancers. Proc Natl Acad Sci. 2019; 116: 9020-9029.

Raynaud F, Mina M, Tavernari D, Ciriello G. Pan-cancer inference of
intra-tumor heterogeneity reveals associations with different forms of
genomic instability. PLOS Genetics. 2018; 14: €1007669.

Hinohara K, Polyak K. Intratumoral Heterogeneity: More Than Just
Mutations. Trends Cell Biol. 2019; 29: 569-79.

Ennen M, Keime C, Kobi D, Mengus G, Lipsker D, Thibault-Carpentier C, et al.
Single-cell gene expression signatures reveal melanoma cell heterogeneity.
Oncogene. 2014; 34: 3251-63.

van der Zwan WA, Brabander T, Kam BLR, Teunissen JJM, Feelders RA,
Hofland J, et al. Salvage peptide receptor radionuclide therapy with
[(177)Lu-DOTA, Tyr(3)]octreotate  in  patients ~ with  bronchial and
gastroenteropancreatic neuroendocrine tumours. Eur ] Nucl Med Mol
Imaging. 2019; 46: 704-17.

Yordanova A, Mayer K, Brossart P, Gonzalez-Carmona MA, Strassburg CP,
Essler M, et al. Safety of multiple repeated cycles of (177)Lu-octreotate in
patients with recurrent neuroendocrine tumour. Eur ] Nucl Med Mol Imaging.
2017; 44: 1207-14.

Reubi JC, Kvols LK, Waser B, Nagorney DM, Heitz PU, Charboneau JW, et al.
Detection of somatostatin receptors in surgical and percutaneous needle
biopsy samples of carcinoids and islet cell carcinomas. Cancer Res. 1990; 50:
5969-77.

Graf J, Pape UF, Jann H, Denecke T, Arsenic R, Brenner W, et al. Prognostic
Significance of Somatostatin Receptor Heterogeneity in Progressive
Neuroendocrine Tumor Treated with Lu-177 DOTATOC or Lu-177
DOTATATE. Eur ] Nucl Med Mol Imaging. 2020; 47: 881-94.

Tubiana M. Tumor cell proliferation kinetics and tumor growth rate. Acta
Oncol. 1989; 28: 113-21.

Dewhirst MW, Secomb TW. Transport of drugs from blood vessels to tumour
tissue. Nat Rev Cancer. 2017; 17: 738-50.

Haeck JC, Bol K, de Ridder CM, Brunel L, Fehrentz JA, Martinez J, et al.
Imaging heterogeneity of peptide delivery and binding in solid tumors using
SPECT imaging and MRI. EJNMMI Res. 2016; 6(1): 3.

Katona BW, Roccaro GA, Soulen MC, Yang Y-X, Bennett BJ, Riff BP, et al.
Efficacy of Peptide Receptor Radionuclide Therapy in a United States-Based
Cohort of Metastatic Neuroendocrine Tumor Patients: Single-Institution
Retrospective Analysis. Pancreas. 2017; 46: 1121-6.

Vaughan E, Machta J, Walker M, Toumpanakis C, Caplin M, Navalkissoor S.
Retreatment with peptide receptor radionuclide therapy in patients with
progressing neuroendocrine tumours: efficacy and prognostic factors for
response. Br ] Radiol. 2018; 91: 20180041.

Hofman MS, Hicks R]. Changing paradigms with molecular imaging of
neuroendocrine tumors. Discov Med. 2012; 14: 71-81.

Qian ZR, Li T, Ter-Minassian M, Yang J, Chan JA, Brais LK, et al. Association
Between Somatostatin Receptor Expression and Clinical Outcomes in
Neuroendocrine Tumors. Pancreas. 2016; 45: 1386-93.

Zhang L, Vines DC, Scollard DA, McKee T, Komal T, Ganguly M, et al.
Correlation of Somatostatin Receptor-2 Expression with
Gallium-68-DOTA-TATE Uptake in Neuroblastoma Xenograft Models.
Contrast Media Mol Imaging. 2017; 2017: 9481276.

Current K, Meyer C, Magyar CE, Mona CE, Almajano ], Slavik R, et al.
Investigating PSMA-Targeted Radioligand Therapy Efficacy as a Function of
Cellular PSMA Levels and Intratumoral PSMA Heterogeneity. Clin Cancer
Res. 2020; 26: 2946-55.

Xu J, Patel NH, Saleh T, Cudjoe EK, Jr., Alotaibi M, Wu Y, et al. Differential
Radiation Sensitivity in p53 Wild-Type and p53-Deficient Tumor Cells
Associated with Senescence but not Apoptosis or (Nonprotective) Autophagy.
Radiat Res. 2018; 190: 538-57.

El-Awady RA, Dikomey E, Dahm-Daphi J. Radiosensitivity of human tumour
cells is correlated with the induction but not with the repair of DNA
double-strand breaks. Br ] Cancer. 2003; 89: 593-601.

Purohit NK, Shah RG, Adant S, Hoepfner M, Shah GM, Beauregard JM.
Potentiation of (177)Lu-octreotate peptide receptor radionuclide therapy of
human neuroendocrine tumor cells by PARP inhibitor. Oncotarget. 2018; 9:
24693-706.

Denoyer D, Lobachevsky P, Jackson P, Thompson M, Martin OA, Hicks R]J.
Analysis of 177Lu-DOTA-octreotate therapy-induced DNA damage in
peripheral blood lymphocytes of patients with neuroendocrine tumors. ] Nucl
Med. 2015; 56: 505-11.

49.

50.

51.

52.

Croco E, Marchionni S, Bocchini M, Angeloni C, Stamato T, Stefanelli C, et al.
DNA Damage Detection by 53BP1: Relationship to Species Longevity. ]
Gerontol A Biol Sci Med Sci. 2016; 72: 763-70.

Feijtel D, de Jong M, Nonnekens J. Peptide receptor radionuclide therapy:
Looking back, looking forward. Curr Top Med Chem. 2020; [Epub ahead of
print].

Veenstra MJ, van Koetsveld PM, Dogan F, Farrell WE, Feelders RA, Lamberts
SW]J, et al. Epidrug-induced upregulation of functional somatostatin type 2
receptors in human pancreatic neuroendocrine tumor cells. Oncotarget. 2016;
9:14791-802.

Krohn A, Ahrens T, Yalcin A, Plénes T, Wehrle J, Taromi S, et al. Tumor Cell
Heterogeneity in Small Cell Lung Cancer (SCLC): Phenotypical and
Functional Differences Associated with Epithelial-Mesenchymal Transition
(EMT) and DNA Methylation Changes. PLOS ONE. 2014; 9: €100249.

http://lwww.thno.org



