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Abstract: Peptide receptor radionuclide therapy (PRRT) is a highly effective anti-cancer treatment
modality for patients with non-resectable, metastasized neuroendocrine tumors (NETs). During PRRT,
specific receptors that are overexpressed on the cancer cells are targeted with a peptide labeled with a
DNA-damaging radionuclide. Even though PRRT is a powerful treatment for metastasized NET pa-
tients, the majority still cannot be cured at this stage of the disease. Hence, many investigators focus on
improving the therapeutic efficacy of this therapy. Improving PRRT can, for example, be achieved by
using other radionuclides with different physical properties, by combining PRRT with radiosensitizing
agents or by radiolabeling peptides with different characteristics. However, due to lack of extensive
knowledge of radiobiological responses of cancer cells to PRRT, biological parameters that influence
absorbed dose or that might even elicit insensitivity to therapy remain elusive and the context in which
%7211 13 65026620666200226104652 these improvements will be successful warrants further investigation. In this review, we will discuss the
development of PRRT, its clinical merits in current treatment and future perspectives. We will highlight
@ CrossMark different radionuclides and their benefits and pitfalls, as well as different peptide-conjugates that hold
these radionuclides. We will zoom in on the latest developments regarding combinatorial treatments
and how investigators from different disciplines such as dosimetry and radiobiology are now joining
forces to improve PRRT for NETs.
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1. INTRODUCTION clides such as indium-111 or later on with gallium-68 pro-
vided a powerful method for the detection of NETs [9, 10].
By labeling these SSAs with radionuclides that damage the
DNA of the recipient cells, the imaging modality was trans-
formed into a therapy: peptide receptor radionuclide therapy
(PRRT). This is a marvelous example of ‘theranostics’, de-
picting the combination of therapy and diagnostics. Here,
coupling a radionuclide that can be used for both imaging
and therapy to a peptide enables the visualization and treat-
ment of tumors simultaneously and allows tracking of the

Resection can be an effective strategy for patients with
localized cancer; however, its feasibility becomes limited in
patients with metastasized disease. A large group of patients
with neuroendocrine tumors (NETs) will present with metas-
tases at the time of diagnosis, making NETs — although clas-
sified as relatively rare — a very lethal type of cancer [1].
NETs are a heterogeneous group of cancers that can arise
from different organs, with different phenotypes in terms of

differentiation status, pathological features and proliferative
index [2, 3]. Despite the large variations between NETs,
there are also features that are commonly found among these
tumors, which are even described as reliable biomarkers,
such as high protein expression levels of neural cell adhesion
molecule (N-CAM) [4], chromogranin A (CgA) [5], synap-
tophysin [6] and the membrane-protein somatostatin receptor
subtype 2 (SST,) [7]. SST; is an exploitable target for anti-
NET treatments with e.g. the somatostatin analogues (SSAs)
octreotide or lanreotide, which bind the receptors with high
affinity and specificity [8]. Labeling of SSAs with radionu-
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PRRT (Fig. 1) [11].

A successful imaging method that was developed for the
detection of NETs is called OctreoScan, which uses diethyl-
enetriaminepentaacetic ~ acid-d-phenylalanine ~ (DTPA)-
octreotide radiolabeled with indium-111 (indium-111-
DTPA-D-Phe'-octreotide) for single-photon emission com-
puted tomography (SPECT) of NETs [10]. Although, origi-
nally used for diagnostics, investigators discovered that high
doses of indium-111-DTPA-D-Phe'-octreotide could also be
used therapeutically and on administering, symptom relief
and disease stabilization were shown in some patients [12-
14]. Although PRRT with indium-111-DTPA-D-Phe'-
octreotide had a positive effect on the quality of life, overall
a relatively modest response was seen in certain patients,
urging the improvement of PRRT [15].
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Fig. (1). SPECT images of liver metastases in a patient 3 days post injection of ['"’Lu]Lu-DOTA-TATE. Black signal depicts the SST,-
positive tumor lesions 3 days after the first injection (left panel), but not after the second injection (right panel). (4 higher resolution / colour

version of this figure is available in the electronic copy of the article).

PRRT has undergone many improvements over the years
due to the availability of different chelators, peptides, and
radionuclides. PRRT using [177Lu]Lu-1,4,7,10—tetraazacyclo-
dodecane-1,4,7,10-tetraacetic acid (DOTA),[Tyr’]-octreotate
(["""Lu]Lu-DOTA-TATE) was successfully tested in the
phase 3 multi-center trial NETTER-1 [16]. In this trial, a
significantly higher response rate and longer progression-
free survival were shown, along with mitigating adverse ef-
fects, compared to the standard of care long-acting repeat-
able (LAR) octreotide administrations.

In late 2017 and the beginning of 2018, ['"Lu]Lu-
DOTA-TATE under the name of ‘Lutathera’ was approved
by the European Medicines Agency (EMA) and Food and
Drug Administration (FDA) respectively, for the treatment
of SST,-positive gastroenteropancreatic (GEP) NETs in
adults. Even though ["""Lu]Lu-DOTA-TATE is successful in
the treatment of GEP-NETS in terms of survival benefits, the
majority of the patients will ultimately relapse, showing
there is still much to gain in terms of improvement of PRRT
efficacy. Therefore, the possibilities in the field of PRRT for
NETs are under widespread and active investigation.

2. IMPROVING PEPTIDE RECEPTOR RADIONU-
CLIDE THERAPY

2.1. Radionuclides

For therapy of NETs, different types of radionuclides that
can induce DNA damage during radioactive decay and
which lead to cancer cell death can be used. These radionu-
clides have specific physical properties and can, therefore,
induce different therapeutic effects (Table 1). There is a
large variation in the range between the different radiation
qualities: 0.05-12 mm for B -particles, 40-100 pm for a -
particles, Auger electrons have a short range of <0.5 um,
while y-irradiation can easily pass through the human body
[17]. The short range of a-particles and Auger electrons re-
sults in high linear energy transfer (LET) of 50-230 keV/um
and 4-26 keV/um, respectively, while  -particles have a
LET of0.1-1.0 keV/um [18, 19].

Among therapeutic radionuclides for PRRT in the treat-
ment of NETs, the most prominent and the only clinically
FDA and EMA approved is lutetium-177 in ['""Lu]Lu-
DOTA-TATE. Lutetium-177 has a half-life of 6.7 days and
during its decay, p-particles with a maximum energy of 498
keV and low-energy y photons (208 keV and 113 keV) are
emitted [20, 21]. The B -particles can penetrate soft tissue up
to 1.7 mm and thus induce DNA damage locally upon bind-
ing at the tumor site [22]. Due to the physical properties of
lutetium-177, patients can be treated while the tumor re-
sponse can be monitored simultaneously by SPECT.

For application in the treatment of NETs, also other radi-
onuclides have shown therapeutic potential. Comparative
(pre)clinical studies have presented promising results for
different p “-emitters, especially yttrium-90 [23-26]. Re-
searchers have shown that yttrium-90 coupled to DOTA-
TATE also elicits a significant clinical and radiological re-
sponse in NET patients [27]. Yttrium-90 has a half-life of
64.2 hours and emits B -particles with a maximum energy of
2.27 MeV, which can penetrate soft tissue to a depth of
around 11 mm [28, 29]. Its particles have a longer range
compared to lutetium-177, and therefore it has been hy-
pothesized that PRRT using [*°Y]Y-[DOTA-Tyr’Joctreotide
(DOTA-TOC) or [*’Y]Y-DOTA-TATE is more suited for
bigger lesions, while ['""Lu]Lu-DOTA-TATE treatment is
preferred for smaller lesions [30]. However, it has also been
shown that yttrium-90-labeled peptides had a higher chance
of inducing high-grade renal toxicity compared to lutetium-
177-labeled peptides, especially in patients with risk factors
relevant for creatinine clearance loss [31, 32]. Nevertheless,
to limit renal toxicity, a cocktail of lysine and arginine can
be administered to patients after which potential toxicity can
be monitored, increasing the safety of the radiopeptide [33-
34]. So far, maybe more promising is the combination of
yttrium-90 and lutetium-177 for the treatment of NETs.
There is compelling evidence that administering ['""Lu]Lu-
and [*’Y]Y-DOTA-TATE either in one cycle or sequentially
has benefits for overall survival compared to monotherapies
of the two [35, 36]. Moreover, no severe additional adverse
effects have been shown, rendering such combination thera-
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Table 1. Different radionuclides used in the imaging or therapy of NETs and their basic characteristics.
Radionuclide Decay Half-life Energy (max) Range Application
(max)
"' Y, 2.8 days 245 KeV Imaging/Therapy
Auger-electron 19 KeV 500 pm

"Lu By 6.7 days 498 KeV 1.7 mm Imaging/Therapy
0y B,y 64.2 hours 2.284 MeV 11 mm Therapy
2B} o/f 46 minutes 6-8 MeV 84 pm Therapy

Ac o/f 9.9 days 6-8 MeV 61 pm Therapy

pies a feasible option [37, 38]. However, the efficacy will
have to be determined using randomized studies.

Next to f “-emitters also radionuclides that emita -
particles are gaining interest for the treatment of NETs [19,
39]. Principal examples of o -emitters that have been
(pre)clinically tested for NET treatment are actinium-225
and bismuth-213. Bismuth-213 is a short-lived radiometal
with a half-life of 45.6 minutes, mean energy of 8.32 MeV
and a range of 84 pum [19]. The therapeutic efficacy of bis-
muth-213 couPled to DOTA-TATE was found to be superior
compared to [ ""Lu]Lu-DOTA-TATE in different cancer cell
lines [40, 41]. In SST,-positive cancer in vivo models, it was
shown that PRRT using bismuth-213 labeled DOTA-TATE
had a clear anti-tumor benefit, although this was not directly
compared to lutetium-177 [42]. However, in practice, it can
be logistically difficult to treat patients with bismuth-213
labeled compounds because there is limited time from radio-
labeling to administration due to its relatively short half-life.
Therefore, other a -particle emitting radionuclides are being
explored for potential applicability in PRRT. Promising pre-
clinical results have been observed for actinium-225, which
has a half-life of 9.9 days, mean energy of 6.83 MeV and an
average range of 61 um in soft-tissues [39, 43, 44]. Actin-
ium-225 emits multiple subsequent a-particles, one of which
is bismuth-213, therefore inducing a high level of localized
damage. In both in vitro and in vivo experiments, it was
shown that actinium-225 labeled DOTA-TOC can more ef-
fectively kill neuroendocrine cancer cells compared to lute-
tium-177 [45]. Overall, a-emitting radionuclides show great
promise when it comes to improving therapeutic outcomes
for patients. This is corroborated by preliminary data from a
clinical study where DOTA-TATE was labeled with actin-
ium-225, which led to a strong anti-tumor response in NET
patients [46]. Also, clinical studies focusing on other malig-
nancies have reported the effectiveness of targeted alpha
therapy, as with certain doses, no severe toxicity was re-
ported in these studies with strong anti-cancer effectiveness
[47-49]. In a report of a clinical study where PRRT with
lead-212, whose daughter nuclide is an a-emitter, in NETs
was used and a favorable safety profile was also observed
[50]. In contrast, other studies have shown severe side ef-
fects depending on the dose and target molecule of treat-
ment, as was reported for the salivary glands in the prostate-
specific membrane antigen (PSMA)-targeted treatment for
prostate cancer [51, 52]. Moreover, due to recoil energy dur-

ing a-particle, decay radionuclides can be released from the
chelator freeing daughter atoms which can accumulate in
organs and might translate in increased radiotoxicity [53].
Therefore caution in the use of a-emitters is important, as of
yet no long-term follow up studies have been performed to
assess safety and toxicity of PRRT using a-emitters.

For the treatment of NET patients, the use of a-emitters
or combinations with different radionuclides, although feasi-
ble and promising, still remains to be proven effective and
safe. What PRRT regimen of radionuclides and in what order
or combination this will be most efficacious for NET treat-
ment warrants further investigation.

2.2. Different Chelators and Peptides

A SST,-targeting peptide consists of a SST, binding do-
main, a linker, and a radionuclide labeling domain, named a
chelator. For different radionuclides, certain chelators are
required to ensure the stability of the PRRT compound, be-
cause if the compound is unstable, delivering radioactivity to
the target will be less efficient. On this subject, much has
been described already and more information about matching
chelators to radionuclides can be found in a published review
article [54]. In the case of lutetium-177 or yttrium-90, the
isotope is most often bound in a bifunctional DOTA chela-
tor, which in turn will link the radiometal to a targeting pep-
tide such as Tyr’-octreotate [55]. DOTA complexes are cur-
rently the chelator of choice for many radionuclides, as
DOTA-based chelators have a high thermostability and bio-
logical inertness. However, for some radionuclides such as
copper-64 or lead-212, which have shown promising possi-
bilities for imaging and therapy of NETSs respectively,
DOTA for radiolabeling has sub-optimal characteristics.
Here, the chelator of choice would be a derivative of DOTA
such as 1-oxa-4,7,10-triazacyclododecane-S-5-(4-
nitrobenzyl)-4,7,10-triaceticacid (p-NO2-Bn-Oxo) for cop-
per-64 [56] or 1,4,7,10-tetrakis(carbamoylmethyl)-1,4,7,10-
tetraazacyclododecane (TCMC) for lead-212 [54]. Finding
the optimal chelator can result in better stability and thus
more efficient targeting and less adverse effects.

Next to different chelators, the peptides that are used for
targeted radionuclide therapy can also vary. In the treatment
of NETs, two pivotal somatostatin analogues are used for
transporting lutetium-177 to the cancer cells: Tyr’-octreotate
(i.e. TATE) or Tyr’-octreotide (i.e. TOC). These are agonis-
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tic compounds that get internalized upon binding their target.
Researchers observed that despite the relatively small differ-
ence in chemical structure between octreotide and octreotate
(Fig. 2), the biological effects can differ evidently. A clinical
study has reported that the residence time of ['"’Lu]Lu-
DOTA-TATE in NET patients was significantl . higher
compared to the same patients that received [""Lu]Lu-
DOTA-TOC [57]. The longer retention time was also ob-
served in the kidneys and spleen, probably due to the stabil-
ity of the compound; however, the authors concluded that
ultimately the higher tumor dose of [177Lu]Lu DOTA-TATE
would be beneficial and superior over using ['’Lu]Lu-
DOTA-TOC. It was shown in vitro that coupling TATE or
TOC to ['''In]In-DTPA alters the binding affinities of the
radiopeptide to SST, [58]. Also, in the same study using
SST,-positive tumor xenografted rats, a higher in vivo uptake
was measured for ['''In]In-DTPA-TATE. Another group
also presented biological differences in terms of binding af-
finity between the two peptides [59]. Here, it was observed
that [*°Y]Y-DOTA-TOC had a lower affinity to SST, com-
pared to [*®Y]Y-DOTA-TATE. Moreover, in these analyses,
it was shown that the change in the binding affinities was
dependent on the radiometal, used for labeling. This shows
that subtle chemical changes may have pronounced effects
on the biodistribution and that these should always be evalu-
ated and characterized preclinically.
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Fig. (2). Chemical structures of DOTA-TOC (upper panel) and
DOTA-TATE (lower panel). The structural difference entails a
reduction of the C-terminal threonine for octreotide/DOTA-TOC
(encircled in red). (4 higher resolution / colour version of this fig-
ure is available in the electronic copy of the article).

Peptides can also be adapted to alter the mechanism of
action of a PRRT compound. The somatostatin analogue
DOTA-Cpa-c[D-Cys-Aph(Hor)-D-Aph(Cbm)-Lys-Thr-Cys]-
D-Tyr-NH2 (DOTA-JR11) binds with high affinity to SST,
and is, in contrast to octreotate and octreotide, a receptor

Feijtel et al.

antagonist [60]. Radiolabeled DOTA-JRI11 is not internal-
ized upon binding to a cancer cell. It was reported that up-
take or binding of ['""Lu]Lu-DOTA-JRI1 was h_%her in
SST,-positive cells and xenografts compared to ['"'Lu]Lu-
DOTA-TATE and that this corresponded to higher levels of
induced DNA damage [61]. Moreover, the higher uptake
also led to an improved therapeutic outcome in the mice. In
line with this, a clinical pilot study, where tumor and organ
doses of ['Lu]Lu-DOTA-JRI1 and [7’Lu]Lu-DOTA-
TATE were compared in the same patients, also showed a
higher uptake and tumor retention time for the receptor an-
tagonist compared to the agonist, leading to a higher tumor
radiation dose for ['’Lu]Lu-DOTA-JR11 [62]. Unfortu-
nately, also a higher uptake level was observed in the normal
organs for ['’Lu]Lu-DOTA-JRI1, yet the tumor-to-
background ratio was favorable. However, how efficacious
antagonists such as ['"’Lu]Lu-DOTA-JR11 are will have to
be directly compared to ['"’Lu]Lu-DOTA-TATE in
(pre)clinical studies.

Ultimately, the target affinity, peptide-radionuclide sta-
bility and thus the total absorbed dose to the tumor and nor-
mal organs will greatly depend on PRRT compound design.
Whether a more optimal design will be enough to increase
therapeutic outcomes for patients remains to be seen, but is
indisputably important for reliable patient treatment.

2.3. Radiosensitization

To improve PRRT efficacy, various strategies can be ap-
plied, such as a combination of PRRT with other therapies.
Currently, more and more studies are showing the potential
for different combinatorial regimes [63]. For example, the
combination of PRRT with agents that can increase the ra-
diosensitivity of NETs by affecting the DNA damage re-
sponse (DDR), that can increase target receptor expression
via epigenetic regulation, or agents that can inhibit or alter
essential cellular processes such as protein folding or me-
tabolism (Fig. 3).

The DDR is activated upon PRRT and consists of various
pathways that either drive a cell towards survival or death.
DNA damage repair pathway activation is essential for cellu-
lar survival and will, therefore, counteract PRRT efficacy.
This suggests that inhibition of DNA repair can lead to im-
provement of PRRT efficacy without increasing the adminis-
tered radioactive dose. Inhibition of efficient repair of
["Lu]Lu-DOTA-TATE induced DNA single-strand breaks
will increase the amount of cytotoxic DNA double-strand
breaks (DSBs) when a cell replicates. This concept was
proven in patient NET-slices and SST,-positive cancer cells,
which showed a synergistic increase in induced DNA dam-
age levels and subsequent cell death when ['7’Lu]Lu-DOTA-
TATE was combined with the Poly (ADP Ribose) Polym-
erase (PARP) inhibitor olaparib [64]. This was further sup-
ported by a second study where different PARP inhibitors
showed effective inhibition of PARylation and subsequent
synergistic anti-cancer efficacy in two NET cell lines [65].
As other DDR inhibitors have already shown promise in the
field of External Beam Radiation Therapy (EBRT), more
potential radiosensitizers, such as ataxia telangiectasia mu-
tated- or DNA-dependent protein kinase inhibitors might
also show potential in improving PRRT efficacy [66].
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Fig. (3). Possible modes of radiosensitization in the context of PRRT in NETs. Strategies involving induction of replication stress or di-
rect DNA damage, inhibition of DNA repair, increase of target expression, interference with proteostasis or cellular metabolism are sche-
matically depicted. (4 higher resolution / colour version of this figure is available in the electronic copy of the article).

Next to enhancing DNA damage by blocking efficient
DNA repair, it is also feasible to increase PRRT efficacy by
directly increasing the level of DNA damage or by reducing
efficient DNA replication via a combination of PRRT with
frequently used chemotherapeutics. This might enhance rep-
lications stress and induce catastrophic failure in these cells.
One study showed that combining ['""Lu]Lu-DOTA-TATE
with temozolomide, a DNA alkylating agent, increased tu-
mor control in SST,-positive tumor xenografted mice [67].
Furthermore, it was shown that tumor perfusion and thus, the
uptake of ['""Lu]Lu-DOTA-TATE in temozolomide treated
mice was increased compared to control. This indicates that
temozolomide might increase PRRT efficacy via two
mechanisms: higher uptake of radioactivity and additional
DNA damage induction beyond PRRT. Another study using
the same xenograft model showed an increase in tumor con-
trol and subsequent survival when PRRT was combined with
carboplatin, an inducer of intra- and interstrand crosslinks,
and etoposide, an inducer of replication stress [68]. The
clinical feasibility of adding approaches that induce addi-
tional DNA damage or restrict DNA replication was shown
in a phase 1-2 study where the combination of ['"'Lu]Lu-
DOTA-TATE with temozolomide and capecitabine, an in-
hibitor of DNA synthesis, was not only well-tolerated but
also seemed to improve the response rate of reported
['"Lu]Lu-DOTA-TATE alone, albeit preliminary [69]. An-
other study from the same group showed that the combina-
tion of ['""Lu]Lu-DOTA-TATE and capecitabine resulted in
tumor control in 94% of the patients without increased ra-
diotoxicity [70]. In contrast, another study reported no supe-
rior anti-cancer effects of the combination of capecitabine

with ['7’Lu]Lu-DOTA-TATE [71], however in this study, a
smaller group of patients with a specific type of NETs was
enrolled, making it difficult to directly compare these two
studies.

A different potential strategy to increase the radiosensi-
tivity of PRRT is the disturbance of proper protein folding.
This might impair the ability of the cell to employ proteins
that are essential for survival after PRRT. For example, it
was shown that inhibition of heat shock protein 90 (HSP90),
a folding chaperone protein, with ganetespib increased radio-
sensitivity of NET cells to PRRT both in vitro and in vivo in
xenografted mice [72]. This was further substantiated by
another study where the HSP90 inhibitor onalespib was used
to radiosensitize NET cells both in 2D and 3D cultures [73].
Here, the investigators also showed an increase in DNA
damage signaling and subsequent apoptotic factors, but not
in all examined NET cell lines. A target group that has not
been exploited extensively yet in the context of PRRT is
cellular metabolism. Targeting components of cellular me-
tabolism to increase radiosensitivity has been shown to be
feasible [74], however, the exact mode of action often re-
mains veiled due to a plethora of possible cellular conse-
quences, such as increased oxidative stress or altered activity
of important enzymes such as sirtuins, ADP-ribosyl cyclases
or PARPs. One study showed complete remission in a cohort
of mice with NET xenografts that were pretreated with an
inhibitor of nicotineamide phosphoribosyltransferase, an
enzyme crucial in nicotineamide-adenine-dinucleotide me-
tabolism, before ['"’Lu]Lu-DOTA-TATE injection [75]. To
our knowledge, no other studies have combined direct target-
ing of cellular metabolism with ['"’Lu]Lu-DOTA-TATE yet.
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Enhanced sensitivity of NETs to PRRT can also be
achieved via upregulation of the therapy target. One study
showed an increase in SST, transcript- and protein levels
after the use of epigenetic drugs, such as the histon-
deacetylase inhibitor (HDACi) valproic acid (VPA). Moreo-
ver, increased uptake of [**Ga]Ga-DOTA-TATE was ob-
served in many of these cells, demonstrating the feasibility
of upregulation of PRRT key molecules [76]. Another group
also tested the uptake of [1251]1-[Tyr3]0ctreotide, where a
strong increase in uptake was observed which correlated
with strong upregulation of SST, after treatment with 5-aza-
dC, VPA or the combination of these two [77]. Although
promising, the effects of epigenetic drugs on the expression
of SST, in healthy tissues and potential subsequent elevated
toxicity remain largely unknown.

Not all possible combination therapies will increase
PRRT efficacy and some might even counteract therapeutic
efficacy. This was for example shown in a preclinical study
where RADOO1, an inhibitor of mammalian target of ra-
pamycin (mTOR), was administered to SST,-positive tumor
bearing rats together with PRRT, and no increase of thera-
peutic efficacy was observed. Contrasting the expectations of
the investigators, in the rats that were treated with RADO0O1
metastases were formed, but not in the PRRT monotherapy
group [78, 79]. Despite these negative preclinical results, a
phase I clinical study was performed, which showed that the
combination of the mTOR inhibitor everolimus and PRRT
was well tolerated in terms of toxicity [80]. Within the 6
month time-frame of treatment and follow-up, 44% of
treated patients had a partial response. However, the number
of patients in the study was insufficient to provide statistical
analyses to compare the response rate to PRRT alone. The
feasibility of mTOR inhibitors in combination with PRRT
will thus warrant more (pre)clinical investigation.

Whether some compounds radiosensitize NETs with spe-
cific pathological grading or NETs with specific mutations
remains to be elucidated and underlying mechanisms will
have to be better understood in order to enhance the clinical
success rate. Also, how the described combinations will
weigh against ['""Lu]Lu-DOTA-TATE alone or how well
tolerated such combination therapies are in the long-term
will have to be shown in the coming years with more
(pre)clinical data.

3. NEED FOR RADIOBIOLOGY

Since the discovery of X-rays by Roentgen in 1895, re-
search on the effects of EBRT on healthy and cancer tissues
has been extensive. These investigations describe the effects
of ionizing radiation on DNA damage induction and repair,
metabolism, proteostasis, acquisition of therapy resistance,
and many more [81]. However, due to differences in dose-
rate, duration and quality of radiation exposure, the biologi-
cal effects of the two radiation types might vary tremen-
dously, and thus prevent simple extrapolation of EBRT
knowledge- to PRRT. In addition, the complexity of the in-
tra- and interpatient heterogeneity of NETs might also con-
tribute to PRRT response and prognosis [82]. Since biologi-
cal parameters contribute to uncertainties in predicting
PRRT responses, we and others published a ‘Call to arms’,
pleading for more fundamental and translational research in
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the field of radiobiology of molecular radiotherapies (MRT)
[83]. Here, we emphasized that in order to improve therapeu-
tic outcomes for MRTs such as PRRT, knowledge has to be
gained concerning biomarkers predicting therapy response,
MRT effects on subcellular structures and also the role of
microenvironmental factors on therapeutic efficacy.

Different studies on the applicability of biomarkers for
prognostic purposes and evaluation of therapy response were
published. In one preclinical study, investigators observed
that certain parameters measured using magnetic resonance
imaging (MRI) potentially revealed the therapeutic response
of NETs to ['""Lu]Lu-DOTA-TATE [84]. The feasibility of
biomarkers for prognostic purposes in a clinical setting was
also shown in another study, where the authors compared
blood circulating NET-specific transcripts to CgA for their
predictive value [85]. Here, this set of transcripts, coined the
‘NETest’, was shown to be more sensitive than CgA in the
diagnosis of NETs, but also in the prediction of PRRT re-
sponse. Biomarkers predicting response could potentially be
implemented to adapt the treatment planning of individual
patients.

As induction of DNA damage is the main anti-cancer
mode of action of PRRT, it is essential to understand the
effects of different radionuclides on the DNA. However, not
much is known yet about the type of DNA lesions that are
induced by PRRT. One study has reported that in vitro sur-
viving cell fractions after equivalent doses of internal '~ and
y-irradiation, were lower using 3 -irradiation, indicating a
higher tumor cell killing efficacy [86]. Moreover, when ana-
lyzing gene expression, the authors found differences in the
magnitude and kinetics of DNA repair genes. Another study
investigated gene expression profiles by RNA sequencing of
proton- and y whole-body irradiated mice [87]. Here, the
investigators showed that y-radiation responsive genes only
partly overlapped with proton-responsive genes. This indi-
cates different cellular responses to certain radiation quali-
ties. More subtle differences between different radiation
qualities were shown in a study where the number and kinet-
ics of induced DSBs were compared between internal §°- and
external y-radiation [88]. Here it was observed that the initial
fraction of all DNA break repair was faster for y- than for 8-
irradiation. Differences in repair kinetics might be even more
relevant in the context of PRRT, where the radioactive decay
in/on the cell induces DNA damage at different rates and
with different effects on the cell compared to EBRT.

Next to the activation of the DNA damage response,
there are many cellular and microenvironmental processes
that might be differentially impacted by different radiation
types. The microenvironment itself can also impact radiation
therapy. It is well described that hypoxia can counteract ra-
diation efficacy [89]. How this exactly impacts PRRT and its
dosimetry is not well known, but it is hypothesized that hy-
poxia will especially impede low-LET irradiation, such as
therapies with B -emitters, and will interfere less with high-
LET a-emitters [39]. Next to hypoxia, more factors that can
elicit therapy resistance have been described, such as the
presence of cancer-associated fibroblasts, the composition of
extracellular matrix, etc. [90]. In the coming years, the im-
pact of these factors in the context of PRRT will have to be
investigated.
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Since radiobiology and dosimetry are intricately linked,
questions of how subcellular distribution of radionuclides
will influence micro-dosimetry and downstream radiation
effects will have to be answered. Researchers that modeled
cellular dosimetry for multiple radionuclides observed that
dose-deposition was greatly dependent on the size of the cell,
but also that specific radionuclides exert a higher dose-
deposition when located near the nucleus instead of on the
cell surface [91]. This indicates the need for subcellular do-
simetry. That subcellular targeting is feasible has been re-
ported in a study where copper-64 or lutetium-177 were
coupled to a nanoparticle that targets mitochondria [92].
Here, a high tumor uptake was observed in vivo and specific
mitochondrial uptake in vitro. Since radiolabeled DOTA-
TATE is internalized into NET cells, it would be beneficial
to investigate its subcellular distribution, especially in the
context of short-range a-particle- or auger-electron emitters.
Modeling of the effects and influences of different subcellu-
lar localizations and cellular shapes on micro dose-
distributions is under active investigation [93], but if and
how dosimetry should subsequently be adapted is still under
debate.

The field of radiobiology still has a lot of ground to cover
as many radiation effects of PRRT remain elusive. How tim-
ing and mode of administration, dose-rate and thus absorbed
dose will impact both therapeutic efficacy and potential ad-
verse effects warrants further investigation. In the past, the
importance of administration routes by comparing intra-
arterial with intra-venous PRRT injections was already re-
ported [94]. Here, it was observed that when injecting
['""In]In-DTPA-octreotide intra-arterially, the radioactive
uptake in GEP-NETs was two times higher compared to in-
tra-venous injections. Another study also reported higher
tumor uptake of [177Lu]Lu-DOTA-3-iodo-Tyr3-octreotate
after intra-arterial injection compared to intra-venous injec-
tions, emphasizing the importance of the mode of admini-
stration [95].

Ultimately, what cellular and microenvironmental differ-
ences might be induced due to different radiation qualities
and dose-rates, and by what factors absorbed dose or its bio-
logical effectiveness might be influenced remains largely
unknown and will be the subject of investigation in the com-
ing years.

CONCLUSION

Many exciting lines of PRRT research are conducted on
the intersection of biophysics, radiochemistry, radio and cel-
lular biology and dosimetry. It is the combination of all these
disciplines that enables the proper design of combinatorial
treatment strategies, the incorporation of different radionu-
clides for different radio-peptides, the discovery of new tar-
get molecules, and mapping the dose- and biological effects
of PRRT in order to predict the therapeutic outcome or adapt
treatment planning. However, many challenges remain.
Technical differences between studies from research groups,
such as the injected dose, the xenograft model or timing- or
modes of administration can complicate comparisons and
translation of results towards the clinic. As the absorbed dose
is important to the anti-tumor effect of PRRT [96, 97], more
standardized treatment regimes in terms of specific radioac-
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tivity would be beneficial for putting enhanced efficacy into
context, paving an easier way towards clinical research.

PRRT is a powerful anti-cancer therapy and many differ-
ent angles of research are being actively investigated to im-
prove the therapy. Also, as the field of nuclear medicine is
rapidly growing, the multidisciplinary approaches grow with
it. This increasing body of interdisciplinary collaborations
will pave the way towards a radiant future for PRRT and the
patients receiving it.

LIST OF ABBREVIATIONS

CgA = Chromogranin A

DDR = DNA Damage Response

DOTA = 1,4,7,10-tetraazacyclo-dodecane-
1,4,7,10-tetraacetic Acid

DTPA = Diethylenetriaminepentaacetic Acid-d-
Phenylalanine

JR11 = Cpa-c[D-Cys-Aph(Hor)-D-Aph(Cbm)-
Lys-Thr-Cys]-D-Tyr-NH2

GEP = QGastoenteropancreatic

HDAC = Histon-deacetylase

MRI = Magnetic Resonance Imaging

N-CAM = Neural Cell Adhesion Molecule

NET = Neuroendocrine Tumor

PARP = Poly(ADP-ribose)polymerase

p-NO2-Bn-Oxo = 1-oxa-4,7,10-triazacyclododecane-S-5-
(4-nitrobenzyl)-4,7,10-triaceticacid

PRRT = Peptide Receptor Radionuclide Therapy

PSMA = Prostate-specific Membrane Antigen

SPECT = Single-photon Emission Computed
Tomography

SSA = Somatostatin Analogue

SST2 = Somatostatin Receptor Subtype 2

TATE = Tyr’-octreotate

TCMC = 1,4,7,10-tetrakis(carbamoylmethyl)-
1,4,7,10-tetraazacyclododecane

TOC = Tyr’-octreotide

VPA = Valproic Acid
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