®

Check for
updates

Jean-Pierre Pouget, Marion Tardieu, and Sophie Poty

5.1 Introduction

Radiopharmaceutical therapy (RPT) is a modality
in  which  radiolabelled  cancer-targeted
biomolecules are used to specifically irradiate
tumour cells [1]. The approach is particularly
useful for the treatment of metastatic or diffuse
tumours, i.e. situations in which conventional
external beam radiotherapy (EBRT) would
expose normal tissues to intolerable doses.
Depending on the decay spectrum of the radionu-
clide, RPT can be categorized as alpha (a), beta
() or Auger electron (AE) RPT. However, most
radionuclides emit a mixture of radiation types
that also includes gamma (y) rays, X-rays or
internal conversion electrons (ICE). Unlike
EBRT, which uses low linear energy transfer
(LET) radiation, RPT offers the possibility of
using both low- and high-LET particles with
ranges generally below 1.5 cm [2]. In theory,
RPT is most suitable for the treatment of small
volume tumours because of ‘volume effects’,
i.e. for a same physical absorbed dose, RPT is
expected to be more efficient at treating smaller
tumours than larger ones. Another distinct feature
of RPT irradiation is a heterogeneous dose
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distribution in time and space that is dependent
on (i) the pharmacokinetic profile of the radio-
pharmaceutical, (ii) the physical half-life of the
radionuclide and (iii) the range of emitted
particles. Importantly, RPT generally delivers
continuous low dose rate (CLDR) irradiation (<
1 Gy/h), which can be compared to some extent to
low dose rate brachytherapy.

Taken together, the distinct features of RPT
merit the reconsideration of current radiobiology
paradigms that are predominantly based on data
from EBRT [3, 4]. After a century of work, the
latter is predicated largely on the ‘target cell’
theory as well as DNA as the primary mediator
of radiation-induced cytotoxicity (Fig. 5.1). Yet,
it is now clear that subcellular compartments
other than the nucleus should be considered to
be mediators of cytotoxicity and that cell death
mechanisms that originate both close to
(i.e. bystander effects) and farther from (i.e. the
immune response) irradiated cells are at work as
well (Fig. 5.1). As a result, it becomes clear that a
more integrated view of radiation biology is
needed and that the contribution of non-targeted
radiation effects needs to be assessed in patients.
While radiobiology is mostly evaluated in vitro or
ex vivo, there is a critical need to develop
non-invasive approaches that allow for the real-
time in vivo monitoring of radiation-induced
biological events during RPT. In recent years,
molecular imaging has played a critical role in
the measurement of molecular and cellular pro-
cesses in humans and other living systems.
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Fig. 5.1 General overview of the targeted and non-targeted effects induced by RPT. (Adapted from [3]). Created with

BioRender.com

Indeed, imaging allows for the non-invasive mon-
itoring of anatomical and functional parameters
and may offer new resources to improve RPT.
From medical images, radiomics extracts a high
number of quantitative features and explores
potential associations with biology and clinical
outcomes when coupled to mathematical methods
and artificial intelligence (Al) algorithms. In these
pages, we will work to identify established and
potential molecular imaging probes that may help
delineate radiobiological events and thus augment
our understanding of the radiobiology of RPT.

The Fundamentals
of Radiobiology

5.2

With a few notable exceptions (e.g. radioactive
iodide, radium), RPT requires the development of
radiopharmaceuticals based on tumour-targeting
vectors — e.g. monoclonal antibodies, peptides,
small molecules that are labelled with
radionuclides. Since the 1950s, the choice of
radionuclide was generally dictated by practical

considerations, such as availability and ease of
handling. Furthermore, very little concern was
devoted to the administration schedule of RPT
and its dosimetry. Until recently, in preclinical
models but also in the clinic, one single injection
was generally performed; the mean absorbed
doses to normal tissues or tumours were not sys-
temically calculated; and considerations related to
the total absorbed dose, dose fractionation, over-
all treatment time and volume effects were not
considered. Simply put, the concepts of radiobi-
ology have historically been ignored.

Overview of EBRT Clinical
Radiobiology: An Empirical
Experience

5.2.1

While RPT is fundamentally different from
EBRT, the former has certainly benefitted from
the latter’s century of experience. A tremendous
number of patients have been treated with a large
number of EBRT schemes, allowing for the opti-
mization of various radiotherapy parameters. In
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contrast, although increasing, the number of
patients treated with RPT remains relatively low.

To better understand what could or should be
done in the context of RPT, it is interesting to note
that the beginnings of EBRT have been empirical
and somewhat random. The first cancer patients
were treated with EBRT as early as 1896 by
Victor Despeignes in Lyon [5]. Because of the
very low output of X-ray tubes, most of the dose
was delivered to the skin, then the dose-limiting
organ. Skin was shown to have two types of
response: (i) erythema and moist desquamation
occurring several days/weeks after irradiation
(early effects) and (ii) telangiectasia occurring
several months after exposure (late effects). As
dose rates were not yet calculated, erythema,
moist desquamation and telangiectasia were
used as the biological endpoints of normal tissue
tolerance. Progressively, preclinical studies have
been conducted to better understand the effects of
radiation at the cellular level.

One of the first principles of radiobiology
comes from the studies of Regaud, who irradiated
human testis and observed that spermatogonia
rather than spermatozoids exhibited the greatest
effects [5]. These data were followed by Bergonie
and Tribondeau’s law that ‘the radiosensitivity of
a biological tissue is directly proportional to the
mitotic activity and inversely proportional to the
degree of differentiation of its cells’ [5]. The prin-
ciple of dose fractionation was introduced in 1928
by Kronig and Friedrich, who showed that the
dose required to observe a skin reaction is higher
when it is fractionated, suggesting that the skin
can recover when the dose is delivered over sev-
eral days [5]. Several years later, Coutard showed
that, at specific doses, the reaction of the skin and
mucosa depended on the total treatment duration,
and the latter parameter became another principle
of radiotherapy [5]. Furthermore, Baclesse
observed that if the dose is limited to certain
levels, skin mucositis and moist desquamation
does not take place at 2.5 weeks and 6 weeks
[5]. As a result, a second cycle can be given
after 6 weeks, and higher doses can be given
over a longer period. Treatments were then pro-
gressively optimised by varying the dose, the
dose fraction and the intervals between fractions
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so that the treatment duration was longer. Finally,
Coutard arrived at dose-time-fractionation
schedules close to those that are now regarded
as a standard fractionation schedule: 2 Gy per

fraction with  daily fractionation over
67 weeks [5].
In the 1980s, the question of tissue

radiosensitivity was first raised. The response of
early- and late-responding normal tissues to each
fraction was shown to differ. Therefore, dose
hyperfractionation — e.g. the administration of
1.15 Gy per fraction three times per day with
4-6 h between fractions over 7-8 weeks — was
adopted to exploit the differences in sensitivity
between early-responding tissues (e.g. tumour,
skin [erythema], bone marrow or kidney) and
late-responding tissues (e.g. skin [telangiectasia],
lung, jejunum, colon). This difference is due to
the greater ability of some cells to repair damage
at the molecular level between fractions.

5.2.2 The Linear Quadratic
(LQ) Model of EBRT: Can We

Extrapolate to RPT?

As EBRT aims at eradicating clonogenic tumour
cells, the clonogenic assay developed by Puck
and Marckus in the 1950s was immediately con-
sidered the reference technique for measuring the
ability of irradiated cells to form colonies
(i.e. determining clonogenic survival) [6]. In
mammalian cells exposed to low-LET radiation,
the curve of clonogenic survival vs. dose is a
biphasic exponential (Fig. 5.1). In a semi-
logarithmic plot, this survival curve is composed
of a linear slope (i.e. the a parameter) followed by
a curvature or shoulder at increasing doses
(i.e. the § parameter). The parameter a (expressed
in Gy ') corresponds to the intrinsic
radiosensitivity of the cell (i.e. the probability
per Gy for a cell to be killed when its sensitive
target is crossed by a particle). The parameter f
(expressed in Gy ?) is related to the ability of the
cell to repair radiation-induced damage (i.e. f
decreases and survival increases when cells have
time to repair, for example, between fractions). In
contrast, as complex lesions of high-LET
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particles are not repaired, survival curves are only
fitted by the a parameter. The a/f ratio is a pow-
erful tool to predict the radiosensitivity of tissues.
To wit, both tumours and -early-responding
tissues generally have low a/f ratios since they
cannot repair damage efficiently. Late-responding
tissues, in contrast, have higher a/f ratios since
they can repair their lesions between fractions if
given enough time.

However, it is not clear whether the
clonogenic survival of cells exposed to therapeu-
tic radiopharmaceuticals (i.e. for RPT) can be
evaluated using this LQ model. To answer this
question, we first need to investigate the
relationships between cell absorbed dose and
clonogenic survival in the context of RPT and
see if @ and B parameters can be determined.
Parameters other than the cell absorbed dose
might have to be considered, including the radio-
pharmaceutical intracellular distribution and the
involvement of intercellular communications.

5.2.3 Low Dose Rates Require Higher
Absorbed Doses: What

Happens During RPT

A low dose rate is often considered the ultimate
form of fractionation. Its benefit was highlighted
by Coutard in 1919, when he compared the skin
reactions in patients with head and neck cancer to
which he delivered either one or two low dose
rate fractions of X-rays per day for 2 weeks or
longer [5]. Shortly thereafter, in 1922, Regaud
reported the benefits of low dose rate brachyther-
apy of cervical cancer using radium [5]. Regaud
concluded that ‘alternating rhythm of cellular
reproduction provides an explanation of the effi-
cacy of prolonged irradiation’.

EBRT is usually delivered at a dose rate
between 1 and 5 Gy/min such that a conventional
2 Gy dose only requires few minutes, an amount
of time insufficient for cells to repair their dam-
age. Decreasing the dose rate (0.2 Gy/
min vs. 1 Gy/min) facilitates the sparing of late-
responding healthy tissues (e.g. lung) [7]. Similar
sparing is observed when fractionated EBRT is
used at 2 Gy/fraction and even more at 1 Gy/
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fraction. With decreasing dose rate (< 1 Gy/
min), the time required to deliver a given dose
increases, and biological process can take place
during irradiation and/or between fractions. For
example, DNA damage repair, redistribution in
the cell cycle, reoxygenation and repopulation
progressively take place in the hours and days
following irradiation. With low dose rates
(e.g. 0.2 Gy/min dose rate, 2 Gy/fraction,
10 min treatment time), the induction of damage
and repair occurs at the same time [8]. For many
tumours and normal tissues, the repair half-times
of sublethal damage are between 0.5 and 2 h, and
complete repair generally occurs in less than 24 h
(i.e. between 2 fractions of EBRT) [9]. However,
some late-responding tissues may have longer
repair half-times. At the cellular level, the repair
half-time for base damage and DNA single-strand
breaks (SSBs) is ~10 min, while that for DNA
double-strand breaks (DSBs) is ~20 min. There-
fore, irradiations lasting more than 10 min will
significantly interfere with DNA repair. Assum-
ing a minimal dose of 2 Gy, this corresponds to
dose rates below the 0.2 Gy/min delivered by
RPT. Ultimately, this creates the need, at least
theoretically, for higher doses to counterbalance
repair processes. Repopulation is a much slower
process and depends on the doubling time of
cells, which typically lies between days and
weeks. Long treatment times favour the repopu-
lation of cells from early-responding tissues such
as tumours. The process will also be prominent at
very low dose rates.

5.3  The Details

5.3.1 Physical Events Associated
with a-/B-Particles and Auger
Electrons

5.3.1.1 The Biological Effects

of a-Particles Outweigh Those

of Electrons and Gamma-/X-rays
In EBRT, a well-calibrated absorbed dose and
dose rate of X-rays is delivered to target tissue
in a collimated field. This scenario stands in stark
contrast to RPT, as the decay spectra of
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Fig. 5.2 A comparison of the energies, particle ranges and linear energy transfers of a-particles, -particles and Auger

electrons

radionuclides are generally more complex and
composed of different types of radiation. Indeed,
radionuclides can emit a broad range of particles,
including a-particles (i.e. helium nuclei),
electrons (f~ particles, internal conversion
electrons [ICEs] and AEs), y-rays and X-rays
(Fig. 5.2). Generally, the ‘category’ of the emitter
is determined by its predominant type of cyto-
toxic or genotoxic radiation. An important param-
eter for describing and classify radiation is linear
energy transfer (LET), which is the average
energy released per unit distance travelled by the
particle. LET is an average value calculated by
assuming a straight path like that of a particles
(Fig. 5.2). However, for electrons, the range will
be considered rather than the actual path. A dis-
tinction 1is generally made between low
(~0.2 keV/pm) and high (50-230 keV/pm) LET
particles (Fig. 5.2). In terms of their biological
effects, high LET particles such as a-particles
(and to some extent AEs) are more harmful than
low LET electrons (f-particles or ICE) (Fig. 5.2).
To round out the story, y- or X-rays (used in
EBRT) only have a therapeutic role when their
number is high enough to create a significant
probability that they will interact with biological
tissues.

p~ -particles, ICEs and AEs are electrons that
differ in their origin and energy. f -particles
originate in the nucleus and can reach energies
on the order of MeVs (and, consequently, ranges
of cm in tissues) (Fig. 5.2). ICEs, in contrast, are
monoenergetic electrons ejected from electronic
shells outside the nucleus. AEs are also ejected
from electronic shells, but their energy comes
from the transition of electrons between two
atomic shells following the electron capture of
ICE processes. Although some AEs can have
maximal energies of tens of keV (e.g. 78.2 keV
and maximal range of 87 pm for '*>™Pt), most
AEs have very low energy (<1 keV) that is
deposited over distances <500 nm in tissues
(Fig. 5.2). Moreover, AEs are emitted in cascades
that create a variable number of electrons.
Because of their very low energy, AEs can
deposit massive amounts of energy in small
volumes: up to 10° Gy in a 40 nm diameter
sphere. While it is true that both f-particles and
ICEs will behave like AEs at the end of their
tracks, only one of the former is usually emitted
per decay compared to up to 35 AEs. As a result,
neither f-particles nor ICEs are likely to be as
cytotoxic as their AE counterparts.
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In RPT, radionuclides are referred as
AE-emitters depending on the number of AEs
they emit per decay as well as whether the other
radiation types associated with their decay could
reduce the benefit of their emitted AEs. Due to the
volume effects previously defined in the introduc-
tion and the lack of cross-fire irradiation (due to
their short range), AE-emitters must be
administered in far higher activities than pg-
emitters. So far, there is no consensus on what
yield of AEs is required to have a ‘significant’
therapeutic effect. However, since iodine-125 has
long been the reference AE-emitter with 20-23
AEs/decay, it is safe to assume that ~20
AEs/decay is a ‘reasonable’ threshold [10].

In conclusion, the biological effects of a-
particles outweigh those of electrons and of
gamma-/X-rays. The effects of AEs take prece-
dence over those of other electrons if they are
emitted in high numbers near radiation-sensitive

targets (e.g. nuclear DNA, cell membrane,
mitochondria).
5.3.1.2 Physical Interactions

with Biological Matter

One general principle of physical interactions is
that as charged particles interact with matter, their
energy decreases, and the probability of their
interactions with traversed matter increases. a-
Particles, f-particles, ICEs and AEs emitted by
radionuclides are all charged particles that will
interact with matter according to electrostatic
collisions, leading to ionizations and excitations
of atoms constituting the matter. Consequently,
electrons ejected during ionization processes
(called secondary electrons) can in turn lead to a
cascade of ionizations/excitations within the
molecules with which they collide. This leads to
the formation of clusters of ionizations before the
electrons are finally stopped.

Beyond their nature and energy, the range and
ionization power of particles must also be consid-
ered. The standard metric for this discussion is
LET. The more the particle interacts with matter,
the shorter its path, and the higher its LET. a-
Particles are heavy and charged and thus strongly
interact with matter such that their linear range in
tissue is about 45-100 pm (Fig. 5.2). p-Particles
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and ICEs, in contrast, are light particles that pro-
duce fewer ionizations/excitations per pm; their
range can reach up to 12,000 pm. AEs have
variable energies (few eV to tens of keV), and
those having the highest energies can have a
range similar to that of a-particles (e.g. 76 pm
for AE emitted by 195mppy hut a low LET. Indeed,
AEs with energies above 1 keV typically produce
sparse and isolated ionizations and behave like
low LET particles, while AEs with energies
below 1 keV interact more with matter and pro-
duce dense ionizations (Fig. 5.2). Therefore,
those low-energy (< 1 keV) AEs have a higher
LET (4-26 keV/pm) over a short distance (<
500 nm). It is worth noting that while a-particles
and low-energy AEs are both considered to have
high LET, the cytotoxicity of AEs is only
observed if they are emitted in the vicinity of
sensitive subcellular targets. This is not a problem
for a particles, which have a longer range than
low-energy AEs and can reach targets at a dis-
tance greater than several cell diameters.

The track structure and energy deposition of
these particles have been simulated using Monte
Carlo approaches. For low-LET particles —i.e. -
particles, y-rays, X-rays and high-energy AEs —
sparse ionizations are produced in a rather large
volume, and the energy deposition is somewhat
homogenous on the cellular scale [11]. Con-
versely, high-LET particles (i.e. a-particles) pro-
duce high density ionizations along their linear
track with little ionization farther afield. This,
naturally, renders their energy deposition more
heterogeneous. It is generally considered that
1000 sparse tracks are produced per Gy of
absorbed low-LET radiation, while a mean num-
ber of 4 a-particle tracks is enough to deliver the
same dose (Fig. 5.1).

5.3.2 Chemical Steps

The ionization and excitation of molecules
described above leads to the breaking of chemical
bonds between atoms and to the generation of free
radicals. Two types of substrate molecules in cells
are considered; on the one hand water, and on the
other hand all the other cellular constituents.
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5.3.2.1 Indirect Effects

In living beings, water is considered the first
target of radiation. The radiolysis of water — gen-
erally referred as an ‘indirect effect’ of radiation —
leads to the production of reactive oxygen species
(ROS) including hydroxyl radicals, superoxide
and hydrogen peroxide [2]. Hydroxyl radicals
are exceptionally reactive and are thus responsi-
ble for most of the DNA damage [12, 13]. How-
ever, HO® has a very short life, reacts within a
few nm range from its origin, and thus cannot be
transmitted to neighbouring cells. H>O,; how-
ever, can diffuse through the cell membrane.
Because radiation-induced ROS are similar to
those endogenously produced, they can be
neutralized by the natural enzymatic and chemical
antioxidant defences of the cell such as catalase,
glutathione peroxidase, superoxide dismutase,
glutathione, vitamin E and thioredoxin [14].

5.3.2.2 Direct Effects

In addition to the radiolysis of water, charged
particles can directly ionize or excite
biomolecules such as lipids, proteins and nucleic
acids [15]. These so-called ‘direct effects’ are
expected to predominate with high-LET particles
because the high density of radicals produced
from water leads to their recombination and thus
the abrogation of indirect effects. That said, the
situation might not be quite so straightforward,
since radical scavengers or antioxidant enzymes
have been shown to reduce the cytotoxic effects
of high LET particles, indicating that radicals
generated from water could be involved too.
This could be explained by the fact that the effects
of high LET particles result both from targeted
effects (involving direct ionization of cellular
compounds) and from non-targeted (secondary)
effects observed in adjacent cells that would
involve free radical mediated mechanisms.

5.3.2.3 Oxygen Effect

Oxygen was identified very early on as an impor-
tant modulator of radiation response, particularly
in the context of the radioresistance of poorly
vascularized large tumours. Indeed, the
radiosensitizing effect of oxygen has been
known since the 1950s [16, 17]. This can be
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observed using clonogenic assays in which cells
exposed to radiation in the presence of oxygen
show an increased response. Subsequently, the
oxygen enhancement ratio (OER) was introduced
to quantify the radiosensitizing effects of oxygen.
The OER is the ratio between the dose required to
produce a given effect in the presence and
absence of oxygen. At the molecular level, oxy-
gen interacts with radiation-induced radicals to
produce peroxyl radicals, thereby preventing the
recombination of radicals that would decrease
radiation cytotoxicity. For example, the yield of
DNA lesions upon low LET irradiation was
shown to decrease at low oxygen concentration.
Low oxygen concentrations also increase the life-
time of radicals that can recombine or interact
with radical scavengers. Because a-particles
mainly act via direct effects, the concentration of
oxygen within a tissue has only a weak influence
on their effects; put differently, with a-particles,
an OER is typically not observed. However, the
bystander effects associated with a-particle irra-
diation do involve radical species, so some depen-
dence on oxygen concentrations is inevitable.

5.3.2.4 Imaging Key Chemical Features:
Oxygen and pH
5.3.2.4.1 Oxygen

Nuclear imaging probes capable of delineating
tumour oxygenation levels could be particularly
valuable in RPT for identifying tumours that are
more (or less) likely to response to treatment. Not
surprisingly, several probes have been developed
and evaluated in a variety of contexts (Fig. 5.6a).

Hypoxia-targeted radiotracers have been
explored in the context of EBRT. The most stud-
ied PET tracers for hypoxia are '®F-labeled
derivatives of 2-nitroimidazole. First developed
as  radiosensitizers for  hypoxic cells,
nitroimidazoles undergo an intracellular
six-electron reduction in hypoxic cells, leading
to the formation of a highly reactive intermediate
that binds to macromolecules and traps the radio-
tracer within cells. '®F-Fluoromisonidazole ([lgF]
F-MISO), for example, was used in head-and-
neck cancer patients to monitor tumour hypoxia
and predict treatment outcome before and during
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chemo-radiotherapy [18]. Tumour hypoxic
sub-volume was shown to decrease in 64% of
patients at week 2 post-treatment and in 80% of
patients at week 5 post-treatment compared to the
baseline scan (i.e. scan performed before the
treatment initiation). Moreover, an analysis of
130 radiomic parameters allowed the identifica-
tion of predictive features. Among them, 35 were
able to predict treatment outcome at week 2, and
the predictive value of 18 of them was confirmed
at week 5. For example, low grey-level zone
emphasis (LGZE), a texture feature that quantifies
tracer distribution heterogeneity by emphasizing
regions with low concentration, was able to dif-
ferentiate between patients with and without local
recurrence. While [18F]F-MISO is the most com-
monly used hypoxia PET tracer, its high
lipophilicity and slow passive diffusion result in
relatively low tumour uptake and moderate con-
trast at best. Therefore, a second generation of
nitroimidazole derivatives have been developed
- e.g. '"®F-[1-(5-fluoro-5-deoxy-a-D-arabinofur-
anosyl)-2-nitroimidazole)]  ['*F]JF-FAZA -
which have displayed enhanced hydrophilicity
and improved signal-to-noise contrast ratios in
clinical studies.

Another widely studied radiotracer for the
imaging of hypoxia is radiocopper-labelled
diacetyl-bis(N4-methylthiosemicarbazone)
(ATSM). The mechanism of this radioligand’s
specific accumulation in hypoxic cells remains
controversial. Briefly, it is believed that Cu(Il)-
ATSM diffuses rapidly into cells due to its high
membrane permeability and low redox potential.
Once internalized, Cu(II)-ATSM is reduced to Cu
(I)-ATSM by microsomal and cytosolic enzymes
including NADH/NADPH. Under normoxic
conditions, Cu(I)-ATSM is reversibly oxidized
back to Cu(Il)-ATSM and diffuses out of the
cell. But under hypoxic conditions, Cu(I)-ATSM
is retained within the cell, upon which Cu
(I) dissociates from the ligand and remains
trapped. [*°Cu]Cu-ATSM was evaluated in clini-
cal trials as a predictor of chemoradiotherapy
response in patients with cervical cancer and rec-
tal carcinomas [19, 20]. In both studies, patients
with high tumour-to-muscle activity concentra-
tion ratios that indicated highly hypoxic tumours
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exhibited poorer survival than those with lower
ratios and thus more normoxic tumours. More
recently, [64Cu]Cu—ATSM was found to predict
the efficacy of carbon ion radiotherapy [21]. More
specifically, the in vitro uptake of [**Cu]Cu-
ATSM in different cell lines correlated to the
relative biological effectiveness (RBE) of carbon
ions over X-rays: high RBE cell lines showed
greater uptake of [**Cu]Cu-ATSM. This observa-
tion was later confirmed in mice xenografted with
high and low RBE cell lines.

Finally, one can also highlight hypoxia via the
targeted imaging of endogenous markers such as
carbonic anhydrase IX (CA-IX) or hypoxia-
inducible factor 1-alpha (HIF-1o) [22-24]. Ulti-
mately, despite the promising results shown by
these tracers in the context of EBRT and carbon
ion radiotherapy, there have yet to be any clinical
studies in which hypoxia-targeted probes have
been used as theranostic imaging agents for RPT.

5.3.2.4.2 pH Imaging
The pH of a tissue is intimately related to its
oxygen concentration, yet pH has not received
much attention in the context of radiotherapy.
Most normal tissues maintain a stable extracellu-
lar pH of around 7.4, while tumours typically
have an acidic microenvironment (5.6—6.8). This
phenomenon is connected to the increased anaer-
obic glycolysis (fermentation) of tumours known
as the Warburg effect. The Warburg effect is
associated with the breakdown of glucose into
pyruvate which is in turn converted into lactate
by lactate dehydrogenase. This process leads to
the expulsion of lactate by monocarboxylate
transporters and contributes to the acidification
of the microenvironment. An acidic microenvi-
ronment is indicative of metabolically aggressive
cancer cells and can also be associated with the
inhibition of the anti-tumour immune response.
Several recent studies have reinforced the ties
between tissue pH and the effects of irradiation.
For example, the pH of irradiated skin (7.0 + 0.3)
has been shown to differ from non-irradiated skin
(6.5 £ 0.2) [25]. In this study, the authors
highlighted that a high pH (7.5 + 0.3) combined
with a low oxygen saturation in irradiated wounds
created an unfavourable environment for efficient
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wound healing post-radiation. Finally, pH has
also been shown to be involved in the gene regu-
lation in irradiated cells. Notably, an acidic
microenvironment was shown to enhance the
radiation-induced expression of p53 [26]. Alto-
gether, pH modulation remains under-
investigated in the context of (targeted) radiother-
apy, and molecular imaging could offer a
non-invasive  approach to evaluate this
physiochemical parameter (Fig. 5.6a).

In a recent study, Pereira et al. showed that
external beam radiation activates the sodium/
hydrogen exchanger isoform 1 (NHEI1) upon
radiation-induced glycolytic upregulation
[27]. The activation of NHE1 leads to a reversal
of the plasma membrane gradient, which in turn
results in an alkaline intracellular pH and an
acidic extracellular pH. In this same study,
Pereira et al. validated the use of a radiolabelled
peptide capable of selectively inserting into the
membrane of cells under low pH conditions
(pHLIP) for monitoring changes in the pH of the
extracellular microenvironment following radio-
therapy in mice bearing orthotopic pancreatic
ductal adenocarcinoma xenografts [27]. The
radiotracer — [®’Ga]Ga-NO2A-cysVar3 — pro-
duced an activity concentration of 8.6 + 0.7%
IA/g in irradiated tumours compared to
3.6 + 1.9%IA/g in non-irradiated control animals.
This study highlights the potential of pH-sensitive
molecular probes for the non-invasive assessment
of response to radiotherapy.

5.3.3  Molecular Radiobiological
Effects
5.3.3.1 DNA

All cellular substrates interact with low- and high-
LET radiation, but nuclear DNA has long been
identified as the main target because damage
DNA is directly related to oncogenic transforma-
tion or cell death [28]. For example, hydroxyl
radicals produced via the radiolysis of water can
produce SSBs by reacting with the sugar or phos-
phate groups within the DNA backbone. The
yield per cell and per Gy of DNA lesions in
mammalian cells exposed to EBRT was found
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to be about 40 DSBs, 1000 SSBs, ~10,000 base
modifications and 150 protein DNA crosslinks
[11, 29].

If unrepaired or mis-repaired DSBs are the
most deleterious form of DNA damage and can
be involved in creating both genomic instability
and chromosomal aberrations. Persistent DNA
damage is also a hallmark of senescence. In
EBRT, lesions can be repaired after treatment,
and the repair of DNA lesions has been identified
as a crucial parameter for radiosensitivity. In
RPT, the issue of DNA repair is complicated
because the low dose rate means that DNA
lesions are repaired while new ones are being
produced. Several studies have investigated the
yield of DNA damage in vitro as well as in blood
cells of patients treated with Bl or [223Ra]RaC12.
However, no relationship could be established
between the absorbed dose to the blood and the
level of DNA DSBs in blood cells. Furthermore,
while the activity in the blood decreased over
time, the number of radiation-induced lesions
per nucleus and per absorbed dose rate increased
over time, suggesting a slowing down of DNA
repair or, on the contrary, increased de novo for-
mation [30-34]. Moreover, high LET radiation
can produce several DNA modifications at the
same site, referred to as ‘multiple damage sites’
or ‘clustered DNA lesions’ (MDS, defined as 2+
modifications per turn) (Fig. 5.2) [35-40]. These
can include base damage, SSBs and DSBs. MDS
cannot be measured by simple methods, and their
nature makes them difficult to identify and clas-
sify. Due to an increased probability of radical
recombination, the number of DNA lesions per
dose unit (Gy) decreases when radiation LET
rises. However, the probability of MDSs
increases with increasing LET [37]. Whether
AEs can produce complex DNA lesions will
depend on the proximity of the emitter to the
DNA, with the highest probability occurring
when the radionuclide is incorporated into the
DNA itself.

5.3.3.1.1 A Brief Overview of DNA Repair

DNA lesions are continuously produced in cells
as the result of endogenous oxidative stress and of
errors during DNA replication. As irradiated cells
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are generally distributed in the different phases of
the cell cycle, the presence of DNA lesions will
lead to cell cycle arrest in G1 or G2/M-phase cells
or to replication fork progression stalling in
S-phase cells. For example, endogenous oxida-
tive lesions (e.g. thymine glycols) on the most
prominent oxidized bases in irradiated cells may
hinder replication fork progression and generate
DNA breaks.

Several DNA Damage Repair (DDR) Pathways
DNA lesions can be repaired by: (i) base excision
repair (BER) for base damage, abasic sites and
DNA single-strand breaks (SSBs); (ii) nucleotide
excision repair (NER) for SSBs and DNA
adducts; (iii) mismatch repair for base
mismatches, small insertions and deletions and
(iv) nonhomologous end-joining (NHEJ) or
homologous recombination repair (HRR) for
DNA double-strand breaks (DSBs) and
crosslinks. Several homologous recombination
pathways exist [41]. The major one is the error-
free ‘synthesis-dependent strand annealing’ path-
way that implicates RADS1 filaments (detailed
below). The presence of single-strand DNA
tails — as observed, for example, during DNA
synthesis at replication forks, in telomeres or dur-
ing NER — is not considered by the cell to be a
‘normal’ situation. Therefore, their presence/
absence during the repair of DSBs is a key deter-
minant in the choice between NHEJ and HRR.

Alternative DSB repair mechanisms can be
involved when NHEJ and HRR do not operate.
The first one is single strand annealing, an error-
prone RADS51-independent pathway that joins
two homologous 3’-ssDNA ends through
annealing. Alternative end homology joining, or
microhomology-mediated end joining, also uses
3’-ssDNA, like NHEJ but without NHEJ factors.
Finally break-induced replication is involved
when there is only one DSB end in RADSI1-
dependent mechanisms.

Considering now NHEJ, the system is also
called ‘classical’ NHEJ (cNHEJ). It is an error-
prone system that requires minimal sequence
homology and rapidly joins two DNA ends. Con-
versely, the error-free HRR mechanism is slower
and requires large sequence homology between
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the broken DNA and the donor DNA molecule,
such as a sister chromatid in duplicated
DNA [42].

From DNA Damage Recognition to DNA Repair
After DNA lesion recognition and the initiation of
a cellular signalling cascade to promote DDR,
cell cycle progression is blocked to facilitate
DNA repair. For the recognition step, DNA
DSBs are detected by the MREI1-RADS0-
NBS1 (MRN) and Ku70/Ku80/DNA-PKcs
(DNA-PK) complexes [43, 44]. This triggers the
DDR through the recruitment and activation of
the two major surveillance proteins belonging to
the phosphatidylinositol-3-kinase  (PI3K)-like
kinase family: the serine/threonine protein kinase
ataxia telangiectasia mutated (ATM; the main
sensor of DNA damage), ATM- and Rad3-related
(ATR) and DNA-dependent protein Kkinase
(DNA-PK) [45-47] (Figs. 5.1 and 5.3).

ATR recognizes DSBs and is primarily
involved in DNA DSB repair via HRR because
it requires duplicated DNA. It occurs in S-phase
cells with stalled replication forks or after the G2
phase. ATR recruitment requires ssDNA, for
instance obtained after nuclease activation by
ATM. Thus, ATR intervenes after ATM action
and can in turn phosphorylate proteins, such as
checkpoint kinase 1 (CHKI; essential for the
intra-S and G2-M checkpoint response) and also
BRCALI to trigger HRR [46].

ATM full activation requires non-resected
DNA ends. Its activation leads to the dissociation
of ATM homodimers into monomers that phos-
phorylate and activate downstream protein
kinases. These molecules act as transducers and
effectors and phosphorylate their own substrate
(s). Among them, the core Ku70 and Ku80
proteins (also known as XRCC6—XRCC5) bind
to the ends of DNA DSBs before recruiting
DNA-dependent protein kinase catalytic subunit
(DNA-PKcs). This leads to the formation of a
large synapse consisting of two DNA molecules
brought into close proximity with the assistance
of other associated proteins. Then, the two DNA
ends are closely aligned into shorter synapses
using  XRCC4-DNA ligase IV (LIG4), the
XRCC4-like factor (XLF) and DNA-PKcs. The
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ligation process is terminated by the nuclease
Artemis and the DNA polymerases A and u. The
default engagement of cNHEJ can be avoided by
DNA end resection enzymes like MRN.

Phosphorylation of histone H2A (yH2AX) by
ATM also is an essential step in the repair pro-
cess. It allows the remodelling of the chromatin
surrounding DSBs and the recruitment of other
repair proteins, such as breast cancer type
1 (BRCAL1), and p53-binding protein 1 (53BP1)
that are involved in HRR promotion and repres-
sion, respectively (Fig. 5.1). BRCA1 and 53BP1
participate in the interaction between NBS1 and
ATM that is essential for maintaining ATM at
DSB sites [47].

Considering now the HRR pathway, it
involves the core proteins MRE11, BRCAI and
BRCAZ2 but also the recombinase RADS51 and
replication protein A (RPA). Typically, after
Ku70-80 binding to DNA ends, an extended
3’-ssDNA is generated by the 3’-5’ endonuclease
resection activity of MRE11, which is part of the
MRN complex. This generates ssDNA that is
further extended up to 300 nucleotides away
from the breakpoint by MRE11 3’—5’ exonucle-
ase activity. Long-range DNA resection is

terminated by the 5-3’ exonuclease activity of
exonuclease 1 (EXO 1). Then, RPA coats the
new ssDNA to prevent pairing with other
ssDNA molecules. To allow HRR, RPA must be
replaced through the binding of BRCA2 to
ssDNA and the formation of RADS1 nucleopro-
tein filaments. Such filaments are dynamic
structures that, in association with BRCA1 and
BRCAl-associated RING domain protein
1 (BARDI), participate in RADS51-mediated
DNA strand exchange during HRR. It must be
noted that homologous recombination deficiency
(e.g. in BRCA-mutated tumours) increases sensi-
tivity to PARP inhibitors. PARP recognizes
ssDNA and is involved in the repair of SSBs
and some base damage. Upon PARP inhibition,
DNA breaks accumulate and are converted into
DSBs, thus theoretically promoting HRR. In the
absence of HRR, the error-prone NHEJ system is
involved and contributes to cell killing [48].

DNA End Resection Triggers HRR in the S and G2
Phases

Interestingly, cell cycle-dependent kinase (CDK)
activation in cells that enter the S or G2 phase also
leads to the phosphorylation and activation of
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proteins involved in HRR and of DNA resection
proteins required for HRR. Conversely, 53BP1
favours c¢cNHEJ (during the G1 phase) by
protecting DSB ends from resection by the DNA
end-resection machinery in the G1 phase. 53BP1
is recruited to chromatin via binding to histone
H4 monomethylated or demethylated at lysine
20 (H4K20mel and H4K20me2) and to histone
H2A. Therefore, cNHEJ operates throughout the
cell cycle, whereas HRR is mainly restricted to
the S and G2 phases. DDR is reduced in cells in
the late G2 phase and mid-prophase to allow for
progression through mitosis.

ATM and ATR Downstream Proteins

ATM phosphorylates and activates downstream
protein kinases that act as transducers and
effectors and in turn phosphorylate their own
substrate(s). For instance, p53 is stabilized by
phosphorylation and accumulates to activate
other proteins, including p21 that acts on CDKs.
CDKs in turn control cell cycle arrest (i.e. G1-S,
intra-S and G2-M checkpoints) to give cells time
to repair lesions before entering mitosis or to
engage in the intrinsic apoptosis process that
involves mitochondria and the activation of
pro-apoptotic molecules of the BCL2 family
(Fig. 5.1).

If the level of damage is too high, p53 can also
participate in the induction of apoptosis in the
irreversible arrest of proliferation
(i.e. senescence). Indeed, pS3, which is mutated
in 50% of cancers, is one of the many key proteins
in the response to RPT. However, p53’s role in
RPT is not clearly defined because of the hetero-
geneity of RPT models (radionuclide, vector and
cancer type). For example, our group reported
that AE-based RPT using '*’I-labeled mAbs is
pS53-independent [49]. Conversely, other authors
suggested that the p53-stabilizing peptide VIP116
might potentiate f-RPT [50].

Other ATM substrates include proteins
involved in the GI-S (p21), intra-S (FANCD2,
BRCAL, SMC1) and G2-M (CHK2) cell cycle
arrest, DNA repair poly(ADP-ribose) polymerase
1 (PARP1) and DNA-PK as mentioned above.
These factors enable DNA repair through the
NHE]J pathway before replication and mitosis.
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As patients resistant to prostate-specific mem-
brane antigen (PSMA)-targeted RPT often pres-
ent mutations in DDR genes, Privé et al.
retrospectively investigated 40 tumour biopsies
from patients with metastatic castration-resistant
prostate cancer (mMCRPC) to explore the impact of
the DDR on the response to PSMA-targeted RPT.
Surprisingly, they did not find a correlation
between pathogenic DDR gene alterations and
higher response to RPT [51]. Conversely, van
der Doelen et al. showed in 13 patients with
mCRPC treated with [**’Ac]Ac-PSMA-617 that
higher PSMA expression and DDR gene
alterations  (determined by  immunohis-
tochemistry) were associated with longer patient
overall survival [52]. Zhu et al. also reported in
one patient with a neuroendocrine tumour that
HRR defects may predict treatment response to
['"Lu]Lu-DOTATATE [53].

Many preclinical studies have combined RPT
with DDR inhibitors. A synergistic effect was
observed for a mesothelin-targeted **’ Th-labeled
radioconjugate and ATR or PARP inhibitors in
ovarian cancer xenograft models [54]. PARP
inhibitors also were successfully used in combi-
nation with a-, f- or AE-RPT in preclinical
models [55-59] and in several clinical trials with
[""7Lu]Lu-DOTATATE, ['"’Lu]Lu-PSMA-617
and [223Ra]Ra—dichloride.

5.3.3.1.2 Imaging DNA Damage Signalling

The imaging and quantification of DNA damage
in cells and tissues has been investigated in the
context of aging, mutagenesis, genotoxicity and
the response to radiotherapy. With respect to the
latter, pulsed field gel electrophoresis (PFGE) and
neutral comet assays have historically been used
to demonstrate the linear correlation between
DNA damage and irradiation dose during acute
EBRT. Although very precise, PFGE suffers from
alack of sensitivity and is thus not used anymore.
Therefore, alternative approaches allowing for the
longitudinal and non-invasive imaging of DNA
lesions are desirable. Radiotherapy does not cause
DNA damage events — either SDBs or DSBs — in
sufficient numbers for direct molecular imaging.
Therefore, alternative molecular imaging targets
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have been explored, most notably the imaging of
DDR proteins such as 53BPl1, yH2AX
and PARP.

In clinical studies, the quantification of DDR
proteins is performed by immunohistochemistry/
immunofluorescence on biopsied samples. How-
ever, biopsy can only offer the examination of a
few tumour sites and can be biased by tumour
heterogeneity. Molecular imaging, however,
offers the major advantage of in vivo longitudinal
studies on a high number of lesions as well as
non-targeted healthy organs. Several fluorescence
and nuclear imaging approaches for visualizing
the DDR have been developed. However, such
indirect downstream strategies inevitably raise
concerns, for example whether the expression of
the detected protein can be correlated to the num-
ber of DNA lesions. Furthermore, the presence of
these repair markers does not necessarily indicate
whether the break repair is complete, and repair
foci can also exist in the absence of DSBs
[60]. The nature of the DDR as a target also
presents  several design challenges for
radiopharmaceuticals: for example (i) how can
probes be driven within cell nucleus when most
molecular probes target membrane bound
receptors? and (ii) will nuclear probes themselves
induce the DDR? Finally, in the specific context
of RPT, complex lesions (e.g. MDS) are not
properly  recognized by DNA  sensors
(e.g. H2A), which might lead to an
underestimation of radiation-induced damages
using DDR-targeted probes. The continuous low
dose rate of RPT might not induce sufficient DDR
to be detected by molecular probes and repair
processes will occur while the irradiation is
on-going. However, our group showed in colo-
rectal cancer cell lines that DNA damage induced
by AE-mediated RPT was effectively detected by
the DDR [61]. It is also likely that the biological
response to RPT is more complex than after
EBRT and will involve signalling pathways
between cells that can generate delayed, non-
dose-related DNA damage.

Despite the caveats discussed above, two DDR
proteins have attracted particular attention as
targets for molecular imaging: yYH2AX and
PARPI1 (Fig. 5.4a) [62]. Notably, both SPECT
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(*'"In) and PET (*Zr) probes for the in vivo
quantification of yYH2AX were developed based
on an anti-yH2AX antibody. Cornelissen et al.
appended a TAT peptide to the antibody in
hopes of solving the problem of YH2AX’s
intranuclear localization [63]. The latter peptide
combines cell penetrating properties for trans-
membrane movement and a nuclear localizing
signal (NLS) to bind importins for
nucleocytoplasmic  trafficking. The authors
demonstrated the colocalization of an AF488-
anti-yH2AX-TAT with yH2AX foci in cells
post-external beam irradiation using confocal
microscopy. While the fluorescent probe
demonstrated membrane and cytoplasmic uptake
1 h post-irradiation, that accumulation
disappeared by 23 h, and a focal nuclear uptake
was solely observed. In vivo, the uptake of ['''In]
In-DTPA-anti-yH2AX-TAT and [¥Zr]Zr-DFO-
anti-yH2AX-TAT was demonstrated to be pro-
portional to the number of YH2AX foci per cell
observed by immunohistochemistry as well as the
tumour absorbed dose by external beam radiation
(Fig. 5.4b) [63, 64]. As we have noted above, the
use of radionuclides to image DDR is a contro-
versial issue, as the ionizing radiation could itself
cause further DNA damage and therefore the
accumulation of DDR proteins. Thus, it was
important for the authors to show that at the
specific activity used for imaging
(i.e. 0.1-1.0 MBg/pg) with ['''In]In-DTPA-anti-
YH2AX-TAT and [*Zr]Zr-DFO-anti-yH2AX-
TAT did not significantly decrease the cell sur-
viving fraction in a clonogenic assay. However,
['"'In]In-DTPA-anti-yH2AX-TAT was shown to
amplify DNA damage at specific activities
>3 MBqg/pg [65].

In the context of RPT, [lllln]In—DTPA—anti—y
H2AX-TAT facilitated the non-invasive visuali-
zation of the DNA damage response after ['/"Lu]
Lu-DOTATATE treatment in a preclinical mouse
model of pancreatic neuroendocrine cancer
[66]. O’Neill et al. underscored the correlations
between '7’Lu distribution, local absorbed dose
heterogeneity and the uptake of ['''In]In-DTPA-
anti-yH2AX-TAT using a dual isotope SPECT
imaging strategy (Fig. 5.4c) [66]. ['''In]In-
DTPA-anti-yH2AX-TAT showed increased
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uptake in tumours treated with ['’’Lu]Lu-
DOTATATE compared to animals treated with
an isotype control radioimmunoconjugate (")
In-DTPA-IgG-TAT) or vehicle alone (Fig. 5.4d).
Poty et al. further confirmed the potential of
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with ['"’Lu]Lu-DOTATATE (20 MBgq, 0.33 pg) and were
subsequently injected with ['''In]In-anti-yH2AX-TAT
(5 MBq, 5 pg) 72 h post-RPT. The images were acquired
71 h after the administration of ['”ln]In—anti—yHZAX—
TAT; (d) Tumour uptake of ['''In]In-anti-yH2AX-TAT
and isotype control ['''In]In-IgG-TAT at various times
after the treatment of mice bearing CA20948 tumours
with ['"7Lu]Lu-DOTATATE (20 MBg, 0.33 pg) or vehi-
cle control

[SQZr]Zr—DFO—anti—yHZAX—TAT for the early
monitoring of the DDR following **’Ac- and
77Lu-RPT in a preclinical mouse model of pan-
creatic adenocarcinoma [67]. However, this study
showed no difference in [89Zr]Zr-DFO-anti-y
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H2AX-TAT tumour uptake after a- and S-RPT
when the former resulted in prolonged animal
survival compared to the latter. This lack of cor-
relation between survival and early DDR
highlights that DNA damage is not the sole radio-
biology paradigm of merit and that other
radiation-induced biological effects (including
bystander effects) should be considered.

Both PARPi-FL and ['®*F]F-PARPi — a fluo-
rescent and '®F-radiolabeled PARPI-targeted
small molecule derived from the structure of
Olaparib — have been evaluated for the in vivo
molecular imaging of PARP1, a DDR protein that
is over-expressed in a wide array of cancers. It
was shown that the replacement of the cyclopro-
pane group in Olaparib with a BODIPY-based
fluorophore or a prosthetic group for '®F-labeling
did not affect significantly affect the affinity or
specificity of the 1 small molecule for its target
[68]. The preclinical evaluations of both probes in
human xenograft models validated their specific
accumulation in tumour tissues and led to their
clinical translation. PARPi-FL is currently under
investigation for the early detection of oral squa-
mous cell carcinoma after topical application
[69]. [ISF]F-PARPi, in contrast, is currently
being evaluated for the imaging of primary and
metastatic head and neck cancer lesions [70].

While PARP1 molecular probes have been
validated for the imaging of malignant tissue at
the preclinical and clinical stage, their application
for the evaluation of tumour response to (radio)-
therapy remains under-explored. Kossatz et al.
used PARPI-FL to visualize a correlation between
external irradiation and DNA damage response in
a murine model of oral cancer [71]. The probe
showed an increased in median radiant efficiency
in FaDu tumours within the first 48 h post-
external irradiation, 3.2 + 0.6 x 108 for tumour-
bearing mice versus 2.3 + 0.7 x 10® for controls.
These results were correlated to an increase in
PARPI expression ex vivo, suggesting that
PARP1 expression can be measured using
PARPi-FL at the whole tumour level. Despite no
reports in the context of RPT, this study
highlighted the potential of PARPi-FL as a
molecular imaging probe of the radiation-induced
DNA damage response. Clearly, further studies in
the context of RPT are warranted.
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5.3.3.2 Lipid Peroxidation and Cell
Membrane

DNA is not the only biomolecule subject to
radiation-induced damage. Indeed, lipids
constituting cellular membranes — specifically
their polyunsaturated fatty acids (PUFAs) — can
also be oxidized by direct and indirect (i.e. ROS)
radiation effects [72]. The resulting carbon-
centred radicals participate in chain reactions
that can oxidize other PUFAs before leading to
lipid-derived metabolites, namely
malonedialdehyde (MDA) or 4-hydroxyl-2-
nonenal (4HNE). In addition, Haimovitz et al.
showed in endothelial cells the role of ceramide
as an apoptosis messenger after exposure to high
EBRT doses [73]. Ceramide is a sphingolipid that
can be formed during the hydrolysis of
sphingomyelin  (another member of the
sphingolipid family) upon the activation of acidic
sphingomyelinase by hydroxyl radicals (Fig. 5.1).
The coalescence of ceramide into an enriched
large domain at the cell surface leads to the acti-
vation of signalling pathways involved in cell
death or the activation of ion channels. Our
group showed that this phenomenon takes place
during a- and AE-RPT, suggesting that the local
deposition of high levels of energy is required to
activate this pathway [72]. In the context of
AE-emitters targeting the cell membrane, we
demonstrated that signalling pathways turned on
by ceramide-enriched large domains activate
cyclooxygenase-2 (COX-2) and nitric oxide
synthase (NOX), which generate a second wave
of ROS and RNS in cells. Those species can then
cause further damages to cellular constituents
including DNA.

5.3.3.3 Other Extranuclear Targets

and Intracellular
Communications

Since the first studies focused on the irradiation of
the cell cytoplasm [74, 75], the role of this com-
partment in radiotherapy has been reconsidered.
Indeed, the development of a-(external)
microbeams that allow for the specific irradiation
of subcellular compartments has facilitate the fur-
ther study of effects of radiation on different
cellular compartments. Along these lines, it has
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been shown that cytoplasmic irradiation induces
oxidative DNA damage and lipid peroxidation, as
shown by the increased formation of 4HNE [76—
78]. In the cytoplasm, mitochondria — organelles
that play a central role in cell metabolism, energy
homeostasis and apoptosis — represent up to 25%
of the cell volume, which means that the proba-
bility that they will be hit by particles is high.
Mitochondria contain a circular double-stranded
genome (mitochondrial DNA, mtDNA) that
encodes proteins and ribosomal RNAs. Reports
indicated that the number of mitochondria, their
biogenesis and their function were all modified by
irradiation with a-particles [79-82]. High-LET
irradiation was also shown to cause mitochondrial
depolarization and fragmentation [79, 83]. This
was accompanied by the participation of the mito-
chondrial fission regulator, dynamin-related pro-
tein 1 (DRP1) in the degradation of dysfunctional
mitochondria through induction of autophagy to
maintain cellular energy homeostasis. However,
mitochondrial fission activated the phosphoryla-
tion of the AMP-activated protein kinase
(AMPK) and next of ERKI1/2 signalling
pathways leading to autophagy inhibition and to
cell death [84]. Radiation-induced mitochondria
damage leading to the dysfunction of respiratory
complex I was also observed and created persis-
tent oxidative stress through the increased pro-
duction of intracellular ROS and further
mitochondrial DNA damage. Not surprisingly,
the mitochondria are not the only cytoplasmic
organelle shown to be impacted by irradiation.
Indeed, cells exposed to gadolinium nanoparticles
and irradiated have also been shown to contain
altered lysosomes (unpublished results). Finally,
the expression of tyrosine kinases (e.g. epidermal
growth factor receptor), protein kinase C,
MAPKs, JNKs, phospholipase C, NF-kB-
mediated COX-2 and cytokines as well as the
activation of nitric oxide synthase and
mechanisms responsible for cytoplasmic Ca**
homeostasis have also been shown to be
modulated by radiation (reviewed in [85]).

5.3.3.4 Cellular Cycle Arrest
The activation of the DDR leads to cell cycle
arrest of the damaged cells at four specific
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checkpoints [42, 86, 87]. First, cells irradiated
during the G1 phase will stop their progression
according to mechanisms under the control of
ATM, p53 and p21, preventing entry into S
phase. Second, irradiated cells can slow down
their progression through S phase with the
involvement of ATM, Chk1/Chk12, CDC25A/
CDC25C, BRCA1 and BRCAZ2. Third, irradiated
cells can be blocked in early G2 phase to prevent
mitosis, a process that is ATM, Chkl1/Chk12,
CDC25A/CDC25C, BRCA1 and BRCA2 depen-
dent. And fourth, cells are blocked into late G2
(an ATR, Chkl and CDC25A/CDC25C depen-
dent process).

The progression through the cell cycle is under
the control of cyclin-dependent kinases (CDKs)
and cyclins that will control those cell cycle
checkpoints. In cancer, they are disrupted such
that cells can proliferate after the activation of
growth-promoting oncogenes, leading to replica-
tive stress and subsequent DNA damage. How-
ever, while it is generally thought that cell cycle
arrest during EBRT allows the cell more time to
repair its DNA, this arrest seems to influence the
quality of repair rather than the repair itself, as the
cell’s fundamental radiosensitivity does not seem
to be affected. Studies have investigated the role
of RPT on cell cycle progression [88-91]. For
example, in a lymphoma model, our group
showed that cell cycle arrest inhibitors
(e.g. MK-1775 and PD-166285 that inhibit
G2/M cell cycle progressions) sensitize tumour
cells to ['""Lu]Lu-lilotomab [89]. This is likely
generalizable to tumours with reduced inhibitory
CDKI1 phosphorylation, such as transformed fol-
licular lymphoma. In ovarian cancer, a '"’Lu-
labelled variant of the anti-L1CAM antibody
chCE7 was also successfully combined with
MK1775 [91]. In contrast, others showed that
blocking myeloma cells in G2/M phase by com-
bining a-RPT with paclitaxel and doxorubicin led
to radiosensitization [90].

5.3.3.5 Cell Proliferation

Despite the induction of DNA damage, cell can
repair their damage and continue to proliferate. In
the clinic, the assessment of cell proliferation
status is largely performed by staining of biopsy
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Fig. 5.5 Imaging cell vitality. (a) A brief overview of
molecular probes for the imaging of cell vital status after
irradiation; (b) [18F]FLT PET/CT imaging in healthy
Balb/cJBomtac mice. ['*F]FLT uptake was detected in
the bone marrow cavities (white arrows) of the baseline
scan. The mice were then treated with 150 MBq of [1"7Lu]
Lu-DOTATATE and imaged again with ['*F]FLT. The
uptake of ['8FJFLT in the marrow cavities (red arrows)
was abolished after ['/’Lu]Lu-DOTATATE therapy,
indicating a marked decrease in proliferation. (¢) [**™Tc]
Tc-HYNIC-Annexin A5 SPECT/CT imaging in a 60-year

samples for Ki-67, an invasive method that limits
the longitudinal follow-up of the proliferative
index of multiple tumour lesions. Therefore, the
use of molecular imaging probes to assess cell

old patient with non-Hodgkin lymphoma. Low-dose radio-
therapy induced an increase in [*™Tc]Tc-HYNIC-
Annexin A5 uptake in the tumour (white arrow), salivary
gland and cervical bone marrow compared to the baseline
scan. (d) ["®FJF-ML-10 PET imaging in a patient with
brain metastases treated with whole-brain radiation ther-
apy at 30 Gy in ten daily fractions. While the baseline scan
showed a basal apoptotic load, the treated area
demonstrated increased ['®F]F-ML-10 uptake, reflecting
radiation-induced apoptosis

proliferation in vivo could be a useful tool for
monitoring the radiobiological response to RPT
(Fig. 5.5a).
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One established molecular probe for the
in vivo assessment of cell proliferation is
3'-deoxy-3'-['®Ffluorothymidine  (['®F]-FLT).
In cellulo, ['®*F)-FLT is phosphorylated by cyto-
solic thymidine kinase 1 (TK1) to create
FLT-monophosphate and subsequently into the
corresponding diphosphate and triphosphates.
TK1, a key enzyme in DNA precursor synthesis,
is upregulated during cell cycle S phase and is an
indicator of active cell proliferation. The substitu-
tion of the hydroxyl group at the 5’-end of thymi-
dine with fluorine prevents its binding to DNA.
Moreover, once in a triphosphate state, [18F]—FLT
remains trapped intracellularly due to its high
hydrophilicity. It follows that cancer cells with
high proliferative index should exhibit high
uptake of ['®F]-FLT, and a significant decrease
in [ISF]-FLT uptake should be observed after
therapy.

In preclinical models, Pan et al. used PET/CT
to demonstrate that the kinetics of ['®F]-FLT were
impacted 1-day post-external beam irradiation at
doses of 5 Gy and higher [92]. In the clinic, ['*F]-
FLT uptake in patients with non-small cell lung
cancers was shown to correlate with Ki-67 score
[93]. Tumour proliferation after curative-intent
radiotherapy (46 Gy) in non-small cell lung can-
cer was further evaluated using ["®F]-FLT in
5 patients and compared to [lgF]—FDG (metabo-
lism) and [18F]F-MISO (hypoxia). The authors
reported a significant decrease in the SUV ., of
[18F]-FLT in both tumours and nodes, while no
statistical differences were observed for ['F]-
FDG and ['®F]F-MISO [94].

The application of ['®*F]-FLT imaging to RPT
has been very limited. Ahlstedt et al. reported the
use of [18F]—FLT to evaluate radiation damage to
the bone marrow of mice following treatment
with  ["""Lu]Lu-DOTATATE (Fig. 5.5b)
[95]. Compared to mice treated with vehicle
alone, mice treated with ['"’Lu]Lu-DOTATATE
showed a marked decrease in [ISF]-FLT SUV hax
from baseline in the different marrow cavities.
Despite the lack of tumour-bearing mice, this
study highlights the potential of ['®F]-FLT to
non-invasively image RPT-induced changes in
cell proliferation.

J.-P. Pouget et al.

5.3.3.6 Cell Death

Cells can die in a variety of ways. The
mechanisms of cell death include apoptosis,
mitotic death, necrosis, senescence, pyroptosis
(an inflammatory form of lytic programmed cell
death), ferroptosis (an alteration of the cellular
redox metabolism) and anoikis (an extracellular
matrix anchorage-independent cell death). DDR
proteins play a central role in these outcomes. The
diversity and complexity of cell death pathways
raise the questions of how cell death can be
quantified and whether the different mechanisms
can be distinguished. Because radiation-induced
cell death can be delayed in time and occur after
several rounds of the cell cycle, clonogenic assays
were the first gold standard method for measuring
cell death [96]. Clonogenic assays describe the
ability of cells to form a new colony after several
cell divisions (12 days at least). However, the
clonogenic survival of senescent cells is equal to
zero while the cells are alive and can still secrete
factors that can influence the growth or death of
neighbouring cells. Clonogenic assays are also
limited to in vitro evaluation.

Not surprisingly, imaging probes have been
evaluated in this context. Established molecular
probes for cell death allow for the monitoring of
key cell death features, including cell membrane
asymmetry and permeability, changes in mito-
chondrial transmembrane potential and increased
proteolysis (caspase activation). As these phe-
nomena are not restricted to one mechanism of
cell death, the imaging probes do not delineate
only a single pathway of cell death. Therefore,
changes in the uptake of a cell death-targeting
probe may result from multiple mechanisms.

The disturbance of cell membrane asymmetry
is a feature of apoptosis, pyroptosis, mitotic catas-
trophe and anoikis. It is characterized by the
translocation of phospholipids, specifically
phosphatidylethanolamine (PE) and
phosphatidylserine (PS), from the inner to the
outer leaflet of the cell membrane. Consequently,
PE and PS appear as potential target for cell death
imaging. Along these lines, it is also important to
note that both PE and PS might become accessi-
ble during necrosis after integrity of the cell
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membrane has been lost. Annexin A5 (also com-
monly referred as Annexin V) is a protein isolated
from the human placenta that has been studied for
its Ca®*-dependent binding of negatively charged
PS. Derivatives of annexin A5 for nuclear, MR
and fluorescence imaging have been developed
and evaluated at the preclinical and clinical
stages. For example, [*°™Tc]Tc-HYNIC-Annexin
A5 showed increased uptake in subcutaneous
lymphoma xenografts as external beam radiation
dose increased [97]. In this same study, the uptake
of the SPECT tracer was found to have a linear
correlation with the number of apoptotic
(i.e. TUNEL-positive) cells.

In the clinic, studies in 33 patients with malig-
nant lymphoma, leukaemia, non-small cell lung
cancer and head and neck squamous cell carci-
noma reported a marked increase in [99mTc]Tc-
HYNIC-Annexin A5 uptake after radiotherapy
compared to baseline in patients with complete
or partial response (Fig. 5.5c) [98]. Yet despite
promising results, probes based on Annexin A5
probes failed to meet clinical expectations due to
their low signal-to-noise ratios related to their
slow clearance and high non-specific accumula-
tion in healthy organs especially the liver and
kidneys. Moreover, the evaluation of a patient’s
response to therapy with an Annexin AS5-based
imaging agent would require multiple scans after
treatment, a complex protocol that hampered clin-
ical enthusiasm.

Altered cell membrane permeability is a hall-
mark of apoptosis. This phenomenon is
accompanied by the permanent acidification of
the external plasma membrane leaflet and cytosol
and an activation of y-scramblase. The
APOSENSE family of compounds have been
developed to detect these apoptosis-related
alterations. These small molecules possess an
amphiphatic (both hydrophilic and hydrophobic)
structure that serve as a membrane anchor as well
as a charged moiety that prevents the crossing of
the healthy cell membrane. Fortuitously, all of the
compounds in the group contain an inherently
fluorescent dansyl group, and one was labelled
with “F to create a probe — [18F]F—ML10 — for
apoptosis imaging. In ten patients with brain
metastases treated with whole-brain irradiation
(30 Gy), a significant increase in ['*F]F-ML10

109

uptake was observed in the tumour lesions after
radiotherapy (Fig. 5.5d) [99]. This early assess-
ment of response also correlated with later
changes in anatomical dimensions as observed
by MRI. However, to the best of our knowledge,
no evaluation of ['®FJF-MLI10 in the context of
RPT has yet to be reported despite the probe’s
clear promise.

Cell death is associated with a proteolytic cas-
cade mediated in large part by caspases. Caspase-
3 is a key player in apoptosis and has attracted a
lot of attention as a target for molecular imaging.
However, the design of caspase-targeted probes is
a challenge, as caspases are highly homologous
and share a high percentage of structural and
active site identity. Moreover, any caspase-
targeted radiopharmaceutical must be able to
cross the plasma membrane because caspases
are located in the cytoplasm. For caspase-3 imag-
ing, both small molecule and peptide-based
nuclear probes have been evaluated. The small
molecule-based radiotracer, [18F]F-ICMT-11,
showed higher uptake in chemotherapy-treated
tumours compared to controls in murine cancer
models [100]. The subsequent clinical investiga-
tion of [18F]F-ICMT-11 in healthy volunteers as
well as patients with breast and lung cancer
revealed a suboptimal mixed renal and
hepatobiliary excretion profile that leads to high
tumour-to-background activity concentration
ratios [101]. Low tumour uptake was reported in
cancer patients after first-line chemotherapy,
which was imputed to poor apoptosis induction
and the heterogeneous response within the
tumours [102].

A different imaging agent — ['*F]F-CP-18, a
caspase-3/-7 substrate based on the pentapeptide
DEVDA - demonstrated contrasting results in
preclinical evaluations. Specifically, increased
uptake was reported in apoptotic tumours in
murine cancer models [103]. However, low abso-
lute uptake values were reported for ['*F]F-CP-
18, raising doubts regarding the level of apoptosis
induced and the specificity of the tracer for its
target. A phase II clinical trial with ['*F]F-CP-18
was initiated in 2012, but this trial was rapidly
withdrawn without official explanation. To our
knowledge, no evaluation of the radiopharmaceu-
tical has been performed in the context of RPT.
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5.3.3.7 Senescence

Cellular senescence is characterized by perma-
nent cell cycle arrest and the activation of a
senescence-associated  secretory  phenotype
(SASP). Senescence attracted a great deal of
attention in oncology during last decade, and its
ambivalent (protective and stimulatory) role has
been highlighted in the context of cancer. Recent
investigations have led to the addition of senes-
cence to Hanahan’s Hallmarks of Cancer in 2022
[104]. While senescence remains under-
investigated in the context of RPT, it is well
shown that ionizing radiation from EBRT can
induce senescence. Therefore, there is a current
need for molecular probes for the non-invasive
imaging of cell senescence.

Senescent cells present an overexpression of
lysosomal beta-galactosidase, a biomarker that is
widely used for the in vitro characterization of
senescent cells via histochemical staining. Fluo-
rescent probes for the senescence-associated acti-
vation of beta-galactosidase were reported first,
most notably a far-red fluorescent beta-
galactosidase  substrate developed by the
Weissleder laboratory [105]. The enzymatic
cleavage of this fluorescent probe by beta-
galactosidase resulted in a 50 nm red shift that
allowed for the specific detection of the cleaved
probe against the background fluorescence of the
intact probes. In vivo imaging in a model of
glioma expressing beta-galactosidase validated
the potential of the probe for the real-time
in vivo monitoring of beta-galactosidase activity.
More recently, a beta-galactosidase-targeting
PET radiotracer, [18F]F-PyGal, was evaluated in
tumour-bearing mice in which senescence had
been induced by chemotherapy [106]. Compared
to controls, the uptake of the tracer increased in
the chemotherapy-treated animals. Furthermore,
the ex vivo comparison of the uptake of the radio-
tracer (via autoradiography) to the expression of
beta-galactosidase (via histochemical staining)
showed a strong correlation. These probes should
definitely be evaluated in the context of
RPT-induced senescence.

J.-P. Pouget et al.

5.3.4 The Role of Tissue
Microenvironment
and Intercellular
Communications

5.3.4.1 Bystander and Abscopal Effects

The use of a-microbeam irradiation was a major
step forward in understanding the role of intercel-
lular communications, as it allowed for the irradi-
ation of specific cells within a population
[107]. More specifically, this technology
facilitated the evaluation of both targeted effects
in cells traversed by particles as well as so-called
non-targeted effects (a.k.a. bystander effects) in
neighbouring non-irradiated cells (Fig. 5.1). For
example, in one experiment, chromosomal
aberrations were observed in 30% of cells, while
less than 1% of cells were effectively irradiated
[76]. This observation led to a plethora of
publications in the field of EBRT. Generally
observed at low EBRT doses (<0.5 Gy) when
all the cells are not traversed by particles,
bystander effects could play a more prominent
role in RPT given its lower ‘routine’ dose-rate
irradiation and its heterogeneous dose distribu-
tion. To date, bystander effects have been
reported after high-LET radiation (a-particles
and AEs) but not with B-particles. However, this
should be investigated further. Our group
reported that RPT-induced bystander effects
could be initiated at the cell membrane level
(e.g. by a 'PL-radiolabelled non-internalizing
mAb) through the formation of lipid rafts and
also when the radionuclide was located in the
DNA (e.g. 5-['*°II-2’-deoxyuridine, IdUrd)
[49, 72, 108]. With a-particles, we showed that
70% of cells were killed by targeted effects, while
30% were killed by bystander effects. Similar
proportions of cell killing were obtained with
AE-emitters located in the DNA (IdUrd), but
these values changed to 15% and 45%, respec-
tively, when AE-emitters were located at the cell
membrane level. Finally, bystander effects were
observed ex vivo on tumour slices as revealed by
immunofluorescence staining in which YH2AX
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was shown to be produced over 1 mm from the

radiation source as observed using digital
autoradiography.

While bystander effects are short range
non-targeted effects, systemic effects — also

referred as ‘abscopal effects’ in EBRT — can be
observed at longer distances. Abscopal effects are
mediated by circulating factors or actors like
immune cells. Radiation-induced immunogenic
cell death is mediated by the release of danger-
associated molecular patterns (DAMPS) like
ATP, HMGBI1, calreticulin or other molecules
like nucleic acids. Through the presence of toll-
like receptors, the latter danger signals can next
be recognized by phagocytic cells, including
macrophages and immature dendritic cells that
participate in innate immunity through the gener-
ation of a local inflammatory microenvironment.
This environment in turn will facilitate the recruit-
ment of other immune cells and the secretion of
cytokines, co-stimulating molecules (CD40,
CD80, CD86, MHC-I and -II), and chemokine
receptors (CCR7) that will drive mature antigen-
presenting cells to the lymph nodes where they
will cross-present tumour-derived antigens to
CD8* and CD4" T cells to prime an adaptive
immune response [109-111]. Therefore, there
has recently been increased interest in the devel-
opment and evaluation of the radiation-induced
anti-tumour immune response.

Several reports in the field of RPT indicate that
the immunostimulatory effects of radiation could
convert immunologically ‘cold’ tumours into
‘hot’ tumours with the hope of increasing the
response to immunotherapies [112, 113]. How-
ever, so far, RPT parameters that could affect the
immune response have not been clearly
identified. Radiation nature, absorbed dose, dose
rate and dose fractionation may be the major
actors, as they will modulate DNA damage and
repair and can differentially trigger the cGAS/
STING pathway [114-117].

5.3.4.2 Immuno-imaging

Monitoring the immune response in vivo is of
major interest not only in the context of RPT but
for cancer therapies in general. Several
approaches exist for the non-invasive in vivo
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tracking of immune cells, including the (i) direct
labelling of immune cells by in vitro incubation
with a radiotracer, (ii) the use of reporter genes
and (iii) the use of immunoPET probes directed
against immune cell surface receptors (Fig. 5.6).
For the sake of brevity, we will only cover a few
molecular probes that have been evaluated in the
context of the radiation-induced immune
response.

CD8™ cytotoxic lymphocytes are key players
in the anti-tumour immune response, and a large
range of CDS8-targeted molecular probes have
been developed and evaluated in preclinical and
clinical studies. Among them, a F(ab)’, fragment
targeting murine CD8a* was radiolabelled with
copper-64 and evaluated as a tool to evaluate the
response of immunocompetent mice bearing
colon adenocarcinoma to a combination of
CTLA-4 immune checkpoint inhibition and
EBRT (Fig. 5.6b) [118]. Notably, the authors
reported a significant increase in the tumour-to-
heart activity concentration ratios of [64Cu]Cu-
NOTA-CD8a in mice receiving EBRT and anti-
CTLA-4 therapy as compared to controls. Inter-
estingly, two distinct groups of responding and
non-responding mice were observed in the com-
bination therapy cohort in a survival study. A
retrospective analysis of [64Cu]Cu—NOTA—CD8a
PET imaging highlighted the predictive value of
the tracer: the tumour-to-heart activity concentra-
tion ratio increased significantly in treated
responders compared to treated non-responders
and controls.

Tumour-associated macrophages have also
drawn the attention of the molecular imaging
community, as their number in the tumour micro-
environment is known to affect both treatment
outcome and cancer prognosis. Therefore, a vari-
ety of molecular probes have been explored for
the non-invasive imaging of tumour-associated
macrophages. For example, Luo et al. developed
a  dextran-indocyanine  green  (DN-ICG)
nanoprobe for the imaging of tumour-associated
macrophages in the second near-infrared window
(1000-1700 nm) [119]. The probe was evaluated
in a subcutaneous murine model of pancreatic
cancer after low-dose radiotherapy (5 Gy) or che-
motherapy (zoledronic acid). The fluorescent
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A. Tumor vasculature

Off-target effects

B . Control

Fig. 5.6 Imaging radiation-induced effects in the tumour
microenvironment. (a) Examples of radiation-induced
off-target effects and their corresponding targeted molecu-
lar probes. (b) Representative maximum intensity projec-
tion of [**Cu]Cu-NOTA-CD8a PET imaging in mice
bearing subcutaneous CT26.WT xenografts that had been
treated with external beam radiotherapy and anti-CTLA-4
therapy. The mice were retrospectively classified into

signal in the tumour increased twofold in the case
of low-dose radiotherapy and decreased by 50%
in the cohort treated with chemotherapy. Impor-
tantly, these post-treatment changes were shown
to match changes in macrophage infiltration by
flow cytometry.

Immune checkpoints are an important compo-
nent of the immune response, and immune check-
point inhibitors have — to say the least — garnered
a great deal of attention in oncology over the last
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responders and non-responders to investigate the accuracy
of [**Cu]Cu-NOTA-CD8a for therapy monitoring and
response prediction. The circles indicate tumours. (¢) Rep-
resentative maximum intensity pSPECT/CT projections
acquired with ['''In]In-anti-mPD-L1 in mice bearing sub-
cutaneous CT26 xenografts that had either been irradiated
(10 Gy) or not. The tumours are indicated by arrows

decade. Programmed death protein ligand
1 (PD-L1) has been found to be upregulated in
irradiated tissues. Using a human PD-L1 targeted
antibody (atezolizumab) radiolabelled with
zirconium-89, Ehlerding et al. assessed the
upregulation of PD-L1 in mice bearing subcuta-
neous lung cancer xenografts receiving two
EBRT regimens: 1 x 5 Gy and 5 x 2 Gy
[120]. [*Zr]Zr-DFO-atezolizumab enabled the
clear visualization of the entire lymph node
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network. One day after irradiation, [SQZr]Zr—
DFO-atezolizumab produced tumour activity
concentrations of 2.4 + 1.2%IA/g in the
1 x 5 Gy cohort, 44 + 1.5%IA/g in the
5 x 2 Gy and 2.1 + 0.5%IA/g in the control
cohort. Interestingly, this study validated both
the potential of the radiotracer to monitor
in vivo PD-L1 expression as well as dose frac-
tionation to induce PD-L1 expression.

Since PD-L1 is also expressed by subsets of
immune cells, Heskamp et al. validated the poten-
tial of ['''In]In-DTPA-anti-hPD-L1 for SPECT
imaging in tumour-bearing humanized mice
[121]. Compared to non-humanized mice,
humanized mice exhibited an increased accumu-
lation of ['''In]In-DTPA-anti-hPD-L1 in the
spleen and lymph nodes. Interestingly, despite
high levels of uptake in the lymphoid tissues
and the presence of PD-L1-expressing immune
cells, the uptake of the tracer in the tumour was
not negatively affected by the use of humanized
mice. In this same study, the investigators also
used SPECT to explore the upregulation of
PD-L1 after radiotherapy. Indeed, 24 h after irra-
diation with 10 Gy, the uptake of ['''In]In-
DTPA-anti-mPD-L1 was significantly higher in
irradiated tumours (26.3 + 2.0%IA/g) compared
to their non-irradiated counterparts (17.1 + 3.1%
IA/g) (Fig. 5.6¢).

Finally, the CXCR4-CXCL12 signalling path-
way is involved in oncogenesis and the treatment-
induced recruitment of CXCR4"™ cytotoxic
immune cells. Therefore, CXCR4 is also an
attractive biomarker for both cancer diagnosis
and treatment monitoring. Numerous molecular
imaging probes have been developed for the
non-invasive imaging of CXCR4 expression.
Amongst them, a ®Ga-cyclic pentapeptide
known as [*®Ga]Ga-Pentixafor has been widely
evaluated in clinical trials for the imaging of a
broad range of CXCR4-expressing cancers.
AMD?3100 (Plerixafor®) has also been used as a
scaffold for the development of CXCR4-targeted
radiopharmaceuticals. To wit, Hartimath et al.
validated the use of N-[“C]methyl-AMD3465
for monitoring radiation-induced changes in the
expression of CXCR4 by  tumours
[122]. Tumour-bearing mice were irradiated
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with a single-fraction 14 Gy dose of external
beam radiation. Seven days after irradiation,
PET imaging revealed a 2.5-fold higher uptake
of the radiotracer in irradiated tumours compared
to sham-treated tumours (1.1 =+ 0.3%IA/
g vs. 0.4 + 0.1% IA/g, respectively). This study
justifies the further evaluation of CXCR4 as an
imaging biomarker for the radiation-induced

immune response.

5.3.5 Controversial Issues

5.3.5.1 Dose-Response During RPT

One controversial issue of RPT is whether dosim-
etry is necessary and useful for predicting the
efficacy and side effects of RPT. The purpose of
radiotherapy is increasing patient survival
through local tumour control. The latter is theo-
retically obtained when all of the tumour’s
clonogenic cells, which may proliferate and
cause recurrence, have been inactivated
[123]. The first mathematical models describing
the probability of local control referred as
‘tumour control probability’ (TCP) were
introduced one century ago during EBRT. TCP
curves describe tumour control progression as a
function of tumour absorbed dose and require
defining a certain biological endpoint (e.g. based
on RECIST criteria). TCP curves show a ‘dose
threshold’ below which no tumour control is
observed, followed by an increase in tumour con-
trol which correlates with the increasing dose, and
finally a tumour control plateau. In EBRT, the
absorbed dose is more easily determined as it
depends only on the external source of X-rays.
Moreover, the field of irradiation is well defined,
and dose is considered as homogeneous.

Normal tissue complication probability
(NTCP) can also be established for healthy tissues
in a manner similar to TCP [124]. As mentioned
above, the LQ model was introduced in the 1980s
to explain TCP and NTCP. However, RPT faces
several challenges. First, absorbed dose determi-
nation is not as straightforward as in EBRT, and
absorbed doses are still rarely available in either
preclinical or clinical models. As a consequence,
corresponding alpha and beta values — determined
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from dose-response curves — are not available
under RPT such that the LQ model has not been
validated yet. Another difficulty is that RPT gen-
erally aims at treating multiples nodules in meta-
static ~ disease. = Subsequently, a  strong
heterogeneity in radiopharmaceutical uptake
(and in absorbed doses) can be observed between
nodules, even within the same patients. More-
over, for the same absorbed dose, tumour
response can be different, suggesting heterogene-
ity in tumour biology between nodules. Subse-
quently, the correlation between absorbed dose
(and absorbed dose rate) and tumour response
can vary dramatically within a single patient
from one metastatic lesion to another (unpub-
lished results), suggesting that the relationship
between dose and response depends also on
other parameters as well. Such observations
were also reported by Bodei et al. with respect
to the long-term effects of RPT patients with
neuroendocrine tumours [125, 126]. For some
nodules, an ‘inverse dose rate effect” may be
also observed, i.e. RPT could be more efficient
per Gy than EBRT [127]. It is also likely that
continuous low dose rate may be more favourable
than high doses and high dose rates for
stimulating an immune response [128]. The con-
tribution of non-targeted effects to the final out-
come of patients was already highlighted in the
literature beginning 20 years ago [129, 130].

In spite of these aspects, some clinical studies
including dosimetry (unpublished results) seem to
indicate that an absorbed dose threshold, above
which tumours don’t progress, exists in RPT.
This dose threshold now needs to be appreciated
regarding toxicity towards healthy tissues.
5.3.5.2 PET Imaging Gold Standard:
['®FIF-FDG
['®F]2-fluoro-2-deoxy-D-glucose  (['*F]F-FDG)
is the most widely used radiotracer in oncology.
Because of its high clinical availability and its
wide applicability, ['"®F]F-FDG is the primary
molecular imaging probe used in radiation oncol-
ogy for treatment planning and the evaluation of
the efficacy of radiotherapy. ['*F]F-FDG is taken
up by tumour cells as a result of glucose transport
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proteins (GLUTI1). Once internalized, [ISF]F—
FDG is phosphorylated into ['*F]F-FDG-6-phos-
phate and is thus metabolically trapped within the
cell due to the fluorine substitution. Generally
speaking, the uptake of ['*F]F-FDG in tumour
cells is higher compared to normal tissues due to
the high glycolytic rates of tumours. Relative
changes in the standard uptake values of ['®F]F-
FDG (SUVs) are evaluated for the assessment of
response to treatment (i.e. chemotherapy, radio-
therapy) and the classification of patients into
different response categories according to the
guidelines of the European Organization for
Research and Treatment of Cancer, the National
Cancer Institute and the PET Response Criteria in
Solid Tumours (PERCIST).

Numerous clinical studies have demonstrated
the utility of ['*F]F-FDG for the early (during
radiotherapy) or late (after radiotherapy) assess-
ment of the metabolic response of tumour tissue
in a range of diseases, including lung, head and
neck, rectal, oesophageal or cervical cancers
[131]. However, the use of [18F]F-FDG to assess
response to radiotherapy suffers from a major
limitation: the high uptake of ['*F]F-FDG in
areas of radiation-induced inflammation and the
infiltrating macrophages that surrounds the
tumour. While the metabolic activity of tumour
cells decreases progressively during radiotherapy,
this decrease can be counterbalanced by an
increase in inflammation. Taken together, this
significantly complicates the interpretation of
imaging results. Therefore, the timing of the
[18F]F-FDG scan is critical. Sufficient tumour
cells should be viable in order to extract informa-
tion, and the surrounding inflammation should be
limited. One should also highlight that the quan-
tification of changes in [18F]F—FDG uptake is
difficult and sometimes impossible in organs
with high baseline metabolic activity such as the
brain. To overcome these issues, a shift to more
specific  biomarkers of radiation-induced
biological events — discussed in Sects. 5.2.1,
5.2.2 and 5.2.3 — should be considered. At pres-
ent, however, this shift remains limited by the
availability of the radiotracers.
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5.4  The Future of RPT
Radiobiology: Imaging
and Radiomics Input

Several reports and opinion papers have

highlighted the need to specifically investigate
the radiobiology of RPT [4, 132]. Beyond pre-
clinical experiments, the collection of data on
RECIST and PERCIST criteria, and the analysis
of dosimetry data, there is a need to develop the
field of clinical RPT radiobiology. This is now
possible, as the number of patients treated with
RPT is increasing. Clinical samples before and
after therapy (i.e. liquid biopsies and tumour
samples from patients) together with standard,
clinical parameters such as the patient’s age,
sex, tumour type, tumour grade, previous
treatments, lifestyle and environmental factors
should be collected and analysed.

Furthermore, in the preceding pages, we have
highlighted a broad range of molecular imaging
probes that could offer non-invasive approaches
to evaluate radiobiology during and after RPT.
The collection of images through a broad range of
techniques can allow (even in a retrospective
manner) for the mining of quantitative features
thanks to radiomics. Using mathematical models
and artificial intelligence (AI) methods, radiomics
entails the exploration of potential associations
between imaging features and biological clinical
outcomes [133]. The general idea is that standard
medical images can provide a large amount of
additional information about tumours directly
related to their biology [134].

Radiomics could be described in five main
steps: image acquisition, post-acquisition image
processing, segmentation, radiomic feature
extraction and radiomic modelling. However,
image pre-processing steps are also needed to
homogenize the images in order to reduce noise,

enhance quality and facilitate reproducible and
comparable radiomic analyses
[135]. Segmentation — which consists of

contouring regions of interest (ROI) — is a
non-negligible step, as radiomic results will differ
significantly depending on the ROI delineation
(e.g. contouring method or observer). From
these ROIs, several hundred radiomic features
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can extracted, including descriptors of size,
shape, volume, intensity distribution (extracted
from the histogram) and texture patterns
[136]. Texture features refer to a variety of math-
ematical descriptors that evaluate the grey-level
intensity as well as the position of the pixels
within the ROI and can thus provide a measure
of tumour heterogeneity [137].

The aim of radiomic modelling is to investi-
gate the relationship between image features and
an investigated clinical outcome in order to create
a model that will provide clinical decision support
for diagnosis, prognosis, treatment response pre-
diction or overall survival prediction. This part
involves three major steps: feature selection,
modelling methodology (training step) and vali-
dation [138]. In order to make the model as robust
as possible, a hundred input data (i.e. patients or
animals), whose investigated outcome is known
are required to produce a dataset [139]. This
dataset is randomly divided into two cohorts:
one for feature selection and training (70%), and
the other for validation (30%). The aim of feature
selection is to reduce the risk of overfitting by
excluding irrelevant or redundant features. Sev-
eral machine learning algorithms are generally
applied to train the model, such as random forests,
support vector machines and neural networks.
Finally, each model is evaluated using the valida-
tion cohort and by measuring the confusion
matrix. Ultimately, the model with the best per-
formance is selected.

We strongly believe that the generation of
large data banks with biological samples and
medical images in tandem with the coalition of
researchers and clinicians with a broad range of
expertise have the power to drive major
breakthroughs in the radiobiology of RPT.

5.5 The Bottom Line

+ RPT offers a unique opportunity to irradiate all
tumour sites in metastatic disease with low- or
high-LET radiation.

* The radiobiology of RPT cannot strictly be
extrapolated from the radiobiology of EBRT.
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* Non-targeted effects — including short-
distance communications (bystander cytotox-
icity) and long-distance systemic effects
(including immune system activation) —
should be considered alongside the effects to
targeted tissues.

* Clinical radiobiology using patient data and
samples needs to be more deeply and widely
explored.

* Molecular imaging probes for the
non-invasive monitoring of radiation-induced
biological events have already been devel-
oped, but only a very limited number have
been evaluated in the context of RPT.

* The use of imaging in radiobiology remains
under-investigated and is faced by numerous
challenges, including (i) the availability of
appropriate and relevant radiotracers, (ii) the
appropriate timing of follow-up scans, (iii) the
accumulation of the radiotracer in areas
surrounding the tumour or normal tissues and
(iv) poor signal-to-noise ratios.

* The combination of radiomics and artificial
intelligence methods may entail the explora-
tion of both preclinical and clinical
radiobiology.
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