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ABSTRACT

Osseous metastases are a source of significant morbidity for patients with a variety of cancers. Radiotherapy is well
established as an effective means of palliating symptoms associated with such metastases. The role of external beam
radiotherapy is limited where sites of metastases are numerous and widespread. Low linear energy transfer (LET)
radionuclides have been utilized to allow targeted delivery of radiotherapy to disparate sites of disease, with evidence of
palliative benefit. More recently, the bone targeting, high LET radionuclide ??*>Ra has been shown to not only have
a palliative effect but also a survival prolonging effect in metastatic, castration-resistant prostate cancer with bone
metastases. This article reviews the different radionuclide-based approaches for targeting bone metastases, with an
emphasis on ??°Ra, and key elements of the underlying radiobiology of these that will impact their clinical effectiveness.
Consideration is given to the remaining unknowns of both the basic radiobiological and applied clinical effects of 2*>Ra as

targets for future research.

A significant burden is imposed on patients with cancer by
osseous metastases; they are common in many forms of
malignancy and are often highly symptomatic. In an early
autopsy series of 1000 patients dying from disseminated
malignancy of various primary sites, Abrams et al' found
bone metastases present in 27.2% of their series. Metastases
have biologically defined tropisms related to their site of
origin. Although the biochemical determinants of these
tropisms remain poorly understood, their effects are clear
in the clinic and mean that certain sites of cancers have
a particular preponderance for forming bone metastases.
Autopsy data adapted by Coleman® show that 73% of
patients dying of breast cancer, 68% of patients dying of
prostate cancer and 36% of patients dying of lung cancer
have bone metastases present at post-mortem. Of those
patients with osseous metastases, a significant proportion
goes on to develop skeletal-related events (SREs) in relation
to their metastases. The precise definition of SREs differs
between trials, but they generally refer to any of the fol-
lowing four clinical outcomes: the need for external beam
radiotherapy (EBRT) for bone pain, development of ma-
lignant spinal cord compression, pathological fracture
(symptomatic or asymptomatic) or the need for orthopae-
dic intervention to bone metastasis. In the context of a life-
limiting illness, any of the above is obviously of huge
detriment to a patient’s well-being on a number of fronts;

pain by its very nature, time spent attending hospital,
immobility associated with fracture/surgery etc. In their
review of Phase 3 randomized trials of bone-modifying
agents, Poon et al’ show that in the placebo arms of 11
such trials, the percentage of patients with bone metastases
experiencing SREs ranged from 23.47% to 67.2%. Thus
bone metastases are a common finding in advanced ma-
lignancy and within the cohort of patients experiencing
them; SREs are a common outcome, with obvious detri-
ment to the quality of life of the patients affected.

EBRT is a proven and well-established means of managing
pain associated with bone metastases. In their systematic
review of studies examining the palliative benefit of EBRT
for bone metastases, Chow et al* found overall response
rates, with regard to pain, of 58% for single fraction and
59% for multiple fraction treatments. The same authors
found complete pain response rates of 23% in single
fraction and of 24% in multiple fraction treatments. A
large determinant of the degree of toxicity associated with
EBRT treatment is the volume of normal tissue that is
irradiated in pursuit of optimally irradiating disease. Thus,
with increasing number of metastases requiring treatment
by EBRT, there is increasing likelihood of significant tox-
icity. For this reason, when targeting multiple disparate
sites of bone metastases within a single field (wide-field
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radiotherapy) dose deliverable is severely constrained by normal
tissue toxicity; the alternative approach of targeting individual
metastases as its own clinical target volume rapidly becomes
impractical as the number of metastases increases, from the
point of view of planning and set-up time. Thus, noting both the
beneficial effect of radiotherapy and the limitations inherent
to EBRT, an alternative strategy of delivering radiotherapy is
needed for those patients with very widespread disease. This
cohort is not small; in a recent Phase 3, randomized trial,
patients with prostate cancer metastatic to bone at a minimum of
two sites, but not metastatic to the viscera were recruited. Within
the placebo group, 12% of patients had <6 metastases, 48% had
6-20 metastases, 30% had >20 metastases and 10% had a so-
called “superscan”, which is a scan with diffuse uptake throughout
the entire visualized skeleton, corresponding to very widespread
and advanced metastatic infiltration.” It is in this cohort of
patients that the systemic delivery of radiotherapy by bone-
seeking radionuclide has long been utilized to circumvent the
limitations of EBRT. Any proposed radionuclide needs to ex-
hibit certain characteristics as outlined in Table 1—a hypothetical
“ideal” radioisotope.

In the remainder of this article, first the radiobiological princi-
ples underpinning the competing strengths and weakness of
different types of radionuclide therapies are examined, namely
linear energy transfer (LET) and DNA damage, Bystander effect
and influence of LET thereon, and oxygen enhancement ratio
(OER). Second, the clinical uses of radionuclides are reviewed
with particular emphasis on **’Ra.

Quality of radiation influences DNA damage and
thus biological effects

Radionuclides may obviously emit alpha, beta and gamma ra-
diation or a combination thereof. A full comparison of the
physics of decay resulting in these different forms of radiation is
beyond the scope of this review and is covered elsewhere in the
literature.*” However, as might be expected, the significant
differences in decay properties of various radionuclides lead to
significant differences in their mechanisms of action. Alpha
particles, having a significantly higher LET than either beta
particles or photons, deposit more energy (cause more

Table 1. Characteristics of hypothetical “ideal radionuclide”
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ionizations) along a shorter track and are thus significantly more
densely ionizing than either secondary electrons from photons
or beta particles. To apply this to a cellular model of cell kill
resulting from ionizing radiation, one must factor in the means
by which charged particles and their resultant ionization events
result in cell death. As summarized well by Joiner and van der
Kogel,® there is significant evidence that cell death is related to
DNA lesions, with the most lethal lesion being clustered,
double-stranded DNA breaks. Being more densely ionizing, al-
pha particles are associated with a high probability of inducing
densely clustered lesions and are thus associated with signifi-
cantly higher cell kill per unit dose than either beta or gamma
radiation. Relative biological effectiveness (RBE),® being an ex-
pression of the dose of radiation of different types required to
generate the same fraction cell kill, is calculated as:

RBE7Dose of reference radiation to cause fraction X cellkill

Dose of test radiation to cause fraction X cell kill

The classic work by Barensden’ showed that in human tumour
cell lines, RBE rose with increasing LET up to an optimum LET
around 100 keV pdmf1 after which RBE fell; the fall off is taken
to be as a result of the phenomenon of “overkill” whereby with
very high LET radiation, more DNA double-strand breaks
(DSBs) occur than are actually required to kill the cell. Thus,
alpha particles, by virtue of this LET/RBE relationship, are likely
to result in higher cell kill per unit dose than either secondary
electrons from a photon beam or beta particles.

DNA damage markers

That survival is heavily dependent on the LET of incident ra-
diation, supporting the idea that high LET radiation is having
a more damaging effect on DNA than low LET radiation. In
order to further verify this idea, investigators have sought evi-
dence of this DNA damage itself in addition to work above using
cell death as a surrogate for such damage. Previously, the for-
mation of foci of y-phosphorylated histone protein H2AX (to
form yH2AX) has been shown to be a sensitive marker of DNA
DSBs that occur following irradiation of cells.'” Different
patterns of YH2AX foci are seen after low LET vs high LET
radiation; this was demonstrated recently by Dokic et al'' in

Characteristic

Ideal requirement

Availability

Relative ease of manufacture making it economically viable across a range of healthcare
systems

Mechanism of uptake

Innate affinity for areas of bone metastases or easily chelated with other species
conferring such affinity

Efficacy

Response rates, with regard to pain, similar to or better than those seen with external
beam radiotherapy

Safety—patient

Acceptable toxicity profile

Safety—public

Minimal radiation protection issues—avoiding isolation/inpatient treatment if possible

Safety—environment

Physical half-life allowing practical time from manufacture for delivery and
administration but ensuring safe and timely decay within subject or shortly after
excretion
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glioblastoma cell lines. They found that an increased proportion
of cells develop YH2AX foci following irradiation with high LET
(carbon ion) compared with low LET (320kV X-ray) radiation.
Furthermore, foci were larger following irradiation with the high
LET radiation."" High LET radiation has also been shown to
cause not only foci of YH2AX but also a lower intensity, pan-
nuclear background phosphorylation of H2AX in chromatin
that has not suffered a DSB after some part of the DNA within
the same nucleus has suffered such a break.'” A similar finding
has been observed in human lymphocytes; namely, high LET
radiation induces a pan-nuclear signal in addition to discrete
foci of YH2AX with only discrete foci being seen following low
LET radiation as shown in Figure 1 (S Horn, Queen’s University
Belfast, 2014, personal communication).

Bystander effect

In addition to the direct tumouricidal effect of ionized particles
causing double-stranded DNA breaks as described above, a fur-
ther effect giving rise to cell death is the bystander effect,
whereby cells that have themselves not been traversed by ionized
particles but that are in close proximity to traversed cells ex-
perience cell damage and death via the bystander effect. The
bystander effect with regard to radionuclides specifically has
been comprehensively reviewed by Brady et al'® who cite evi-
dence of the phenomenon both in vitro and in vivo. In experi-
ments by Bishayee et al,'* Chinese hamster cells were labelled
with tritiated thymidine and mixed with unlabelled cells to form
clusters. Tritiated thymidine was selected owing to short range of
the beta particles resulting from its decay, allowing selective self-
irradiation of those cells labelled without irradiation of adjacent
cells. They found that in the case of 100% labelling of cells, the
survival of cells was dependent exponentially on the activity of

Figure 1. DNA changes following irradiation with low linear
energy transfer (LET) (X-rays) vs high LET (alpha particle)
radiation. Note foci of H2AX phosphorylation at sites of DNA
strand breaks present in both X-ray and alpha-irradiated cells
but background pan-nuclear phosphorylation in alpha irradi-
ated only Figure provided by S Horn, Queen’s University
Belfast, 2014.
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the cluster (in kilobecquerel). By contrast, labelling 50% of cells
yielded a two-component dose response curve indicating that
labelled cells were certainly being killed but that also, unlabelled
cells continue to be killed as the activity in the labelled cells was
increased. Furthermore, the addition of gap-junction inhibitor
lindane had no effect on the survival for 100% labelled clusters,
however, in 50% labelled clusters, survival increased with the
addition of lindane in a dose-dependent manner up to a plateau
at a concentration of 100 um.” Thus there is evidence, in vitro,
for a bystander effect that is abrogated by the addition of a gap-
junction inhibitor. Xue et al'® investigated the same phenome-
non in vivo. They used a human colonic adenocarcinoma cell
line (LS174T) to grow subcutaneous tumours in nude mice,
with various combinations of radiolabelled, unlabelled and dead
cells used as initial inoculate. Radiolabelled cells had thymidine
analogue 5-[(125)I]iodo-2’-deoxyuridine (***IUdR) incorpo-
rated into their DNA to a lethal dose. When only '*’TUdR-
labelled cells were inoculated, as expected, no tumour growth
resulted. However, when a combination of '*TUdR and live
LS174T were coadministered, significant tumour growth re-
tardation was seen relative to controls that had the same pro-
portions of unlabelled live and dead LS174T inoculated."

Influence of linear energy transfer on

bystander effect

There is evidence of an LET effect on the bystander phenome-
non with regard to radionuclides. Boyd et al'® investigated this
using noradrenaline transporter (NAT)-labelled human cell
lines. NAT specifically accumulates meta-iodobenzyl-guanidine
(MIBG), thus radiolabelling MIBG allows specific uptake of
radioactive species into NAT-expressing cells. They then irradi-
ated donor cells by external beam, low LET "*'I-MIBG or high
LET '*’I-MIBG and At211-MABG. When media from irradiated
donor cells was transferred into non-irradiated recipient cells,
decrease in clonogenic survival was evident. For external beam,
this effect plateaued with 30-40% cell kill after 2 Gy and was
maintained but did not increase with further dose increase. By
contrast, low LET radionuclide exposure showed no plateau in
bystander cell kill with a range of concentrations of '*'I-MIBG.
High LET radionuclides showed U-shaped survival curves for
recipient cells, with decreasing survival over the lower dose
range but relatively higher survival as dose increased above
a maximally lethal level.'® In a further series of elegant bystander
experiments, the same group compared the high LET source '*’I
and the low LET source '*'I as radiolabels to the compounds
IUdR (localizing to DNA) and MIBG (localizing to extranuclear
sites in NAT-expressing cells). This allowed them to test both the
effect of radiation quality and the subcellular site of radiolabel
incorporation on the bystander effect. They found that for low
LET radiation (**'I), when a culture of cells was exposed and
then the media from these irradiated donor cells was transferred
to unirradiated recipient cells, a dose-dependent decrease in
survival of recipient cells was seen. This was independent of
whether the carrier molecule was IUdR or MIBG, suggesting
independence on the subcellular location of the radioactive
species within the donor cells. For high LET radiation using '*’I,
which again was used to irradiate a donor population whose
media was then transferred to a recipient population, at low
doses, a dose-dependent decrease in survival of donor cells was
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seen. However, as dose increased further, this effect diminished
resulting in relative increase in survival and a U-shaped survival
curve. Again, there was no significant difference between those
cells targeted with IUdR and those targeted with MIBG. This
led the authors to conclude that at high doses, bystander effect
of high LET radiations may be in opposition to the effect on
irradiated cells; furthermore, the effect did not appear to be
dependent on subcellular location of radionuclide accumulation.

Oxygen enhancement ratio

The tumouricidal effect of radiation on cells depends on factors
inherent to the radiation as seen above. However, the relative
radiosensitivity of tumour cells can depend on their local envi-
ronment as well as on the quality, fractionation etc. of the ra-
diation to which they are exposed. This is particularly true of the
state of oxygenation of the tumour cells. Early work, sub-
sequently repeated many times, showed that the tumouricidal
effect of radiation was significantly greater in oxic as opposed
to hypoxic or anoxic conditions.'” This has important clinical
consequences, as it is also well established that oxygenation
status within solid tumours is heterogeneous and significant
areas of hypoxia exist owing to oxygen requirements not being
met by the disordered tumour microcirculation.'® Indeed,
a body of evidence exists for tumour hypoxia being associated
with a poor clinical outcome, reviewed in detail by Vaupel and
Mayer."” This may be particularly true in bone metastases since,
physiologically, bone is a relatively hypoxic tissue.”” In clono-
genic experiments, this effect can be expressed as the OER, that
is, the ratio of dose required to kill a given fraction of cells in
hypoxic vs oxic conditions. Various investigators have demon-
strated that OER decreases with increasing LET, with Barensden’
finding that OER reached 1 with LET of 165 keV Mm71.21 Thus,
cells within relatively hypoxic and therefore radioresistant areas
of tumour are likely to be more effectively killed by radiation of
LET >100keV um ™"

Clinical use of low linear energy

transfer radionuclides

Sources of low LET radiation used in the clinic tend to be beta
emitters with the two most extensively studied being **Sr and
12Sm. #Sr decays with a half-life of 50.5 days releasing beta
particles with mean energy 1.46 MeV and maximum range of
7mm.*> 'Sm has a half-life of 1.9 days and releases beta
particles with mean energy of 0.81 MeV and maximum range
of 2.5mm.”* *Sr has the advantage of sharing Group 2 of
the periodic table with calcium, thus its metabolism follows
similar pathways to that of calcium, and it has natural affinity
for areas of high bone turnover. This is not the case for '*>Sm; in
order to impart a tropism for areas of high bone turnover, it
must be chelated with a phosphate group, in the form '>’Sm-
ethylenediamine tetra(methylene phosphonic acid) (*>*Sm-
EDTMP). Finlay et al** have reviewed the literature with
regard to *’Sr and identified 16 observational studies and 11
randomized controlled trials, where it was utilized as a palliative
agent. Systems used to monitor pain are, by their nature, sub-
jective, and thus difficulties arise with intertrial variability in
reporting systems; however, Finlay et al** concluded that complete
response of pain to treatment with ®Sr occurred in between 8%
and 77% of patients (mean = 32%), whilst no response occurred

PG Turner and JM O’Sullivan

in between 14% and 52% (mean of 25%). A randomized, double-
blind, placebo-controlled trial from the 1990s showed '>>Sm-EDTMP
to significantly reduce pain from bony metastases associated
with a range of cancers.” Sartor et al** more recently conducted
a randomized, controlled, double-blinded trial in which patients
were randomized to receive either radioactive '>>Sm-EDTMP or
non-radioactive '*Sm-EDTMP. Both, the subjective end point
of patient-reported pain and the objective end point of analgesia
consumption were reduced by the active agent, however, there
was no improvement in survival. Although these low LET
emitters have continued to be used, given that no survival ad-
vantage was seen and problems with their common side effect of
bone marrow toxicity were relatively common, alternatives have
been sought (Table 2).

Clinical use of high linear energy

transfer radionuclides

Given the radiobiological differences between high and low LET

radiation as discussed above, it was postulated that high LET

radionuclides (and in particular alpha particles) might offer

a therapeutic advantage over those with low LET in a number of

realms:

(1) higher RBE

(2) greater bystander effect at low-to-moderate dose

(3) reduced OER

(4) shorter range of alpha particles making crossfire into highly
radiosensitive bone marrow compartment less likely.

With these potential advantages in mind, **’Ra has been de-
veloped as an alpha particle-emitting, bone-seeking radio-
nuclide. Like *Sr, it is a group 2 element and therefore has
natural bone-seeking affinity and accumulates at areas of high
bone turnover. **’Ra decays via a six-stage process to >*’Pb; the
fraction of energy released by alpha, beta and gamma radiation
is 95.3%, 3.6% and 1.1%, respectively; the alpha particles re-
leased have mean energy in the range 5.0-7.5 MeV.”’

Pre-clinical/Phase 1 data

Initial pre-clinical work with mice confirmed that **Ra pref-
erentially accumulated in the bone with only small amounts of
daughter radionuclides migrating from skeletal site of **’Ra
decay.”® Furthermore, a dosimetry estimate was made and found
that, as expected, high LET, short-range alpha radiation from
***Ra showed substantial sparing of the bone marrow—the tis-
sue associated with dose-limiting toxicity, compared with
beta-emitting *Sr.>® This is shown schematically in Figure 2,
demonstrating the sparing of haematopoietic marrow cavity by
short-range alpha particles emitted from endosteal layer at sites
of bone metastasis.

In a Phase 1 clinical trial, increasing doses of **’Ra (from 46 up
to 250kBqkg ') were administered to 25 patients with either
prostate or breast cancer, metastatic to the bone. The inves-
tigators utilized the small amount of penetrating gamma radi-
ation released by decaying **’Ra to image the pattern of uptake
of the compound. Comparing these treatment images to pre-
treatment, **™Tc scans showed high concordance in terms of
sites of uptake, demonstrating that *’Ra preferentially targets
bone metastases rather than diffusely targeting healthy bone.*®
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Table 2. Summary of commonly used therapeutic bone-targeting radionuclides

Treatment

Targeting

Radiation
form

Physical
Tl /2
(days)

Maximum
particle energy
(MeV)

Maximum
particle range
in tissue

Efficacy

89Sr

Calcium mimetic

Beta particle

50.5

1.46

Approximately
7 mm

RCT evidence of
symptomatic
benefit from bone
pain in metastatic
cancer”

153
“’Sm

Chelated to phosphate
moiety
[ethylenediaminetetra
(methylene

Beta particle

1.9

Approximately
2.5mm

Placebo controlled
RCT evidence of
symptomatic
benefit from bone
pain in castration

phosphonic acid)]

resistant prostate
cancer®*

Alpha

*Ra .
particle

Calcium mimetic

Double-blind,
placebo controlled
RCT evidence of

survival benefit and

27.78 <100 pm

symptomatic
benefit in castration
resistant prostate
cancer’

RCT, randomized controlled trial; Ty/,, physical half-life.

In the same trial, blood clearance experiments showed that 12%
of post-injection activity remained in blood 10min after in-
fusion, falling to 6% at 1h and <1% after 24 h. The drug was

Figure 2. Representation of the marrow cavity. Small spheres
represent mix of various marrow cell types including osteo-
progenitor (blue), haematopoietic (brown) and adipose
(white). Dark speckled ring represents 10 um endosteal layer.
R, is the range of the alpha particles from ?2°Ra decay, thus
showing significant sparing of deep marrow haematopoietic
stem cells. Reproduced from Hobbs et al?” with permission
from |IOP Publishing. For colour images please see online.

Bone

o LR Y 18

Trabecular marrow >
. cavity

well tolerated with some reversible myelosuppression of gener-
ally grades 1 and 2; two patients experienced grade 3 leucopenia
and both these patients along with one further experienced
grade 3 neutropenia. Although a small study, patients were asked
about pain scores and benefit to most individuals was seen at
4 weeks post infusion at which time 60% of patients reported
some improvement, 20% reported no change and 20% reported
worse pain.?®

Phase 2/3 data

These pre-clinical and Phase 1 trials were followed by three
Phase 2 trials in metastatic castration-resistant prostate cancer
(mCRPC). One of these was a single-dose dose—response trial
involving 100 patients; each given a single infusion of **’Ra at
one of four dose levels (5, 25, 50 or 100 kBqkg™"). This found
a dose-dependent improvement in pain and further found **’Ra
to be well tolerated at all dose levels up to the maximum of
100kBqkg™'. The commonest toxicities were haematological
and gastrointestinal with 43%, 24% and 22% experiencing
nausea, vomiting and diarrhoea, respectively, whilst grade 3—4
anaemia, leucopenia, neutropenia and thrombocytopaenia were
seen in 8%, 1%, 3% and 6% of patients treated, respectively.”” A
further Phase 2 trial administered each subject three injections at
a dose level of 25, 50 or 80 kBq kg™ ' with doses given at 6-week
intervals. A dose-dependent fall in alklaline phosphatase (ALP)
and prostate-specific antigen (PSA) were seen, and again **’Ra
was well tolerated. Gastrointestinal toxicity was again relatively
common with 21% of participants experiencing diarrhoea and
16% nausea. Grades 3 or 4 haematological side effects were seen
in 2 of 41 patients in 25kBqkg ™' group, 6 of 39 in the 50 kBq kg™
group and 7 of 42 in the 80 kBqkg ™' group.”® In a randomized,
multicentre, placebo-controlled, Phase 2 trial, patients due to receive
EBRT for pain were additionally assigned to receive either four *’Ra
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injections at a dose of 50 kBq kg™ at 4-week intervals or placebo
on the same schedule. The group receiving **’Ra showed a sig-
nificant fall in ALP and delay in time to PSA progression, with
a tendency towards reduced rate of SRE and improved overall
survival (OS) also being seen. The safety profile was acceptable,
with the only statistically significant difference between treat-
ment and placebo groups being increased constipation in the
treatment group that was mild to moderate in all but one patient
(Table 3).%!

These positive Phase 2 data led to the large, multicentre,
randomized, placebo-controlled trial of 223Ra in mCRPC—
ALSYMPCA.® This trial randomized males with mCRPC in
a 2:1 fashion to receive either six cycles of **’Ra given 4 weeks
apart or placebo given along the same schedule. There was
significant improvement in survival among the patients treated
with 2®Ra [14.9 vs 11.3 months; hazard ratio (HR), 0.7;
p <0.001]. This result is ground breaking in so far as it was the
first time any form of palliative radiotherapy had been shown to
improve survival in any form of metastatic cancer. Secondary
end points involving biochemical markers of disease also showed
improvement in **’Ra group, with prolongation in time to in-
crease in PSA (HR, 0.64; p <0.001) and in time to increase in

Table 3. Summary of 2>°Ra Phase 2/3 efficacy and safety data

PG Turner and JM O’Sullivan

ALP (HR, 0.17; p<<0.001). 225Ra also showed benefit from
a quality of life perspective with significant improvement in time
to first symptomatic SREs of 5.8 months (p <0.001) and a sig-
nificantly higher proportion of patients reporting an improve-
ment in quality of life (as measured by the Functional
Assessment of Cancer Therapy—Prostate questionnaire®”). ***Ra
was well tolerated. The investigators provide a detailed break-
down of toxicities by type and grade. The total number of
patients experiencing adverse events (AEs) was consistently
lower in the treatment group than in placebo across all grades of
AE, grades 3 and 4 AE, serious AE and study drug discontinu-
ation owing to AE.> The authors report that “no clinically
meaningful differences” in the frequency of grades 3 or 4 AEs
were seen between groups. There is a signal pointing towards
increased, low-grade diarrhoea in **’Ra-treated individuals with
25% of **’Ra vs 15% placebo experiencing diarrhoea in all
grades, 2% in each group experiencing grade 3 and none in
either group experiencing grades 4 or 5.

What we do not yet know—biological

From the above discussion, it should be clear that the radio-
biology of high LET radiation suggests a therapeutic advantage
over low LET radiation in the context of radionuclides. This has

—Either 25, 50 or 80kBq kg*1 (no
dose escalation within groups)

calculations. In each group,
respectively, 4, 3 and 3 additional
patients received 1 or 2 injections and
are analysed as part of the safety
population.)

Name Phase Method Number Outcomes
—Significant delay in PSA progression
. . 223
—Four injections ***Ra of 50 kBq kg™ 223 and fall in ALP in the ““Ra group
31 . N=33 ““Ra —Tendency towards reduced rate of
BC-102 2 (or placebo) at 4-week intervals _ .
N =31 placebo skeletal-related event and improved
—vs placebo 1223
survival in “~Ra group
—Well tolerated
N=26at 5kBqkg™' . .
BC-103%° ) —Single injection *23Ra N =25 at 25kBq kg71 7]1_)izse—dependent improvement in
5, 25, 50 or 100kBqkg ' N=25 at 50kBqkg " Ew 1 tolerated all dose levels
N=24 at 100kBqkg ' ¢ folerated att dose feves
N =37 at 25kBqkg ™"
N=36 at 50kBqkg ™"
N =39 at 80kBqkg ™'
e 223 s
6:Fvi1reli 1i1111]te(£01ns Ra per subject at ("fhtese A;\I c:lrg tl:lolse tzlee;;edfger _Dose-dependent fall in PSA and
BC-104% ) ee ervals protocol and analyse efficacy ALP

—Well tolerated all dose levels

—Six injections of **’Ra of 50kBq kg '
(or placebo) at 4-week intervals

—vs placebo

—Plus best standard of care

ALSYMPCA® 3

N =614 **Ra
N =307 placebo

—?»Ra associated with significant

improvement in overall survival (14.9
vs 11.3 months p < 0.001)

—*»Ra associated with significant
delay to first symptomatic skeletal
event (15.6 vs 9.8 months p < 0.001)
—Number of patients experiencing
adverse events lower in **’Ra group
(all grades)

—Signal to increased (low-grade)
diarrhoea in **’Ra group

—Signal to increased (low-grade)
myelosuppression in **’Ra group

ALP, alkaline phosphatase; PSA, prostate-specific antigen.
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been born out in the results from early trials and, most im-
pressively, from the first large Phase 3 trial of >*’Ra. These results
are encouraging, however, there is much still to understand with
regard to the biological action of high LET radionuclides. Much
of the above basic science research is comparative in nature,
comparing a given outcome following low LET vs high LET
irradiation. There is still little known regarding the different
biological processes that underpin these differences in behav-
iour. In particular, future work will be interesting in so far as it
clarifies how much the contribution of the increase in lethality
with high LET radiation is owing to a direct effect and what
component of it is owing to bystander effects. Furthermore,
what is the underlying biological system responsible for the
bystander effect in general and what allows high LET radiation to
accentuate its effect? The work quoted above by (separately)
Dokic, Mayer and Horn into yH2AX signalling following radi-
ation exposure is exciting in so far as it is beginning to show
subcellular structural changes correlating with quality of in-
cident radiation.

What we do not yet know—clinical

The proven efficacy and safety of **’Ra make it a drug that
rightly inspires hope among mCRPC sufferers and those
treating them. With the ALSYMPCA data, **’Ra has joined
a small number of treatments proven to extend life in
mCRPC namely docetaxel,”” cabazitaxel,”® abiraterone,’
enzalutamide®® and sipuleucel-T.”” With regard to **’Ra
alone, uncertainty exists regarding dosing. Doses higher than
the 50kBqkg ' used in ALSYMPCA were well tolerated in
Phase 2 studies,”””° and it is unknown if dose escalation
could provide extra benefit. Furthermore, in those patients
who achieve a good result with initial six cycles (as trialled in
ALSYMPCA), it is as yet unknown if re-challenge with the
same or dose-escalated regime on progression would result in
disease response. Then with regard to the position of >*’Ra in
the overall treatment landscape of mCRPC, uncertainty exists
as to the sequence in which the above life-prolonging treat-
ments should be used. It is also unknown if **’Ra can safely
and efficaciously be given in combination with one or more
of these other agents. Trials examining the above questions
are under way. An exciting possibility is that combination
treatments may show a synergistic rather than simply addi-
tive effect. Recently, it has been shown that an isoform of the
androgen receptor encoded by the AR-V7 splice variant is asso-
ciated with resistance to both abiraterone and enzalutamide.
In groups of AR-V7-positive patients treated with abiraterone
acetate or enzalutmide, 0% of patients in either group showed
a PSA response to respective treatment; this resistance
was also manifest as shorter OS in AR-V7 groups compared
with patients with wild-type receptor.’® It is possible
that owing to its unique mechanism of action, **’Ra may be
less susceptible to acquired or innate mechanisms of re-
sistance; certainly less susceptible than those relying on
drug-receptor interactions as in the case of AR-V7 resistance
above. A final area of combination therapy that engenders
much hope but also much uncertainty is the use of **’Ra in
combination with EBRT. It is known from renal cancer that

BUR

aggressive cytoreduction (by surgery) of the site of a pri-
mary lesion can provide an improvement in OS even in the
metastatic setting.”” The use of advanced EBRT techniques
in combination with **’Ra offers for the first time the option
of using highly conformal and targeted radiotherapy to pro-
vide cytoreduction at distinct harbours of disease, that is,
intensity-modulated radiotherapy to prostate primary and
pelvic nodes and targeted **’Ra to bone metastases. This
approach is to be trialled in the ADRRAD (neo-adjuvant
androgen deprivation therapy, pelvic radiotherapy and
radium-223 for new presentation T1-4 NO/1 M1B adeno-
carcinoma of prostate) clinical trial due to open shortly in
the Belfast—Prostate Cancer UK Centre of Excellence. Fi-
nally, it was noted in the opening paragraph of this review
that there are other cancers with a predilection for bone
metastases, including breast and lung cancer. Early trials
of **Ra in the breast have already begun. Pre-clinical ex-
periments in nude mice inoculated with breast cancer cell
lines show that treatment with **’Ra inhibits tumour growth
and osteolysis, and increases survival both when mice are
treated prior to inoculation of tumour cells, at the stage of
micrometastases or with established metastases.*’ A Phase 2a
non-randomized study of **Ra in advanced breast cancer
treated patients failing endocrine therapy with four cycles
of **Ra at 50 kBq kg™ '. This found treatment with **’Ra to be
associated with a reduction in markers of bone turnover along
with a reduction in metabolic activity within one-third of the
total number of bone metastases visualized across 23 patients;
**Ra was well tolerated.*' Phase 3 trials in breast cancer are
set to open shortly.

CONCLUSION

There are fundamental differences in the radiobiology of low
vs high LET sources of radiation. The underlying biological
processes responsible for this are as yet poorly understood and
represent an exciting opportunity in primary radiation re-
search. Low LET radionuclides have proven efficacy in symp-
tom control in mCRPC, however, they are associated with
significant side effects relating to marrow suppression and
have no proven survival advantage. Basic radiobiology suggests
a higher LET source radionuclide with shorter range could
have a therapeutic advantage, and indeed, this has been borne
out in the ALSYMPCA data that showed **’Ra to be a well-
tolerated, alpha-emitting, bone-seeking radionuclide with
both symptom and survival improvement. The best time to
use **’Ra in sequence or combination with other survival-
prolonging agents is as yet uncertain, as is its utility in cancers
other than that of the prostate. These, along with the possi-
bility of combined EBRT/**’Ra, are exciting avenues of clinical
research.
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