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Abstract

[>?3Ra]RaCl, was recently approved for the treatment of bone metastatic disease in prostate
cancer patients. Once intravenously administered 22Ra localises to areas of increased
calcium turnover. During its decay, ?3Ra will emit high linear energy transfer (LET) a-
particles that are effective in targeting metastatic sites. a-particles have a range of < 100 um
suggesting normal tissue sparing; however, there is uncertainty regarding the
heterogeneous distribution of dose at the cellular/tissue levels. It remains unclear if 222Ra
may also result in unwanted exposure of neighbouring bone marrow (BM) cells. To date, the

potential risk of BM exposure as a consequence of this treatment remains unquantified.

The aim of this project was to resolve these uncertainties by assessing changes in the
genomic structure of peripheral blood lymphocyte (PBLs) potentially in contact with 22°Ra.
To do so, blood samples from patients enrolled on to the ADRRAD clinical trial were
collected. The treatment included 6 intravenous injections of [?22Ra]RaCl, each administered
4 weeks apart (55 kbg/kg) and 2 Gy fractionated IMRT (daily for 5 days a week over 7.5
weeks). Blood samples were collected prior to each 222Ra administration and PBL cultured to
1%t in vitro division. The PBLs were assayed by Multiplex-fluorescent-in-situ-hybridization (M-

FISH) and Giemsa solid stain for cytogenetic analysis.

In this study we demonstrated that chromosomal aberration complexity reflects the
treatment regime. This indicates PBLs were exposed to a-particle by 222Ra. The change in
chromosomal spectrum was used to create a novel method for absorbed blood dose
estimation and this was compared to existing physical models. The persistence and
transmissibility of aberrations was evaluated with chromatid aberrations consistent with
delayed effects observed in follow up samples. A lower administered activity of 222Ra was
suggested to be as effective as larger administer activities, this indicates that the dosing

strategy may need re-evaluating.
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Chapter 1: Literature Review

1.1 Prostate cancer

1.1.1 Incidence and mortality

Prostate cancer (PC) is the most common cancer affecting men in the UK, contributing to
26% of cancer cases in 2017 with 1 in 8 men being diagnosed with PC in their lifetime (1).
Indeed, PC is the most frequently diagnosed cancer in 112 countries followed by lung cancer
and worldwide it was recognised as the second most common cancer with 1.3 million cases
diagnosed in 2018 (2, 3). In the UK, over 47,000 men are diagnosed with PC every year and
in turn 11,000 deaths are associated to the disease annually (4). The death rate is highly
dependent on the stage of disease and age at diagnosis with the highest incidence in men
over the age of 65 (5). Family history, genetics and ethnicity have all been identified as
factors contributing towards the increase in PC incidence (6-11). This being said, the most
common factor remains age with the majority of cases being diagnosed in men over the age

of 65 and with 80% of men in their 80s showing early signs of PC, Figure 1.11 (12, 13).
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Figure 1.11 Age and the incidence of PC.

Prostate cancer rates and new cases per year are associated with older population groups

with incidence increasing as early as 45 years. Note that a drop or plateau in incidence in the
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oldest age groups often indicates reduced diagnostic activity. Image and data available for

reuse by Cancer Research UK (1).

Due to the late average age of onset, mortality from PC itself is low, indeed deaths from
patients diagnosed in early stages of disease are more likely to be attributed to other age-
related illnesses (14). For these reasons, early screening programs for PC remains
controversial (15-17), and it is also hard to clinically evaluate whether early-stage prostate
tumours may potentially become malignant within the lifetime of the patient. In the UK
there is no early screening programme for PC. Routine screening via Prostate-Specific
Antigens (PSA) test remains controversial with over diagnosis and treatment of early stage
PC in elderly patients remaining problematic (18-21). An informed choice programme is,
however, available via the NHS, where men over the age of 50 can arrange for PSA levels to
be tested after consulting their GP if they present primary PC symptoms or have a family

history of PC.

1.1.2 Prostate cancer formation and progression

Cancer itself is a collection of diseases/malignancies where cells of a tissue become
abnormal, gaining the ability to divide uncontrollably and invade nearby tissue.
Abnormalities in cells may accumulate and eventually result in the formation of a tumour,
and this may be benign or malignant. A malignant tumour has the ability to invade nearby
tissues and possibly metastasise (spreading and growth at distant sites), while benign
tumours are easily removed as they remain confined within the original location (22).
Malignant cells are able to uncontrollably grow via their own means with no external
signalling required. To do so they acquire resistance to anti-growth signals and are no longer
limited by replication, resulting in indefinite growth and division (23, 24). Cancer cells are
able to evade apoptosis and cell mediated death by eluding the immune system by
continuously mutating, which also results in the acquired invasive properties which promote
inflammation and angiogenesis (new blood vessel formation providing oxygen and nutrients
to the growing tumour) (25-27). The underpinning drive for this is genomic instability, which

prompts the genetic diversity of cancer cells throughout disease progression (25, 28-30).
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PC originates in the prostate which is an exocrine gland found in men and is involved in the
production of seminal fluid. 90-95% of PC cases are characterised as acinar adenocarcinoma,
because they form within the acinar gland cells (31). Other rare forms of PC account for the
remaining proportion, and this includes ductal adenocarcinoma originating within prostate
ducts, squamous cell cancer originating in flat cells lining the outer prostate, small cell PC
within small round cells, neuroendocrine tumours within neuroendocrine cells and sarcomas
developing in supporting gland tissues (32, 33). PC symptoms occurs usually once the
tumour is large enough to put pressure on the urethra, and this results in urogenital

symptoms such as increased urination, urgency and blood in the urine.

Primary disease diagnosis is carried out by examination by a physician and by PSA testing,
which assesses whether elevated levels (above 4.0 ng/ml) are present in the blood (34). PSA
is a protease part of the normal process regulating seminal fluid viscosity, which is released
by epithelial cells of the prostate and also by PC cells. Elevated levels of PSA will leak into
the blood stream where they can be detected, and the quantification of blood PSA levels
has been approved for disease diagnosis (35). PSA testing alone is controversial however, as
PC has been diagnosed also in patients with low PSA levels as well as high PSA levels not
being solely attributable to PC incidence (36). The PSA test is, however, a good indicator
when physical examination is also carried out to assess where the prostate presents an

abnormal surface and with prostate biopsy (37, 38).
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Figure 1.22 Overview of PC disease spread.

Left panel indicating tumour (T) 1-3 stages of disease localized to the prostate gland. Middle
panel highlighting T4 where the cancer has breached the prostate and spread to

surrounding regions. Right panel depicting adavanced prostate cancer with metastatic sites
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spread to neighbouring organs (blue) and distant metastatic sites (green) including spread

to bone. Images available for reuse by Cancer Research UK (1).

1.1.3 Cancer scoring system

Once primary diagnosis has been made, a prostate biopsy is taken for confirmatory tests for
an assessment of disease stage. To assess the prostate cells sampled, the Gleason score
system is used to quantify on a scale from 1-5 how abnormal the prostate biopsies are
compared to normal healthy prostate tissue. 1-2 scores being close to normal prostate cells
and 3-5 being cells presenting increasing abnormalities. This is carried out on the largest
area of the tumour and then on the second largest area with scores being added together.

High scores are associated with a higher likelihood of tumour growth and spread (39).

T

Figure 1.33 Gleason scoring of prostate biopsies.

A. Grade 1 highlighting the lumen (L) of an acinus duct presenting abnormal morphology. B.
Grade 2 indicating multiple abnormal acinus ducts. C. Grade 3. Small infiltration of cells into
the surrounding stroma. D. Grade 4. Multiple sites of cell infiltration with abnormal
morphology of lumen. E. Grade 5 presenting poor morphology of glandular structures and
poorly differentiated cells. X40 magnification for A,B and D, x100 magnification for C and E.
Image available for unrestricted use by The Lancet Oncology under Creative Commons CC-

BY license (40).
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The TNM (tumour, node and metastases) stage assessment is carried out when abnormal
cells are identified by Gleason scoring system along with PSA results. The TNM stage
includes assessment of tumour, nodes and metastases for an overall assessment of disease
progression. The tumour is evaluated for its size with a scoring of 1-4 with further
subdivisions for each score as illustrated in Figure 1.22. Scores 1 and 2 are restricted to the
prostate gland while scoring of 3 indicates breaking through and spreading to seminal
vesicles, and the most severe score of 4 being where the tumour has spread into organs
nearby. The nodes are scored as 0: having no cancer cells or 1: having cancer cells, similarly
to this metastasis having a score of 0 if not present and a score of 1 if present with further

subcategories of metastatic burden (41).

1.1.4 Advanced prostate cancer

Advanced prostate cancer is characterized by the spread of disease to distant sites such as
organs or lymph nodes, termed metastases. The metastases may be observed in areas other
than the pelvis including the spinal cord and long bones. Examples of these may be seen in
Figure 1.44., where bone scintigraphy shows the spread of metastases to bone (42).
Clinically, bone metastases are associated with poor prognosis and mortality of the patient
(43, 44). The effects of bone metastases are accompanied by severe pain, spinal fracture
and spinal cord compression potentially resulting in paralysis. The quality of life of the
patient is greatly affected by these skeletal events rendering daily tasks challenging (45). To
monitor disease progression, bone scans and CT scans can identify metastases in both
lymph nodes and bone tissue. PSA levels are a good indicator of progression; rising PSA

levels after prostatectomy is a clear indicator of increased metastatic burden.
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Figure 1.44 Scintigraphy of bone metastases.

Bone scintigraphy of patients displaying varying degrees of bone metastases. To the left an
individual with a normal bone scan, second image is a prostate cancer patient with
metastases in pelvis and lumbar spine. Third image of patient displaying widespread
metastasis including pelvis and spine. Image to the right is of a distant metastasis without
pelvic or lumbar spine abnormalities (46). Image available for use and modification under

the Creative Commons Attribution License.
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1.2 Bone metastases and effects on bone niche

1.2.1 Prostate cancer spread to bone

As discussed above, early stage prostate cancer is localised to the prostate gland. With
disease advancement, malignant cells will gain the ability to metastasise to surrounding
tissue and invade blood vessels. Once mobile, circulating tumour cells may disperse and
invade distant tissues/organs of the body. The bone is often the target for distant metastatic
sites, most notably those of advanced prostate and breast cancer disease (47). Prostate
cancer cells have a preferential localization to bone tissue as the bone microenvironment
contains optimal factors to promote growth (as reviewed by (48, 49)). In prostate cancer,
bone metastasis are predominantly of osteoblastic nature, characterized by the formation
of new bone, although the process is still poorly understood (50). The most widely accepted

I”

theory of bone disease formation is the “seed and soil” hypothesis whereby the metastatic
cells “seed” target a favourable growth environment “soil” (51). These tumour metastatic
cells are able to exploit the bone niche by hijacking the BM growth microenvironment,
which facilitates the growth and expansion of disease. While metastatic sites expand, a
feedback loop is created with secretion of growth factors from tumour cells that further
stimulate bone growth and resorption as summarized in Figure 1.55 (48, 52, 53).

Preferential bone sites for metastatic growth include bones rich in red marrow such as the

ribs, pelvis and spine (54).
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Figure 1.55 Bone niche crosstalk during metastatic growth.

Bone niche to the left and vascular niche to the right. HSC niche is localized in the centre of
the BM marrow in proximity to the vascular niche. Endothelial cells (EC) residing here are
actively involved in the HSC mobilization and homing. Circulating metastasis will utilize the
tightly regulated signalling between niche bone and BM niche to infiltrate and home within
bone tissue. Immature osteoblasts (OBs) secreting stromal derived factor 1 (SDF-1) and
Osteopontin (OPN) positively and negatively regulating HSC maintenance. Cancer associated
fibroblasts (CAFs) releasing factors promoting metastatic formation and growth including
VEGF. Cancer cells presenting CD36 ligand are attracted from thrombospondin (TSP1)
expression and cells presenting CXCR4 chemokine receptors are homed to bone sites.
Mature osteoclasts express chemokine ligand CCL22 promoting metastatic growth of
metastatic cells containing CCR4 chemokine (52). Image available for re-use under the

Creative Commons Attribution License.

1.2.2 Disruption of normal bone maintenance

The bone endosteum is vascularised connective tissue containing bone

growth/maintenance cells osteoblasts and osteoclasts, located between the compact and
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spongy bone layers and the BM. The endosteal and vascular niches together (bone niche)
are actively involved in the retention and release of stem cells residing here, along with
osteoblast and osteoclast cellular differentiation (55). The bone niche is also tightly involved
with the regulation of the BM microenvironment which includes haematopoietic stem cells
(HSC) and their progenitor cells (55). In normal bone formation, solid and avascular
mesenchymal tissues are replaced by mineralized cartilage and fibrocartilage. Minerals such
as calcium are actively transported by osteoblasts and deposited. Once deposited the
minerals undergo maturation from amorphous calcium phosphate to hydroxyapatite with
important changes to mineral orientation and organization (56). This process is tightly
regulated by both mineral concentration, cellular signals, and pH gradients (as reviewed by

(57)).

Although the majority of bone metastases in PC patients are osteoblastic in nature (58), PC
patients may present metastases of osteoblastic, osteolytic or a mixture of both types (as
reviewed by (48, 59)). The type of metastases will affect the bone remodelling and
resorption processes. 3D evaluations of bone section from advance prostate cancer patients
have shown increases in bone trabeculae along with bone volume increase and bone
surface irregularities (60, 61). The process is associated with synchronised increase in bone
resorption and formation (62). The adherence, proliferation and overall tumour growth is
accompanied by severe discomfort for the patient due to the formation of bone lesions.
These lesions include but are not limited to bone fracture, spinal cord compression and
bone marrow aplasia, all of which are associated with poor quality of life for the patient
(47). Further complications may arise from spinal cord injury including chronic BM failure
and paralysis (63, 64). The occurrence of bone metastases remains the major cause of

morbidity in in PC patients (47, 65, 66).

1.2.3 Bone marrow haematopoiesis

The BM is involved in the replenishment of blood components and the process by which
these components are formed is termed haematopoiesis. The BM is separated into the
vascular and non-vascular components. The vascular part includes blood vessels that supply

nutrients to the bone and transport newly produced blood components away from the
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bone, the non-vascular BM is where haematopoiesis occurs, and haematopoietic stem cells
reside (HSCs). In adult life, haematopoietic marrow is concentrated to the central skeleton
and proximal ends of femurs and humeral bones. In adults, cellular replenishment of blood
components occurs rapidly with a turnaround of 1 trillion cells per day (average 70 kg male)
(67, 68). This rapid replenishment is thanks to the ability of HSCs to self-renew and also
divide/differentiate into multiple blood cell types. During cell division, a HSC will divide in to
two daughter cells, one retaining stem cell qualities enabling it to further replicate into
more HSCs and the second daughter cell instead being a committed stem cell which will
undergo cellular differentiation in to an early lymphoid or myeloid lineage progenitor cell.
These progenitor cells will in turn divide and differentiate into many different cells ranging

in functions.

HSCs are not continuously dividing and instead spend most time in cellular quiescence to
prevent exhaustion (69). In a healthy adult, HSCs may replicate on average every 40 weeks
with a range of between 25 and 50 weeks depending on general health and age (70). HSCs
respond to specific signals released in their microenvironment from neighbouring cells in
the bone niche. These signals will stimulate HSCs to either exit or remain in cellular
quiescence (71, 72). The micro environmental conditions are crucial for the correct
maintenance of HSCs and a myriad of factors are required to keep this balance; effects on
the microenvironment will have detrimental impacts on the replenishing of blood cells and

may contribute towards leukemogenesis (73).

Progenitor cells migrate towards the central cavity of the BM where blood vessels are
present and only mature cells will be able to enter the blood stream by the presence of
membrane proteins which enable the attachment and passage through the blood vessels
endothelium. Multipotent lymphoid progenitors (MLP) will either enter the blood stream or
remain in the BM to mature. MLP that remain in the BM for maturation are later termed B-
Lymphocytes while MLP that enter the blood stream will migrate to the thymus for
maturation and are thus termed T-Lymphocytes. MLP in the thymus cortex will undergo self-
tolerance selection and 2-4% of T cells will successfully succeed and mature into several
forms of thymocytes (74). Activation is the next step and once activated resting T
lymphocytes may undergo blastogenic transformation. These newly formed large T cells will

divide and produce medium and small lymphocytes with the same antigen specificity.
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Figure 1.66. Normal haematopoiesis.

HSCs giving rise to myeloid and lymphoid progenitor cells carrying on differentiation in to
mature circulating blood components (75). Image Licenses agreement granted for re-use
under Springer Nature Licence for publication of image in Thesis/Dissertation as defined by

the Sherpa guideline.

Once matured, T cells may migrate from the thymus once again to the blood stream, thymic
output varies with age with younger individuals having a higher thymic output than older
individuals and women having a higher thymic output than men throughout their life (76).
Peripheral blood lymphocytes (PBL) mainly consist of naive cells or memory T cells, naive
cells being those which are yet to be exposed to an antigen and are thus non-specific. T cells
will cycle periodically from blood to lymphoid tissue, migrating through the body, awaiting
activation by a specific antigen. If the T cell does not encounter an antigen it may circulate in
the blood for weeks or months and long-lived memory T cells may circulate the system for
years. If an antigen is encountered, lymphocytes will proliferate within the lymphoid tissue
and once antigen activated, they will migrate from the lymphoid tissue to target sites via

blood stream (77).
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1.3 Traditional treatments and disease management

The treatment of PC varies depending on the stage of disease and whether the cancer has
spread only to neighbouring tissues or to distant metastatic sites. In cases of localized
disease, treatment may include prostatectomy surgery and/or brachytherapy. Once the
cancer has breached the prostate and moved to neighbouring tissues such as lymph nodes,
external beam radiotherapy (EBRT) and hormonal therapy may be recommended to prevent
further spread. Further advancement and metastasis to distant sites such as bone are then
further managed by chemotherapy and bone targeted therapies to alleviate symptoms.
Recently, the use of 222Ra has been approved for the treatment of bone metastasis, this
being the first treatment showing reduction of skeletal related events associated with bone

metastasis and increased survival for the patients (78-80).

1.3.1 Surgery

A radical prostatectomy is a treatment option for men with localized disease, which involves
the surgical removal of the prostate gland and surrounding tissue. Surgical removal is the
most effective treatment resulting in both high survival rates and low incidence of relapse.
Although side effects may include pain, urinary incontinence and erectile dysfunction, many
studies support radical prostatectomy even for younger patient cohorts as many side effects
are limited and are often overcome with time (81-83). Active surveillance has been
suggested as an alternative to prostatectomy for higher risk patients presenting localized
disease. This includes regular GP visits to monitor any changes, however, this remains
controversial. A 15-year retrospective clinical analysis of 3170 prostate cancer patients
(mean age 65.3 + 6.4 years) found 86% of patients to still be alive at time of study with a
follow up range of up to 25.3 years. The overall survival rate of study participants was

found to be consistent with the expected survival rates for male of similar ages in the local
area (84). This supporting prostatectomy as an effective treatment for localised diseased in
older men. A recent study with both older and a younger cohort (< 55 and > 55 years of age
respectively) also found similar results with the younger cohort showing 72.4% disease

progression free survival in their 8 year follow up (85).
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1.3.2 Radiotherapy

Radiotherapy treatments utilizing ionising radiation (IR) are common for PC management
and treatment even with localized disease. As IR traverses the body it interacts with tissue
and associated cells depositing energy through a series of ionisation and excitation events
along the radiation tracks. Exposure is often described in terms of dose which, independent
on radiation quality, defines the amount of energy deposited per unit mass and has the unit
of gray (Gy), where 1 Gy equals 1 joule per kilograms (J/kg). Brachytherapy treatment
consists of radioisotope implantation in the tumour site, via interstitial brachytherapy with
permanent implantation of a radioisotope or temporary implantation. Permanent
implantation will be with low dose rate radionucleotides implanted as “seeds” (86), these
will slowly decay targeting the prostate area. Temporary implantation instead uses high
dose rate radionucleotides, these use catheters to circulate the radioisotopes within the
targeted area for as little as 10-20 minutes before being removed. Low-dose rate
brachytherapy is usually recommended for early stage prostate cancer patients while high
dose rate brachytherapy is usually offered for locally advanced disease (87). A higher dose
rate radioisotope commonly used in temporary brachytherapy is iridium-192 (**?Ir) with a
half-life of 75.2 days. This isotope is a gamma and beta emitter with an average energy of
400 keV. *?Ir has a high penetrance into the tissue, therefore the exposure times with Ir
are kept low to prevent non-target tissue exposure. lodine-125 (2°|) is a gamma emitter
with a half-life of 59.5 days and a low average energy release of 27 keV. *?°| is used as a
permanent implant similarly to Palladium-103 (1°3Pd) also with a low energy release
(average beta particle release of 21 keV) and with a half-life of 17 days (88). No significant
differences in patient outcomes have been observed between these different isotopes and
all remain widely used (89). The side effects of brachytherapy are similar to those following
prostatectomy. When compared through a French multicentre patient questionnaire with
435 patients, urinary incontinence was found to be more common following prostatectomy,
whilst urinary frequency, urgency and pain was associated with brachytherapy (90). A US
study with retrospective comparison of 1305 PC patients also found no significant difference
in treatment outcome with a suggestion that brachytherapy may be more effective in higher

risk groups (91). With the French study highlighting similar cost effectiveness for both
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treatments, the choice between brachytherapy and prostatectomy is considered on

patients’ individual needs.

For patients with a higher risk of metastases in the surrounding tissue, EBRT may be
administered either in conjunction with brachytherapy or after prostatectomy. EBRT
provides a wider uniform dose to the pelvic region targeting seminal vesicles and lymph
nodes (92), which prevents disease progression. Different forms of EBRT exist and the most
commonly used methods for PC treatment include three-dimensional conformal radiation
therapy (3DCRT), Intensity-modulated radiation therapy (IMRT) and Image-guided radiation
therapy (IGRT). All three EBRT types utilize CT scans to map the target zone of the tumour
and surrounding tissues, the beam then maps these areas. Differences between accuracies
in zone targeting exist between treatments and in recent years IMRT has become the most
common technique used with recent studies suggesting IMRT has the highest accuracy in
dose delivery to target tissue, minimizing normal tissue exposure over 3DCRT (93). The main
side effects following EBRTs include those from genitourinary toxicity previously associated
with brachytherapy, and additionally, due to the wider field of exposure gastrointestinal
toxicity symptoms, such as diarrhoea and changes in bowel movement. Overall, both IMRT
and IGRT have been shown to have low rates of acute toxicity, and a combination of the two

treatments have also been shown to result in low rate of late toxicity (94, 95).

1.3.3 Hormone therapy

In cases of disease advancement, androgen deprivation therapy (ADT) and combined
androgen blockade are often prescribed by GPs with the aim of rapidly controlling disease
progression (96). The treatment may also be used in cases where the patient is at higher risk
from EBRT and/or to aid radiotherapy outcome by shrinking the tumour area. Tumour
volume shrinkage by ADT is well documented with median reduction up to 50% within
months of prescription and it has been shown to be an effective treatment paired with EBRT
to minimize the exposure area during treatment (97-100). ADT therapy targets the
testosterone pathway utilized by prostate cancer cells for growth. By blocking androgen
receptors present on the cell surface or reducing the production of testosterone itself, it is
possible to inhibit the PC cell growth. These effects are usually limited to a short period of

time (101, 102) as PC cells will eventually be able to bypass the receptor block and initiate
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testosterone production themselves (103). Patients who are no longer responding to
hormone therapy are deemed castrate resistant. Current treatments for advanced castrate
resistant PC focus on the palliative care attempting to control the disease and manage the

associated symptoms.

1.3.4 Chemotherapy

As part of general standard of care in the UK, Castration resistant prostate cancer (CRPC)
patients are offered chemotherapy for ongoing palliative care. Two chemotherapy agents
are usually used: docetaxel and cabazitaxel, docetaxel being the most commonly
administered in the UK (104). Both drugs target the microtubular network by binding to
microtubules during mitosis, as this action stabilizes the microtubules preventing
depolymerization. This block is recognised by the cell resulting in mitotic arrest and
eventually apoptosis is initiated resulting in cell death. Clinical trials have demonstrated
improved survival for CRPC alone and in combination with ADT, for those patients in the
hormone sensitive stage (105-110). As with ADT, resistance to these treatments is often
achieved by PC cells. Although the mechanisms are not fully understood they are believed
to be associated with the acquired ability to reduce intracellular drug concentrations,
circumventing the drug action by antagonizing the agent and/or apoptotic escape (as
reviewed in (111-113)). In cases where the above treatments have been exhausted, some
patients may also be recommended for clinical trials involving immunotherapy or
radiotherapy. Recent advances in targeted radiotherapy aim to not only improve the
reduction in metastasis size/number and primary tumour size but also to alleviate the

symptoms which affect the quality of life of the patient.
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1.4 The re-emergence of particle therapies

In the last decade, radiopharmaceuticals have gained popularity for novel clinical
applications, and many been investigated for the targeted treatment of numerous cancers
(114-117). The advantage of radiopharmaceuticals over traditional radiotherapies is the
increased ability to target only malignant cells whist sparing surrounding tissues. This is
achieved by the radiopharmaceutical being engineered to preferentially bind to cancer cells
or via pharmacokinetic properties of the radiopharmaceutical itself. Many clinical trials are
underway for both beta (Lutetium-177 (118-120) and Yttrium-90 (121-123)) and alpha
particle therapies (Thorium-227 (124, 125), 223Ra (126-128) and Astatine-211 (129)). The
approved radiopharmaceuticals are either aimed to be combined with existing therapies or
are being produced as new labelled radiopharmaceuticals. There is a drive towards
replacing many existing beta-particle therapy with alpha particle radiopharmaceuticals to
reduce non-targeted tissue exposure (130). An example of this is radiopharmaceuticals
currently labelled with *°Y and ¥”’Lu for neuroendocrine tumours which may be replaced
soon with new alpha-particle emitter 212Pb label (131). This recently showing promising
results in AlphaMedix phase | clinical trial for both reduction of metastatic load and

improving quality of life (132).

1.4.1 Beta particle therapy

Many clinical trials have evaluated the use of B-particle emitters for the management of
bone metastases in CRPC patients (133-136). These treatments remain the last resort, with a
focus on palliative care to alleviate symptoms of disease progression. Current B- emitters
include strontium-89(8°Sr), samarium-153 (**3Sm), rhenium-186 (*8¢Re) and rhenium-188
(*88Re). The main concern with the use of B-particles in bone treatment is the potential
toxicity due to the deeper penetrance within non-targeted BM regions, particularly for
patients of high metastatic burden (137). This toxicity is mainly reported as temporary drops
in the blood cells however, a few leukaemia cases have also been associated with past
treatment with 8°Sr (138, 139) and with 1>3Sm, 18Re, 188Re also showing low haematological

toxicity (140-145). Due to the localised energy deposition of B-particles, higher doses are
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needed to achieve the same killing effect as a-particles and with the increased dose, higher
toxicity to the haematopoietic system may occur. Ultimately B-emitters remain widely used

for palliative care for many cancers which have spread to bone regions.

1.4.2 Alpha particle therapy

Interest in a-particle therapies have grown in recent years as they offer more targeted cell
killing, meaning this treatment has applications for patients with a high metastatic burden
and, for patients earlier in their disease who may have a better prognosis. Many a-particle
emitters are currently in clinical trial for a variety of cancers, disease stages and as
combination therapies. Actinium-225 (*°Ac) is being investigated as a treatment for CRPC
patients and is currently under Phase | clinical trial for dose escalation with initial findings
showing good tolerability in patients who had also previously received other forms of
chemotherapy and treatment with both a and B emitting radionuclides (146). Further
clinical trials are also being carried out with Thorium-227 (?2’Th) conjugated to monoclonal
antibodies targeting cancer cells known to express mesothelin within their cell membrane,
this having shown promising results with in vitro and in vivo animal testing (147). *?3Ra has
been approved for the treatment of bone metastases in CRPC patients having generated a
great deal of interest for treatment of bone metastases from other cancers, combination
therapies and potential paring with nanoparticle therapy for theragnostic applications (148-
151). All initial trials listed suggest good haematological tolerability of a-particle emitters,

however many of the studies still in early phase.

1.4.3 Pharmacokinetics of 223Ra

Newly targeted forms of radiotherapy such as 222Ra aim to control metastatic formation and
growth by targeting areas of high bone remodelling, while minimising exposure to non-
target regions of the BM. Radium is often found as a by-product of uranium mining and to
date it is currently mostly used in nuclear medicine. 223Ra is manmade by bombarding
naturally occurring Radium-226 (*?°Ra) with neutrons resulting in unstable Radium-227
(%?7Ra) which will eventually decay to ?22Ra. Radium is a chemical element that is highly

reactive and is known as one of the alkaline earth metals along with beryllium, magnesium,
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calcium, strontium and barium. Alkaline earth metals are known for their bone seeking
properties as they target hydroxyapatite which makes up 50% of the bone matrix. Radium,
being an alkaline earth metal, acts as a calcium mimic and ?23Ra has been shown to be a
useful, targeted form of internal radiotherapy which localises to areas of high bone

turnover.

223Ra is administered intravenously as ??3Ra dichloride under the trade name of Xofigo. It
rapidly localises to areas of freshly mineralized bone areas, within 24 hours of
administration (152-155). Clearance from blood is also rapid with the majority of the
radioisotope cleared through the gastrointestinal tract and the remaining through the
kidneys (154). The clearance of 222Ra from the blood has been found to be linear, and
independent of the injected activity. Previous studies on rodents found minimal uptake of

223Ra in non-targeted areas such as the kidneys and spleen (156).

223Ra has a half-life of 11.4 days and during its decay pathway it will emit 4 a and 2-B
particles (Figure 1.1212). 94% of its decay energy will be released as a-particles. a-particles
have the shortest range compared to B and Y-rays, this results in highly targeted treatment.
Although the range may be short, the distribution of energy along the track is dense,
localized pockets of energy will result in severe damage to matter increasing the cell killing
effect (155, 157). Studies have shown %?3Ra to be effective in delivering localised cell death
in target areas, and this makes it an ideal treatment for bone disease in advance prostate
cancer patients (157-161). The cytotoxic effects are mainly attributed to the high frequency
of lethal double strand breaks (DSB) directly induced as well as reactive oxygen species
formed. The use of a-particle has limited dependence upon radioresistance across tissue,

cell cycle and changes in oxygen levels within tumours.

As 2%3Ra is rapidly cleared from the blood, the highest absorbed doses are observed in
neighbouring sites of target bone metastases, including osteogenic cells and the red BM.
223Ra clearance from the blood is followed by excretion via the gastrointestinal tract, with
the intestinal wall being the 3™ site of high absorbed dose. As a-particles have a short range
the majority of dose will be delivered to the surrounding gut and while B-particle may reach
the intestinal lining, these consist of only 4% of 222Ra emitted energy. Although it does result

in high absorbed doses in bone areas, 223Ra is associated with low numbers of
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haematological events and myelosuppression, with these being only temporary effects

chiefly observed during treatment (162, 163).

1.4.4 Clinical outcomes with 223Ra

The ALSYMPCA (ALpharadin in SYMPtomatic Prostate Cancer) study resulted in the approval
of 223Ra for CRPC treatment. ALSYMPCA was an international clinical study which begun in
June 2008 with termination in February 2013. ALSYMPCA evaluated the efficacy and safety
of 222Ra dichloride in patients with hormone refractory PC and skeletal metastases. The
study consisted of a randomised administration of placebo or 222Ra administered
intravenously every 4 weeks for 6 cycles. A total of 921 patients were recruited, 307 being
administered a placebo and 614 being administered ??3Ra. The results found ??3Ra to
increase patient survival. The overall survival for the placebo group was estimated at 11.3
months with a median of 10.1-12.8 months survival. The overall survival for the 22°Ra was
14.9 months with a median of 13.9-16.1 months showing a clear increase in overall survival

for patients receiving the treatment (79).

A secondary outcome of the study was the time of occurrence for the first skeletal related
event (SRE) (164). In the ALSYMPCA trial these were recorded as the first date where EBRT
was used to relieve skeletal symptoms such as bone fractures of both vertebrate and non-
vertebrate and spinal cord compression. The placebo group time of first SRE was 8.1 (range
6.7-11.9) months whilst in the 222Ra group the first SRE occurred at 16.4 (range 14.3-18.3)
months, showing 223Ra subjects having delayed first SREs. The SRE were also found to have a
delayed onset along with overall reduction in events and low myelosuppression incidence
(79). Later studies also confirmed the delay in SRE including patients having received
chemotherapy treatment prior to ALSYMPCA enrolment (165, 166). Although no long term
follow up is available, a recent 3 year follow up confirmed there to be no delayed safety
concerns indicating that 222Ra was well tolerated, coupled with meaningful quality of life
improvements along with overall slower decline over time (78-80, 162). Ultimately the
ALSYMPCA clinical trial resulted in the FDA approval of 222Ra in 2013 for the treatment CRPC

patients presenting bone metastases.
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1.5 Principles of ionizing radiation

Radiation is the transmission of energy through space and material mediums. Radiation may
be non-ionizing (below 10 eV), transmitted in longer waves and lower frequency, or of
ionizing kind transmitted in shorter waves and higher frequency (generally above 10 eV).
lonizing radiation possesses sufficient energy to ionize electrons during its interaction with
matter, which results in the atom or molecule being electrically charged forming an ion.
Radiation may travel in the form of electromagnetic waves or sub-atomic particles. lonizing
electromagnetic waves include Gamma and X-rays which are highly penetrating as they do
not have mass or an electrical charge. Particulate radiation includes alpha, beta and neutron
particles all of which have various characteristics due to their mass and charge; this affects

the penetrance with denser particles travelling shorter distances.

a-particle are large particles composed of two protons and two neutrons identical to a
helium-4 nucleus with a positive charge of +2 (167). Due to their size and charge they
interact heavily with matter having a large energy release, often described as clusters of
ionizing radiation, which slows their speed. B-particle are described as having a negative
charge of -1 or positrons with a positive charge of +1 (167). Due to their small size (~8000
times smaller than an a-particle), they can travel a larger distance within matter and
therefore have a slower energy release. Protons are larger than a B-particles (~1838 times),
have no electrical charge and are able to travel further than B-particles. Protons carry a
positive charge and long range proton exposure usually only occurs as a result of artificial
acceleration. Therefore, long range proton exposure will not typically occur from nuclear
decay. In terms of tissue penetrance, external exposure to a-particles is not deemed
dangerous as the energy is absorbed by the skin as the penetrance is usually less than a few
cells in thickness. B-particles have a higher penetrance and can pass through the skin layers
to deeper tissues by a few centimetres. Instead, gamma and X-ray exposure is typically more
penetrating traversing a human body and requires a thick layer of lead or concrete of the
order of 1m (depending on energy) to provide significant shielding (167). Due to their
neutral charge, neutrons will readily pass through most materials, with the most effective
shielding materials being water or hydrocarbons such as polyethylene of paraffin wax.

However, in terms of internalised exposure, a and B particle exposure is more dangerous as
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they are more ionizing per unit dose, therefore if internalised they will have a higher relative
biological effectiveness (RBE). The RBE describes the ratio of dose required for the same
biological effect across differing radiation types. Typically, x-rays or gamma rays are

described as low-LET and a-particles as high-LET.

1.5.1 Measuring ionizing radiation

Radioactive decay occurs when an unstable nucleus loses energy to achieve a stable state
and may be achieved through particle decay (a, or neutron) or through Y decay, electron
capture. Briefly, a-particle decay is characterized by the ejection of two protons and two
neutrons, equivalent to a helium atom to stabilize the nucleus. B-particle decay involves the
transformation of a neutron into a proton with the emission of an electron or vice versa
with the emission of a positron instead. Neutrons are uncharged and relatively stable
therefore neutron release usually results from nuclear fission, fusion, from cosmic particle
interaction or from particle accelerators. Rather than interacting with the electrons of an
atom they interact with the nucleus, resulting in recoil protons, or in the case of higher
energy neutrons “spallation products”, for example a fast neuron interacting with a carbon
atom or oxygen atoms may result in the nucleus breaking up in to 3 or 4 a-particles
respectively. It is through these secondary charged particles that energy is deposited to the
tissue resulting in biological damage. The international (SI) unit for measuring radioactivity is
the Becquerel (Bq). A Bq is equal to the quantity of radioactive material in which one
nucleus decays per second. The decay of a radioactive material may be described by its half-
life, this being the time required for half of the unstable nuclei within the material to decay.
Radiation exposure is described as the energy released or produced within a material
medium and may be defined in different ways to account for the level of harm induced. The
absorbed dose describes the effect radiation has on a medium irrespective of radiation
quality and it is measured in Sl units called gray (Gy). a-particles are significantly more
biologically effective than low-LET radiation for a wide range of biological end-points,
requiring significantly less dose to produce an equivalent biological effect. With the specific
RBE depending on a number of factors such as the energy/LET of the particle, dose,

biological end-point studied and cell type. When considering the long-term cancer risk the
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concept of equivalent dose is commonly used (units of a sievert, Sv), which is calculated by
multiplying the absorbed dose (Gy) to a given tissue by a weighting factor, wg, chosen by the
ICRP committee to reflect the higher biological effectiveness of high-LET radiation compared

with low-LET radiations. High-LET a-particle have chosen a wrg value of 20 (168).

Linear energy transfer (LET) refers to the action of radiation upon matter and describes how
much energy an ionizing particle transfers to the material traversed per unit distance. LET
varies depending on type of particle, and the unit used to measure LET is keV/um (169). The
most common way of measuring LET is the track average method, obtained by dividing the
track into equal lengths and calculating the respective energy per unit of length, this being
expressed as the mean energy of the whole track. The energy average is also used and yields
similar results for monoenergetic particles. This method divides the energy deposits evenly
and calculates the mean distance over which they are deposited (167). In the case of X-ray
exposure, these photons interact within the tissue producing energetic electrons (and in the
case of a pair-production event an electron-positron pair). These electrons subsequently
deposit energy (through ionisation and excitation events) as they slow down and can
produced secondary and territory etc electrons which themselves can produced addition
ionisation events along their track. It is via these electron tracks and their interactions that
photons deposit energy within the cells and tissues of the body. Particle exposure instead
deposits energy as it travels through matter causing the particle to decelerate releasing
constant amounts of energy generally increasing to a Bragg peak, just before achieving
thermal equilibrium with the absorbing material (170, 171). The LET value for particle
exposure will vary based on the method used, the track average and energy average will be
significantly different when considering heavy particles as these will decelerate faster
releasing more energy per track length. The RBE enables the comparison between the
effects of different LET radiation and is dependent on: the type of radiation, dose, dose rate,
dose administration (i.e. fractionation), and the biological effect being assayed (172). Figure
1.7 shows the increased RBE following fractionated treatment by neutron and X-rays
compared to single dose. With respect to radiation protection, RBE for relevant biological
endpoints have been used to guide the choice of radiation weighting factors for stochastic
effects such as cancer, or specific RBE for a given deterministic effect (173). Deterministic

effects are tissue reactions with severity increasing with radiation dose above a threshold,
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below which there are no clinically observable effects. These effects are predominately a
result of significant cell death within the tissue. In contrast, the probability of genetic

mutations and cancer increases with dose with no strong evidence for a threshold (174).
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Figure 1.77. Increased RBE with multiple fractions.

The survival fraction following neutron and X-ray exposure was plotted as an RBE endpoint.
The RBE of neutrons is higher than X-rays. A single fraction for each radiation type is seen as

inducing lower RBE than multiple fractions. Image from Zeman (2016 (172)).

1.5.2 Increasing LET and DNA damage

The use of ionizing radiation in medicine includes diagnostic X-rays, to capture images for
medical procedures and dental evaluation, nuclear medicine with internally administered
radioisotopes for both diagnostics and treatment, and standard external radiotherapy for
disease treatment and management such as cancer. Cells exposed to ionizing radiation may
result in changes to the DNA through both direct and indirect mechanisms. Irreparable
damage to the DNA will result in the cell being unable to normally function and divide
eventually inducing cellular senescence and ultimately cell death pathways. The direct
interaction of radiation with DNA may result in molecular disruptions causing different
lesions such as base damage, including pyrimidine dimers (thymine and cytosine bases) and
purine lesions (adenine and guanine bases), and breaks of single (SSBs) or double strand

(DSBs).
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As reviewed by Hill 2020 (175), ionising radiation is very effective in the induction of DNA
clustered damage and a wide spectrum of damage being induced both directly and
indirectly. Most notably the highly harmful DSB which is often mis-repaired leading to cell
changes and/or cell death. DSBs produced by increasing LET result in multiple lesions,
including strand breaks and base damage, spatially close to one another. These clustered
lesions termed complex DSBs. 70% of cell damage is attributed to indirect effects by free
radical formation from the interactions of the radiation with water in the cells (176). If the
energy deposition is within the surrounding water molecules rather than the DNA itself, this
can cause H;0 molecules to undergo radiolysis resulting in the formation of unstable
reactive oxygen species (ROS). These ROS molecules are highly unstable as they contain an
unpaired electron and as such these molecules are likely to interact with the neighbouring
DNA. ROS induces hydroxylation of nucleic acid bases, potentially resulting in the formation
of SSBs and DSBs (177, 178). Of the induced damage, DSBs are considered the most lethal to
the cell as if left unrepaired they may lead to cell death while SSBs are instead readily
repaired. However frequent these lesions by ROS may be, the damage induced by free
radicals is mainly of simple kind. With any DSBs produced presenting a low number of
lesions namely less than two lesions within one or two helical turns of DNA. Direct damage
to the DNA will result in the highest number of complex strand lesions this posing a greater

risk to the cell as complex DSBs are more challenging to repair.

Low LET radiation results in random distribution of energy from many tracks, the resulting
damage is sparsely distributed with small clusters of 1-2 lesions. By contrast, high LET
radiation mainly results in clustered damage (within 10 base pairs) along a single track with
clusters containing an average of 4-5 lesions with some being found exceeding 25 lesions

(179-181).
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Figure 1.88. DNA damage induced by ionizing radiation.

Distribution of DNA damage inducing events after direct exposure low and high LET IR.
lonization events localize along the particle tracks. Large dots represent ionizations and
small dots represent excitations along the radiation track. Energy deposition clusters in high
LET exposure results in complex damage within a small unit distance (182). Monte Carlo
simulated tracks are drawn for the 0.5 keV e- and the a particle on the same scale as the
DNA redrawn from Goodhead et al. 1995 (183). The track for the 10 keV e- are by free
drawing and shown only for illustration purposes. Image available for re-use under the

Creative Commons Attribution CC BY license.

Figure 1.99. illustrates the spatial density of low LET and high LET tracks within a PBL cell
nucleus. Depending on the LET, the lesions will have a different frequency and distribution
within the cell nucleus. In vitro studies have shown the ratio of SSB to DSB to decrease with
increasing LET (184-187), whilst the amount of base pair damage is found to remain
consistently two-fold higher than that of strand breaks irrespective of LET (188). In terms of
DSBs, more complexity is induced after exposure to high LET radiation. Following low LET
exposure 30% of DSBs are complex, with >3 strand breaks within 10 base pairs, this
increasing to 70% following high LET exposure (189, 190). This is reflected in the RBE of
particulate radiation being higher than X-ray and Y-gamma exposure, resulting in a higher
amount of damage within a cell nucleus. Therefore, the killing effect from particulate

radiation is higher and whilst the penetrance is lower than X-ray and Y-gamma exposure,
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there is a potential for particle radiotherapy to be highly targeted to tumour cells only with

high tissue sparing for surrounding normal cells.

Figure 1.99 Distribution of energy deposition by different LET in PBL nucleus.

PBL interphase cell nuclei captured via multiplex-fluorescent-in-situ-hybridization painting
with highlighted chromosome territories by 5 colour probe set. A) Low LET tracks have small
event spurs of energy randomly distributed across the nucleus resulting in similar number of

lesions per spur. B) High LET tracks having clustered blobs of energy release resulting in
varying size of energy deposition and thus varied number of lesions per blob. 1Gy exposure
of x-ray or gamma ray corresponds to ~ 1000 electron tracks traversing a PBL nucleus
compared to an average of approximately ~ 2 alpha particle tracks of corresponding 1Gy
exposure. Track and energy deposits were overlaid from previous publications for
illustration only (191). Image available for re-use under the original image copyright 2021

National Academy of Sciences for non-commercial reuse.

The biological effectiveness of a-particles varies significantly based on the particle energy.
As an a-particle traverses a tissue, it will decelerate increasing energy deposition towards
the end of the track (As seen in Figure). With a same given dose, decreasing the a-particle

energy (hence increasing the LET) has been shown to increase clonogenic survival of cells
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traversed by a single track (192). By exposing varying cell types in vitro to 120 keVum™ a-
particle Goodhead et al. 1999 (193) found the cell survival of some epithelial cell lines to be
as high 90% whilst some heamatopoietic cells as low as 0%. This highlighting that cell
survival to a-particles is also based on more complex factors including the cell geometry, cell

type and stage of maturation.
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Figure 1.1010 Changes in a-particle energy traversing tissue.

The distance travelled by a 5.5 MeV a-particle corresponds to 222Rn decay can be seen
assuming the trave to be through water. The figure was adapted by Bliss et al. 2015 (192).
Image available for re-use under the original image copyright 2021 National Academy of
Sciences for non-commercial reuse.

1.5.3 Repairing of radiation induced damage

Cells are equipped with repair processes for all kind of DNA lesions, this thought to be a
direct result of evolutionary adaptation to environmental hazards (chemical, radiation and

UV exposure) and or spontaneous DNA damage. The repair process is also essential for the
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selection process for T cell antigen specific protein selection, which requires shuffling of
DNA to create new combinations of cell surface proteins (170). The variety of lesions
described above means multiple repair systems must be available for the cell to survive and
adapt. Depending on the damage, a cell may undergo programmed cell death, cell cycle
delay, repair and/or cellular senescence. The cellular responses are not mutually exclusive,
and most cells will undergo cell cycle delay as an immediate response (194). For ionizing
radiation exposure, the repair of DSBs is most relevant since unrepaired DSBs may lead to
rapid cell death. This is exploited in radiotherapy treatments whereby high DSB induction is

more likely to result in cell death as the cell will be unable to correctly repair all DSBs.

With induction of DSBs, the survival of the cell therefore depends on the rapid repair of
these lesions. To do so, the principle repair pathways in human cells are homologous
recombination (HR) and non-homologous end joining (NHEJ). The pathways for DSB
detection, strand invasion, litigation and end processing have been well characterized as
reviewed by Bradbury and Jackson (2003 (195)) and Pandita and Richardson (2009 (196))
detailing all the proteins and cascade responses. The point of the cell cycle at the time of
exposure will often (but not exclusively) dictate what pathway is activated. HR pathway
effectively utilizes a sister chromatid as a template for its repair. DNA end resection is
activated in the presence of a DSB and through nucleolytic degradation, a 3’ single-stranded
DNA is formed ready for homologous strand invasion (197). HR has the highest strand
fidelity as the template used is identical, however, to do this the cell must actively be
replicating (73-77). Single strand alignment (SSA) may also be regarded as a variant of HR as
it utilizes repeat sequences within the opposing strand, however, this is error prone as the
intervening sequences between repeats may be prone to deletions and it is thus associated
with the formation of chromosomal translocation (198).

Most cells sit in interphase unless actively stimulated to divide, therefore the most common
pathway for repair is instead NHEJ. NHEJ does not contain a template for the repair of the
damaged strands and instead the two broken strands are joined back together. This process
is driven by the presence of microhomologies on single strands of the break sites. If these
microhomologies are perfectly intact the repair is likely to be successful and the strands will
be accurately re-joined (78-82). Often, though, the microhomologies are not intact and the

litigation process results in mis-repair. The strand repair outcomes can be seen in Figure
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1.10, which highlights the potential for loss of heterozygosity (LOH) and exchange such as a
translocation. Further variants of NHEJ also exist including alternative end joining (Alt-NHEJ),
which also relies on microhomologies for repair, however, these are limited to those within
DNA-end resections. This process is also highly error prone often resulting in deletions,

sequence alterations and translocations.
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Figure 1.1111 DSB repair outcomes following homologous recombination and non-
homologous end joining.

Parallel line pairs indicate the chromatids of each chromosome, with homologous
chromosomes in light and dark blue colour. Orange lines indicates a non-homologous
chromosome. First column describes the correct repair following NHEJ and HR. The middle
column the incorrect repair resulting in LOH (loss of heterozygosity) with use of homologous

chromosome and final column resulting in a reciprocal translocation from non-homologous
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chromosome template guide (199). Image Licenses agreement granted for re-use under
Springer Nature Licence for publication of image in Thesis/Dissertation as defined by the

Sherpa guideline.

1.5.4 Cell death pathways

In the event that DNA damage cannot be repaired, the cell may initiate apoptosis. The
apoptotic pathway will be depended on the type of damage induced and also the cell type.
This may result in the intrinsic apoptotic pathway usually following incorrect repair of SSBs
and DSBs and the initiation involves mitochondrial release of cytochrome ¢ with
apoptosome formation (200, 201). Activation of the extrinsic pathway instead occurs
following detection of extrinsic signalling by death receptor which will in turn result in
caspase activation for cell death. The membrane stress pathway is activated following ROS
oxidative damage in the plasma membrane or directly from heavy damage from high doses
of radiation resulting in many DSBs; both will result ceramide production and messenger

signalling cascade initiated (202, 203).

Most cells will undergo cell death by mitotic catastrophe which results in the premature
mitotic phase being initiated prior to correct completion of S and G2 phase. Cell death may
then occur in the mitotic phase or during interphase. Alternatively, a cell may be forced into
cellular senescence with permanent arrest in G1, whereby the cell remains viable and
metabolically active but unable to undergo further mitosis (204). lonizing radiation is also
thought to be able to directly induce programmed necrosis (205, 206). Some cells may
undergo delayed mitotic death which may be triggered by G2 arrest or after a number of
cell divisions(207). The G2/M checkpoint halts the cell cycle progression preventing the
segregation of unstable chromosomes (such as dicentric chromosomes), this follows
prolonged activation of the spindle assembly checkpoint. If the aberrant cell is able to evade
the G2/M checkpoint lagging chromosomes and their fragments will be form micronuclei

external to the cell nucleus (208).
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1.6 Chromosomal aberration induction

1.6.1 DNA organization

Chromosomal structures have long been observed as the structures involved in cell
replication. It was only until Watson and Crick (1953 (209)) published their description of the
double helical structure of DNA with X-ray crystallography by Rosalind Franklin (as reviewed
by Thompson 2018 (210)) and Maurice Wikins (as reviewed by Arnott 2006 (211)) that the
chromosomal genetic content was truly appreciated. The helix is formed by two
polynucleotide chains composed of four nucleotide subunits. Nucleotides are composed of a
five-carbon sugar (deoxyribose) to which phosphate groups and nitrogen composed bases
are attached. The nucleotide bases are pyrimidine (cytosine and thymine) and purine
(adenine and guanine). The base pairs of each stand are linked together by hydrogen bonds
that will break during strand replication and re-join following completion. The nucleotides of
each strand are linked through covalent bonds to sugar and phosphate forming the
backbone of the DNA strand. The 3D structure formed achieves a helix structure from the
complementary nucleotide rearrangement within the paired strands from bulkier two ring
purine to single ring pyrimidine. The base pairs are held at similar widths through the DNA
strand and so are the sugar-phosphate ‘backbones’” which in turn wind around each other

forming a double helix. Each helix turn comprises 10 base pairs (154).

Human cells contain approximately 2 m of DNA that is tightly packed in the cell nucleus
which is on average 6 um in diameter. The packaging is achieved by complex processes not
fully understood but that involve specialized proteins which fold, loop and coil the DNA into
a high level of organization (212). Proteins are recruited to the DNA strand and together
these form the DNA-protein complex termed chromatin. The proteins involved are called
histones and these are small positively charged proteins (H1, H2A, H2B, H3 and H4) which
interact with the negatively charged DNA sugar-phosphate backbone (213). This occurs in
repeated fashion along the entire DNA strand. The nucleosome is the basic repeating
structure along the length and is formed from 8 histone proteins interacting with a DNA
length of approximately 146 base pairs. The first turn is termed a histone octamer as it
comprises of 8 histones (2 of each H2A, H2B, H3 and H4) the turn is then completed from H1

recruitment of a further 20 base pairs forming the chromatosome. The nucleosome is
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further compacted into a 30 nm fibre, although not fully understood, it appears H1 thought
to be involved in the stabilization of the fibre. The 30 nm fibre continues to compact and
coil. forming loops of 300 nm length and eventually folding to achieve a fibre of 200 nm

axial extent (214) that is further tightly coiled into the chromatid of a chromosome.

1.6.2 Chromosomal aberration induction

Incorrect repair following ionizing radiation is associated with the occurrence of
chromosomal aberrations. The mechanisms involved in the formation of chromosomal
aberrations are still not fully understood but to date three main theories are considered.
The 1%t theory, breakage and reunion, proposed by Sax in 1938-1941 based on the formation
of primary breaks along chromosomes and three possible outcomes (215-217). Breaks may
in the first instance re-join or ‘restitute’ correctly to reform the original structure. The
second outcome forms a new structure via an exchange mechanism through incorrect re-
joining or repair, and lastly no repair, which appears as open ends with acentric fragments
of chromatid or chromosomal kind. This theory is also known as the classical theory and it is
the most widely accepted (218, 219). The 2™ theory is the exchange theory by Revell which
assumes the most likely outcome is the formation of unstable lesions, rather than a primary
break (220, 221). If the lesions are distant to one another these will eventually be repaired
and therefore not be detected. However, if two lesions are in close proximity the exchange
will begin and this can result in a complete exchange or an incomplete exchange. Complete
exchanges will give rise to rearrangements visible as chromosomal aberrations at
metaphase stage, in the case of an incomplete exchange a discontinuity will arise within the
chromosome. As the chromosome containing discontinuities undergoes condensation as
part of mitosis, these disruptions will appear along the chromosome as simple breaks. This
theory suggests therefore that the occurrence of breaks within the chromosome are not the
primary event however instead arise from failed exchanges (222, 223). Work by Savage in
1998 characterized the exchange theory further as “no exchange- no break”, highlighting
how some exchanges were better characterized by 15 theorem and some by 2" (223). In
terms of complex exchanges, random movement of broken ends with eventual reunion is
hard to explain and that one DSB interacting via reciprocal recombination may be a feasible

model (224).
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The 3 theory, the most modern, being the molecular theory proposed in 1978-1981 by
Chadwick and Leenhouts (225, 226). Their work indicates that exchange type aberrations
may occur from one DSBs and that these DSBs have a linear quadratic dose response. This
coined the term “one DSB-one exchange”. Today it is generally accepted that the formation
of chromosomal aberrations is a direct result of incorrect repair of DSBs, this supported by a
number of studies of human chromosome instability syndromes all pointing towards
disruption of DSB repair pathways as reviewed by Pfeiffer et al (222). HR pathways are
activated by the presence of one DSB which will result in two cleaved ends along the DNA
strand HEJ will initiate invasion within the homologous strand at sites where sequence
homology is found. If the invasion does not occur at the appropriate site of homology but
instead at sites of repeat sequences, chromosomal aberrations can be created. This
supporting how one DSB can result in exchange aberrations such as translocation, inversions
and deletions. NHEJ repair instead do not require a sister chromatid present for repair, as
two open ends must interact it means two DSBs resulting in four open ends must be
initiated to induce exchange type aberrations. Later studies utilizing premature
chromosomal condensation (PCC) confirmed that breaks induced after ionizing radiation are
precursors to chromosomal aberrations (227). PCC permits the detection of chromosomal
damage rapidly after exposure in cells that are not actively cycling compared to standard
techniques where exposed cells are stimulated to divide and arrested in metaphase stage. In
the time taken for the cell to reach metaphase stage a series of events related to repair and
restitution of the DNA strands will occur leading to the formation of chromosomal
aberrations. The premature condensation avoids these events as it is induced rapidly after
exposure by the fusion (Or drug-induced cytochalasin B) of the exposed interphase cell in Go
to a mitotic cell usually a Chinese hamster ovary or Hela cells. The technique has proven
itself useful when assessing post irradiation repair processes and kinetics of chromosomal
break restitution. PCC studies have found that open chromosomal fragments restitute with
time, that exchanges occur very rapidly and whilst the chromosomal fragments found to
decrease in frequency with time, the dicentric/translocation/ring frequency remained
similar (228, 229). This evidence supports the idea that most exchanges are formed by the

mis repair of breaks.
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lonizing radiation exposure has been shown to result in an increased yield of DSBs with an
increase of absorbed dose. DSB mis repair by both HR and NHEJ can result in the formation
of chromosomal and chromatid aberrations, depending on cell cycle point of exposure. As
such, the higher the number of DSBs therefore the higher the chance of mis repair and
formation of chromosomal aberrations whether it be as per the 1% theorem, with random
recombination of opened ends and/or with the 2" / 3" theory based on mis repair of
unstable lesions. Ultimately, further advances in molecular detection of induced damage
sites, repair pathway characterization and improved detection limits for chromosomal

aberration characterization have shown validity in all the above theories.

1.6.3 Chromosomal aberration classification

A normal human karyotype consists of 46 chromosomes in each diploid cell, 22 homologous
autosome chromosomes and one pair of sex chromosomes (X and Y). Chromosomes are
classified based on their size and subdivided in to 8 categories (A. Chromosomes 1-3, B. 4-5,
C.6-12, D.13-15 E.16-18, F. 19-20 G.21-22 and sex chromosomes X-Y). At metaphase, the
chromosomes are structured with the two sister chromatids joined together by the
centromere. The two chromosome arms are classified as p (equal or shorter upper arm) or q

(equal or longer lower arm).

The most widely accepted classification for chromosomal aberrations is by Savage (1976
(230)), here summarized. Structural chromosomal aberrations can be subdivided in to
asymmetrical and symmetrical exchanges. Chromosomal aberrations may be intrachanges,
involving only one chromosome, and interchanges, involving more than one chromosome.
Asymmetrical exchanges are when the lesion gives rise to one or more acentric fragments.
The acentric fragments consists of a chromosomal section not containing a centromere.
Symmetrical exchanges instead do not result in the formation of an acentric fragment.
Symmetrical exchanges, for example reciprocal translocations, are stable as they retain the
ability to divide successfully as no genetic material is lost and each chromosome retains the
centromeric structure for segregation during division. Unstable aberrations instead include
dicentric chromosomes, rings and acentric fragments. In the case of dicentric chromosomes,

these are also classed as unstable due to the presence of two centromeres. During mitosis a
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dicentric chromosome is likely to be attracted to opposing poles this stemming from
kinetochore structures being available within both centromeric regions. The fusion of this to
microtubule structures will pull the centromeres in opposing directions, this either resulting
in breakage of the chromosome or mitotic arrest with the formation of a bridge between
the two cell nuclei. Centric rings are rarely able to undergo cellular division as it is likely for
crossover of the two chromatids resulting in bridge formation with similar outcomes to the
dicentric chromosomes. However, in the case of no crossover it is possible for centric rings
to correctly duplicate and segregate as found in autosomal ring syndromes (231). The larger
the chromosome the more likely for there to be cross over, therefore correct segregation is
more likely in smaller chromosomes. The correct segregation of rings ultimately, like
dicentric chromosomes, results in loss of genetic material via acentric fragment mis
segregation. Complex chromosomal aberrations defined by Savage and Simpson (1994(232))
involve three or more breaks in two or more chromosomes. These may be of stable or

unstable kind depending on whether fragments, dicentrics or rings are also formed.

Gain of genetic material can include duplication of genes. This is particularly found in cancer
evolution studies and has also been shown to be induced in vitro from low dose ionizing
radiation although the mechanisms are still questioned (233). Chromosome loss and gain
may also be of whole chromosomes, usually induced by chromosome segregation errors
during mitosis. This can be caused by acentric chromosome mis segregation induced errors
and/or directly by ionizing radiation of cells undergoing mitosis leading to the formation of a

lagging chromosome (234, 235).

1.6.4 LET and chromosomal aberration spectrum

The progression through cell cycles is tightly monitored by cell checkpoints whereby cycle
progression can be blocked in the event of DNA damage. PBLs in vivo reside mainly in Go
therefore the resulting sampled PBL will containing primarily chromosomal rather than
chromatid aberrations. While exposure of cells in G2/S will result primarily in chromatid
aberrations (236). The frequency and spectrum of chromosomal aberration induced after
ionizing radiation exposure is associated with radiation dose and also the energy or quality

of radiation (237-239). At doses up to 2 Gy, low LET exposure has been associated with the
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induction of simple chromosomal aberrations. This is partly due to energy deposition being
more homogenous and more ‘spread out’ along the radiation track. The aberration
induction of simple chromosomal aberration has been shown to follow a linear quadratic
curve and this is applied in biodosimetry for dose estimation (236). The linear component is
often associated with the damaged produced by a single track. The quadratic component is
instead related to the miss-repair between DNA damage produced by two independent
tracks, this being more significant at higher dose. Most notably the dicentric chromosome
assay has been used for decades in biodosimetry for accidental exposure scenarios to
estimate the dose received by the individual (240). High LET radiation is instead associated
with complex chromosomal aberrations, due to clustered damage from heavy energy
deposition along the particle track. The aberrations induced from high LET instead follow a
linear relationship (236) however, complex aberrations may also occur at high doses
following low LET exposure. The formation of multiple lesions in close proximity to one
another are more likely to result in complex chromosomal aberration formation (241).
Clustered damage resulting in DSB spatially distributed within a small area has been found
to result in small deletion within a gene, termed intragenic deletions, and these can have
phenotypic effects on the cell (242-244). Due to the clustered damage induced by high LET,
the probably of a complex rearrangement formed will be increased and this has been
demonstrated by the passage of a single a-particle track (241). Instead, the formation of
complex aberrations by low LET is dose dependent as multiple radiation tracks may be
needed for a similar level of lesions in close proximity for a similar level of interaction (245).
The DSBs induced by high LET repair slower compared to those of low LET radiation Jenner

1993 and in general the DSBs induced by high LET are more complex (246).

Differences in numbers of chromosomes involved in complex aberrations have also been
observed, with aberrations induced by low LET mainly involving three-four chromosomes
whilst high LET exposure involve up to seven chromosomes 6). In vitro study by Anderson et
al. (2000 (237)) identified chromosomal aberrations in PBL exposed to 0.5 Gy a-particles
(121 keV/um) to mainly involves four or more chromosomes in each exchange. Insertions,
(chromosomal fragment exchanges and insertions into different chromosomal regions), are
characteristic features of high-LET induced complex exchanges. Ultimately, the proximity of

breaks will also have an important role in their aberration outcome (247).
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1.7 Delayed effects of ionizing radiation exposure

1.7.1 Delayed chromosomal instability

Genomic instability is a main driver for tumorigenesis and is the increased tendency of
genome changes in a cell (25, 27). IR induces DNA damage that may result in mutations and
chromosome aberrations (insertions, deletions or major rearrangements). The molecular,
biochemical and cellular events involved in the prolonged genomic instability within
exposed cells and daughter progeny are not well understood. One of the best characterized
models is the de novo occurrence of chromosomal aberrations in progeny of cells exposed
to ionizing radiation of clonal and non-clonal descent. These have been extensively studied
in the context of carcinogenesis and the formation of heterogenous tumours via acquired
sequential genomic modifications (as reviewed by Botchler 2015 (248)). In the case of non-
clonal delayed effects, aberrations appear in the progeny of cells exposed to ionizing
radiation but not presenting initial aberrations themselves; in the progeny a subset of cells
appears normal whilst others contain de novo aberrations. Early in vitro studies
demonstrated delayed effects appearing in the cell populations up to six generation later
(249-251). This scenario cannot be attributed solely to a repair defect within the original cell
as if that was the case, all the resulting progenies should be equally affected and appear
phenotypically identical to one another. Non-clonal delayed effects have been shown to
result mainly in lethal rearrangements that once present in the daughter cell will lead to cell
death (252, 253). Lethal rearrangements are thought to have little correlation to
carcinogenesis itself but have been linked to delayed apoptotic mechanisms (254). As
reviewed by Kadhim et al. (1995 (255)), in vitro studies have demonstrated from early on
that cell progeny my display de novo chromosomal aberration which in turn may be
transmissible to further progeny (256-261). Indirect damage from ROS/RNS have been
linked with increased genomic instability, and this is supported by hypoxia studies which
demonstrated significantly less damage after exposure of cells in 2% oxygen environments
(262). Hypoxia studies also suggest oxidative stress has a role in delayed damage after

exposure (as reviewed by (263-265)).

Delayed effects have also been observed in cell populations not directly exposed to ionizing

radiation, including cells exposed to particle radiation known to have not been traversed
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(266-271). These effects are termed as bystander effects and although the mechanisms are
not fully understood, as reviewed by Butterworth (2013 (272)) studies have suggested gap
junction communication or signalling via extracellular environment. Indeed, a number of
studies have found increased chromosomal aberrations in neighbouring non exposed cells in

vitro (273, 274) and in vivo (275, 276) which may be explained by bystander effects.

1.7.2 Chromosomal instability and disease phenotypes

lonizing radiation has been long utilized as part of medical treatment for various cancers
and diseases, it has itself also been recognised as an inductor of primary cancers in
unwanted exposures. Epidemiological data has provided evidence supporting an increased
cancer risks from radiation doses > 100 mSv, with a linear no threshold response generally
assumed to assess risks at lower dose. However, the benefit associated with low dose
exposure from medical diagnostic imaging (<100 mSv) is likely to outweigh the risk (277).
The risk following higher dose exposure from radiotherapy instead poses a greater risk of
cancer, the incidence is approximately 40% reflecting long life expectancy but will be
dependent on cancer site and associated treatment plan (277). However, the risk for
delayed effects is often outweighed by the risk of not using radiation for disease
treatment/management. lonizing radiation has been associated with an increased risk of
secondary cancers in patients with better prognosis (for whom delayed effects are an
important consideration) when utilized as part of primary cancer treatment (138, 278-282).
Secondary cancers are likely to arise from the exposure of non-target tissues surrounding
the tumour site and this is one of the key driving forces towards finding newly targeted
treatments that spare surrounding normal tissues in an attempt to minimize this risk. For a
radiotherapy treatment to be effective it must have the ability to inflict irreparable damage
to the target cell genome. The principle is based on induction of highly lethal DSBs which
results in effective cell death. When the damage inflicted is great, the cell will undergo
programmed or interphase cell death. If the damage to the cell is potentially reparable, the
cell will arrest at a cell cycle checkpoint and repair will be attempted. Incorrect repair may
yield balanced rearrangements that do not affect cell survival and a cell containing these
may successfully undergo division with daughter cells presenting these rearrangements

(283).
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For an aberration to be persistent through multiple cell divisions the chromosomal
aberration must yield structural rearrangements that are physically able to segregate during
mitosis. In the case of acentric fragments, these are able to replicate but unlikely to undergo
correct segregation as they are lacking the essential centromere structure needed for this.
On occasion dicentric chromosomes may successfully segregated to one cell nucleus,
however, this is unlikely to occur for multiple cell divisions, therefore the half-life of a
dicentric is approximately two replications (or 1.5 years) (168). It should be noted that
inactivation of one centromere has been thought possible with dicentric chromosomes
successfully going through cell divisions. This process is not fully understood but thought to
be associated with the proximity of the two centromeres to one another (as reviewed by
Stimpson et al. 2012 (284)). Ultimately genetic material is still lost with the acentric
fragment likely to incorrectly segregated through cell division rendering the cell unstable.
The occurrence of centric rings is a rare event and therefore the persistence of a ring even

more So.

The most likely aberration to persist for many cell divisions is the reciprocal translocation, as
each rearranged chromosome contains a single centromere. Expansion of cells containing
stable transmissible aberrations has been linked to the development of certain cancers,
most notably the example of the Philadelphia chromosome linked to chronic myeloid
leukaemia (CML). It was 1°t observed in the 1960s by Nowell and Hungerford (285) and later
characterized as a reciprocal translocation between chromosome 9 and 22 by Rowley in
1973 (286). The rearrangement is found in 95% of CML cases with the incidence found to
increase with age and associated with poor prognosis (287). The rearrangement results in
the movement of proto-oncogene ABL to chromosome 22 location adjacent within that of
BCR gene, the fusion of these two genes result in hybrid BCR/ABL onco-gene. Depending on
the break location the transcription of this gene results in the production of an aberrant
mMRNA later translated in to a chimeric p210 or p190 protein. The rearrangement therefore
causing physiological signalling impairment and disrupting the cell stability (288). The link
between ionizing exposure during treatment and CML is well established with radiotherapy
patients monitored via haematological counts throughout treatment (as reviewed (278, 289,
290)). Delayed cases of CML have been recognised 10 years following treatment for thyroid

carcinoma (291) and 25 years after breast and uterine cancer radiotherapy (292). This
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prolonged delayed highlighting the need for long term patient monitor after therapy

completion with young patients being at particular risk (293, 294).

Study of occupationally exposed individuals have identified increased chromosomal
aberration to be associated with increased carcer risk. Nordic population study followed up
3182 individuals following mainly occupational exposure between 1970 and 1988 (295).
Chromosomal aberrations, chromatid aberrations and micronuclei were scored. By the last
follow up 85 cancer cases were identified. The mean time from cytogenetic analysis to first
cancer appearance was between 2.2 and 7.9 years depending on county. A statistically
significant trend was observed for chromosomal aberrations and increased cancer risk. A
further study by Bonassi et al. (1995 (296)) suggested increased frequencies of
chromosomal aberrations to be associated with increased risk of haematological
malignancies. Observing cases of respiratory track, digestive and lymphatic/haematopoietic
cancers. A nested case control study by Bonassi et al. (2000 (297)) of previous published
studies supported chromosomal aberrations as precursors to cancer pathways. There are
still uncertainties in studies due to confounding factors and the delayed effects following
increased frequency of chromosomal aberrations are still uncertain. With study by
Smerhovsky et al. (2001 (298)) of radon exposed miners also observing increased
frequencies of chromosomal aberrations frequency in PBLs and cancer incidence providing

evidence of this in late follow ups (over 4 years).

1.7.3 Malignancies following Radium exposure

Malignancies from other Radium isotopes have also been reported following accidental
exposures. During world war | thousands of women were hired in factories around the
world to paint luminous dye on clock dials. Unbeknown to them the dye contained radium
and women were exposed to varying doses of radium through ingestion of the radioisotope
via licking the brush tip into a fine point for painting and by inhalation. A string of bone
related diseases and sarcomas were attributed to the radium exposure from Radium-226
(*?°Ra) and Radium-228 (??8Ra) isotopes. Increased mortality due to the occurrence of acute
toxicity resulting in severe anaemia and later bone necrosis was observed by the workers

(299-302). Late biological effects of radium bone deposition resulted in excess cases of

54



leukaemia (303), multiple myeloma (301), osteogenic sarcomas (304), carcinomas of
mastoid air cells, paranasal sinuses carcinoma (299) and breast cancer (305). External
exposure to Radium isotopes does not pose a great health risk as the released a-particles
lack the energy to penetrate the outer areas of the skin unlike gamma ray that pose a
serious health risk hazard. Therefore, few studies have been reported regarding external
exposure. Only two cases linked to delayed cataract formation after low dose exposure to
isotopes have been published (306, 307). The first from accidental exposure over the period
of 11 years to an imperfectly shielded Radium source (unknown details) (307) and the
second during medical treatment of haemangioma in childhood patients with 22°Ra external
skin applications (face and head regions) resulting in early cataract occurrence in adulthood

(306).

Radium-224 (*?*Ra) is another Radium isotope that was widely used for the treatment of
ankylosing spondylitis between 1952-1980. Ankylosing spondylitis causes inflammation in
ligaments causing joint stiffness and pain, and the ??*Ra was used to target abnormal
osseous material formed during increased calcium turnover in inflamed regions (the target
area of treatment being the calcifying ligaments). This aimed to reduce joint stiffness that in
its severest form was due to fusion of areas such as vertebrae with new osseous material,
greatly affecting the quality of life of patients. Similarly, to 222Ra, 22*Ra localises to high bone
turnover areas where calcium uptake is increased. Although an effective treatment, 2**Ra it
was later discontinued after findings of increased CML and malignant bone tumours (308-
310). It has since resurfaced in Germany for the treatment of severe cases were alternative
non-radiotherapy-based treatments are not considered successful, reinforcing the
effectiveness of the treatment in certain circumstances (311). 2?*Ra is currently being re-
evaluated for treatment and remains commercially available for management of ankylosing

spondylitis (312, 313).

The use of 22Ra in the clinic is novel and therefore the use of 222Ra as routine treatment is
restricted to CRPC patients with no other reported uses. ?22Ra and 2?*Ra remain the only
radioisotopes utilized for clinical treatment with the main differences being the decay
pathways, these differing in half-life, energy and kind of particle emitted and the resulting
products. Both treatments are administered intravenously and following injection ?>*Ra has

been shown to localized on the bone surface resulting in higher exposure to soft tissue (314)
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while 223Ra instead localises to the bone matrix and decays over a longer period suggesting
lower toxicity to neighbouring tissue (156, 157). 223Ra will instead release all 4 a-particles
over the course of minutes at a much steadier pace (Figure 1.1212). This is likely associated
with the low haematological adverse events. Suggested models indicate that 223Ra exposure
of the neighbouring BM cavity may result in pockets of tissues being spared rendering any
adverse effect temporary and recoverable (315). To date, only two cases of leukaemia have
been associated with 223Ra treatment for prostate cancer with no causal link being
established between 2?3Ra administration and secondary malignancies as in both cases the
patients received varying forms of chemotherapy and radiotherapy (316, 317). Retention of
224Ra by soft tissue has been studied further for long term malignancies. Patients who
received treatment between 1945-1955 have been followed up and a significant number of
non-skeletal solid malignancies were observed with an increase of breast cancer incidences,
thyroid carcinomas, liver, kidney and bladder cancer in both males and females (318).
Follow up of patients 26 years post treatment also showed an enhanced incidence of
leukaemia. Of 1006 exposed patients, 19 developed leukaemia and of those 11 were

myeloid leukaemia (7 cases observed vs 1.8 cases expected, P = 0.003) (319).
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Figure 1.1212. Decay chain of ?*Ra and ?**Ra.

The most likely decay chains are here described with the number of a and B particles
released for each radioisotope. The time taken for each daughter product to decay is
included. #2*Ra decay results in the emission a 5.7 MeV a-particle during decay to Radon-
220 (??°Rn), 6.3 MeV a-particle in the decay to Polonium-216 (*'¢Po), 6.8 MeV a-particle in
the decay to Lead-212 (*'?Pb) and 8.8 MeV a-particle decay from Polonium-212 (*'2Po) to
Lead-208 (?°®Pb). B-particles released from the decay of 212Pb to Bismuth-212 (?1?Bi) and to
212pg, During decay of 2?3Ra 4 a-particles are released with energies of 5.78 MeV to Radon-
219 (?*°Rn), 6.88 MeV to Polonium-215 (**>Po), 7.53 MeV to Lead-211 (?!'Pb) and 6.62 MeV
to Thallium-207 (2°7Ti). Two B-particles were also released during the decay of 2!'Pb to

Bismuth-211 (*'!Bi) and from 2°7Ti to Lead-207 (**’Pb).
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1.8 Introducing aims of the research

1.8.1 ADRRAD clinical trial aims

The ADRRAD (Neo-adjuvant Androgen Deprivation Therapy, Pelvic Radiotherapy and
RADium-223 for new presentation T1-4 NO-1 M1B adenocarcinoma of prostate) clinical trial
aims to test the safety and efficacy of combining ADT, IMRT and 223Ra. This is a novel
treatment combination aimed to treat men with hormone sensitive PC presenting a limited
number of metastasis (<4). Emerging evidence has suggested early combination treatment
carried out during ADT administration, when the patient remains hormone sensitive,
improves survival. This includes the use of docetaxel earlier than standard and IMRT to
primary tumour site following metastasizing. Recent approval of 222Ra for the treatment of
distant bone metastatic sites has resulted in overall improvement in both quality of life and
survival, however combinations of 222Ra with other treatments has yet to be done. The
combination of ADT to control disease progression, primary tumour site radiation exposure
via IMRT and metastatic targeting by 222Ra may prove to be an effective new treatment
regime. This trial represents a pilot study to explore the above hypothesis, with an initial

small patient cohort to test the feasibility and safety.

1.8.2 Project specific aims

The successful use of 222Ra earlier in disease progression stage may also result in improved
survival. In the future the use of 2Ra for patients with a better prognosis for a variety of
cancer types may also lead to improved outcomes. Radiotherapies with a-particle emitters
have generated a great deal of interest as they have the potential to be highly targeted
treatments with high normal tissue sparing and therefore minimal toxicity following
treatment completion. However, uncertainties remain regarding the dose deposition at
metastatic site and the risks associated with combination of 222Ra to other treatments. As
haematopoietic stem cells reside in close proximity to target sites, there is a risk of direct
expose to a-particles. The 223Ra treatment in the ADRRAD clinical trial follows a total of six
intravenous administration which may also result in circulatory system exposure including
mature circulating PBLs. The long term risks following haematopoietic cell exposure is
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unknown including whether the risk of secondary treatment related leukaemia may be
increased. The research reported in this thesis aimed to measure changes in the PBL
population that may be a direct result of 222Ra exposure. Specifically, this is a cytogenetic
project which seeks to characterise the chromosomal damage observed in circulating PBLs
to make estimates of dose to the blood compartment and, to assess any long-term potential
for toxicity in these patients. To do so, the frequency and spectra of chromosomal
aberration was sampled before, during and following treatment. The hypotheses for the

study were as follows:

1) The frequency of chromosomal aberrations will significantly increase over treatment
schedule (from control samples, during IMRT+223Ra treatment cycles and in the
following 223Ra only cycles).

2) Asignificant dose is deposited in the bone marrow from 223Ra during treatment.

3) The spectrum of chromosomal aberrations will be significantly different during
treatment and in follow up samples, reflecting PBL expansion from BM.

4) There will be evidence of de novo genomic instability in follow up samples, which

may suggest increased delayed radiation risks as a result of the treatment.
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Chapter 2: Methods

2.1 Treatment scheduling and sample collection

Blood samples from patients receiving IMRT and ?23Ra were sampled every 4 weeks and
shipped to Brunel University London. As per treatment schedule, Figure 2.11, each blood
sample was collected just before the next cycle of 222Ra administration. A control sample
(C1) was collected prior to the treatment starting and following this a total of 6 22Ra cycles
were administered. Follow-up samples were also collected either 8 weeks (F1) or 4 months
(F2) after the end of treatment. A 1 year follow-up (F3) was collected for all patients,
corresponding to one year after the first administration of 222Ra. EBRT in the form of IMRT
was scheduled as 37 fractions administered daily from C1, the last fraction being delivered

between C2 and C3 timepoints.

Treatment schedule

_MRT .
[>2*Ra]RaCl;
0 4 8 12 16 20 28 36 52
Weeks
L L L T
C1 Cc2 c3 c4 C5 C6 F1 F2 F3

Blood sampling

Figure 2.11 Treatment timeline.

IMRT daily fractions (5 days a week) of 2 Gy for 7.5 weeks. [*23Ra]RaCl; is administered every
4 weeks for a total of 6 injections. Blood samples were collected prior to each injection, with
a control sample collected at week O prior to treatment starting (C1). Accordingly, blood
samples C2 and C3 are representative of mixed field exposure, while C4-C6 are 223Ra only.
Follow up samples were collected 8 weeks (F1) and 4 months (F2) after the end of

treatment and 1 year (F3).
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Fresh whole blood samples were collected by collaborators at Northern Ireland Cancer Trial
Centre in lithium heparinised tubes and shipped to Brunel University London (BUL) within 24
hours. Samples were packaged in a Royal Mail SafeboxTM with insulating material to avoid
tubes touching in a waterproof container to absorb sample liquid with Special DeliveryTM
Next Day postage. The packages included clear labels highlighting biological category A,
“DO NOT X-RAY” and maintain temperature between 4-30°C. Upon arrival, the samples
were processed and whole blood stimulated to divide as in vitro cultures to enable the

collection of 1°t cell division for cytogenetic assessment.

2.2 Ethical review of sampling

Ethical approval was sought by chief investigator Prof Joe O’Sullivan and co-workers from
the Northern Ireland Cancer Centre, Belfast for the clinical trial, “Neo-adjuvant Androgen
Deprivation Therapy, Pelvic Radiotherapy and RADium-223 for new presentation T1- 4 NO/1
M1B adenocarcinoma of prostate (ADRRAD Trial)”. Favourable ethical opinion was received
from the Office for Research Ethics Committees Northern Ireland on the 4t June 2015 Rec
reference 15/N1/0074. An amendment for collaborative translational studies for the purpose
of carrying out a Multiplex-Fluorescence-In-Situ-Hybridization (M-FISH) chromosomal
analysis of blood samples from participants in the ADRRAD clinical trial was accepted on 15t
June 2015 by Belfast Health and Social Care Trust. Brunel Ethical Research approval was
sought and obtained by Dr Rhona Anderson for the analysis of blood samples from thirty
patients on 7t September 2016. Further ethical approval by Brunel University London (BUL)
was approved on 8" November 2017 (7327-TISS-Nov/2017- 8684-2) for investigation of
“Radiation risks from high-LET a—emitters using Radium-223 as a model”, the approval
consents to patient samples being delivered to BUL on cyclical basis for a total of 6 patients

for chromosome analysis.
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2.2.1 Exclusion and inclusion criteria

30 patients in total were recruited for the ADRRAD clinical trial, the inclusion and exclusion
criteria were set by the Chief Investigator of ADRRAD as described in clinical trial
publications (320-322). Written informed consent was obtained prior to any study-related
procedures. Histologically confirmed prostate cancer stage T1-4 NO-1, M1b with >3 bone
metastases showing uptake at bone scintigraphy. WHO performance status 0 or 1 with a life
expectancy of at least 12 months. The patients were of age > 18 years prior to consent.
Absence of any psychological, familial, sociological or geographical condition potentially
hampering compliance with the study protocol and follow-up schedule; those conditions
were discussed with the patient before registration in the trial. The patient was willing and
able to comply with the protocol, including follow-up visits and examinations.
Haematological counts were collected at each visit, the acceptable levels outlined as follows

in
Table 2.11.

The patients were excluded if they had a history of allografts requiring immunosuppressive
therapy, malignancy within the last 5 years or if they had an active uncontrolled
bacterial/viral/fungal infection during the clinical trial period. They were also excluded on

the basis of having a serious illness or medical condition, such as but not limited to:

i) Any infection 2 National Cancer Institute Common Terminology Criteria for
Adverse Events (NCI-CTCAE) version 4.03 Grade 2.
i) Cardiac failure New York Heart Association (NYHA) Ill or IV.

iii) Crohn’s disease or ulcerative colitis.
iv) Bone marrow dysplasia.

v) Faecal incontinence.

vi) History of diverticulitis.

Patients were excluded if they had received treatment with an investigational drug within
the previous 4 weeks or such treatment was planned during the treatment period or follow-
up. If they had received previous radiotherapy to > 25% of bone marrow, including

hemibody radiation and/or received systemic therapy with radionuclides (e.g., Strontium-
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89, Samarium-153, Rhenium-186, or Rhenium-188, or Radium-223 chloride) for the

treatment of bony metastases.

Blood components

Acceptable levels

Absolute neutrophil count
(ANC)

Platelet count
Haemoglobin
Total bilirubin level

Aspartate aminotransferase
(AST) and alanine
aminotransferase (ALT)

Creatinine

Albumin

>1.5x10°/L
> 100 x10°/L
>10.0g/dL (100 g/L)

<1.5x ULN

<2.5x ULN

<1.5xULN

> 25g/L

Table 2.11. Haematological parameters for inclusion criteria.

Blood components were monitored throughout the trial with treatment administration only

if the patient is within the acceptable ranges. ULN: institutional upper limit of normal.

Patients with visceral metastases, history of spinal cord compression, autologous bone

marrow transplant or stem cell rescue within 4 months of study entry were also excluded.

While patients who received cytotoxic chemotherapy >6 weeks prior of starting cycle 1 2?Ra

were accepted, biologic response modifiers such as G-CSF taken within 3 week of study

entry resulted in exclusion.
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2.3 Cell culturing and harvesting of PBL

2.3.1 Whole blood processing and culturing

The original sample volume and conditions were logged prior to commencing with all details
of the sample being updated into the Human Tissue list to ensure HTA compliance. All work

was performed in a Class Il microbiological cabinet using aseptic techniques.

Culture media was prepared fresh under sterile conditions, for this, PBMAX Karyotyping
Medium (ThermoFisher, Cat. Number 12557021) was defrosted overnight and
supplemented with phytohaemagglutinin (PHA) purified (ThermoFisher, Cat. Number
R30852801) 0.5 pug/ml of media, BrdU 10uM per culture and heparin 10 pl/ml of media
(Sigma-Aldrich Cat. Number 9041-08-1), the media was mixed well and warmed to 21°C.

The whole blood sample was mixed well by inverting of tube and a volume of 0.4 ml was
used to inoculate with 2.6 ml of freshly prepared media within a pre-labelled 15 ml falcon
tubes with sample description, patient ID number, cycle of treatment and date. The falcon
tube was placed in a humidified incubator at 37°C (95% air/5% CO2) with the cap left slightly
open to allow gaseous exchange at a 45° angle. Cells were cultured to achieve 1 division

metaphases for staggered times of 50-60 hours.

2.3.2 PBL lymphocyte isolation and culturing

The remaining whole blood sample was emptied into a 50 ml falcon tube and diluted 1:1
with room temperature RPMI 1640 (Fisher Scientific, Cat. Number 11875093). The exact
total volume was then replicated with room temperature Histopaque 1077 (Sigma
Diagnostics, Cat. Number SD10771) in another 50 ml tube. The blood was gently overlaid via
pipette onto the Histopaque at a 45° angle. The tube was centrifuged at 420 g for 20
minutes with no break. The centrifugation enabled the separation of blood components

based on density as described in Figure 2.22.
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The mononuclear cell layer “buffy coat” was collected in a 15 ml tube via Pasteur pipette,
washed by adding up to 10 ml of RPMI and centrifuged at 420 g for 10 minutes. After
removal of the supernatant the pellet was re-suspended in a known volume of medium
dependent on cell number. A manual count of PBL was performed via haemocytometer and
the PBL seeded at a density of 4x10° per ml of media as described in section 2.3.4. The
culture was incubated at a 45° angle at 37°C with a humidified atmosphere of 95% air/5%

CO.. Cells were cultured to achieve 1%t division metaphases for times of 50-60 hours.

=
3 E

1:1 Histopaque

2

1:1 dilution
with RPMI

Separation via

blood overlay U centrifugation

Addition of media and
incubation at 37 °C

Figure 2.22 Isolation of PBL from whole blood.

Whole blood samples were firstly diluted and then overlaid on Histopaque. Separation by
density resulted in four layers being formed: 1. Plasma layer, 2. Buffy coat, 3. Histopaque

layer 4. Erythrocyte layer.

2.3.3 Freezing of isolated PBL

Excess PBL were frozen in liquid nitrogen for culture backup. 1 ml of freeze medium was
prepared per culture with 90% of incomplete culture medium without stimulants and 10%

DMSO. Incomplete culture medium was prepared under sterile conditions and frozen at —
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20°C for long term storage, medium composed of 90% RPMI 1640, 10% Foetal Bovine serum

and 0.01% Penicillin Streptomycin (manufacturer info).

Counted cells were centrifuged at 200 g for 10 minutes, supernatant was then removed, and
freeze medium added. Cells were transferred to pre labelled cryovials with sample
description, patient ID number, cycle of treatment, cell count and date. Cryovials were
placed into freezer boxes for storage at —80°C for 24 hours, these were then moved to liquid

nitrogen tank for long term storage.

2.3.4 Haemocytometer counts

A 20 pl sample was collected from a known volume of isolated PBL cell suspension and
added to 20 pl of Trypan blue (Fisher Scientific Cat Number 11538886) viability dye in an
Eppendorf tube. The haemocytometer was prepared by firstly wiping with Industrial
methylated spirit (IMS) and allowing to dry fully, with one’s breath the haemocytometer
was moistened, and a coverslip overlaid. The presence of Newton's refraction rings on the

edges of the coverslip indicated proper adhesion.

A 10 ul aliquot of cell suspension was placed on a haemocytometer to allow being drawn
under the coverslip via capillary motion. Dead cells were visible as blue/violet under bright

field microscope (microscope details) as seen in figure 10.

The total viable cell count was then averaged per square counted and corrected dependent

on dilution factor to achieve the number of cells per ml of suspension as follows:

) Dilution factor 4 )
Total live cell count X X 10™* = Cells per ml of suspension
Squares counted

The total cells per ml are then expressed as total cells per sample dependent on the known
volume of PBL from which the aliquoted 10 u suspension was taken, this was then used to

attain the desired seeding concentration by splitting accordingly.
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Figure 2.33 Cell count using haemocytometer.

Live cells not stained by Trypan blue (vitality exclusion dye) were scored in outer four
chambers (highlighted in red) the total live cell count was then used to estimate the total

number of cells in isolated PBL suspension.

2.3.5 Sample harvesting

Cells were collected in 1t division metaphase from PBL and whole blood cultures described
in section 2.3.1 and 2.3.2. To arrest the cell cycle at the metaphase stage, 50 ul/ml of
Colcemid KaryoMAX (ThermoFisher, Cat. Number 1521012), a tubulin inhibitor, was added
to each culture under sterile conditions 4 hours prior to harvest and mixed gently, the

cultures were returned to incubator to complete incubation.

Cell suspensions ready for harvest were centrifuged at 200 g for 10 minutes. The
supernatant was removed, and the cell pellet re-suspended before addition of 0.075 M KClI
hypotonic solution (Fisher Scientific Cat Number10575090) was added to the cell pellet to
enable the swelling of cells. For whole blood cultures a volume of up to 6 ml of hypotonic
was used, for isolated PBL cultures 8 ml was instead used. Samples were incubated for 8
minutes in a water bath at 37°C in upright position, the samples were then centrifuged at
200 g for 10 minutes and supernatant was removed before being transferred on ice to a

fume hood for fixation.
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Fixation was carried out with methanol acetic acid at ratio 3:1 methanol (Thermo Fisher
Catalogue Number 15654570) and acetic acid (Thermo Fisher Catalogue Number 1743468)
and kept on ice. The total volume of fixative added to the cell pellet was dependent on the
type of culture, for whole blood cultures a volume of 6ml was used and isolated
lymphocytes instead received a volume of 5 ml. The fixation was carried out dropwise with
the help of vortex mixer, with the aim of preserving PBL in their swollen state. The fixation
process was carried out until the fixative appeared clear when in suspension. The fixed PBL
and whole blood were stored in the freezer at -20°C in labelled racks ready for slide

preparation.
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2.4 Sample preparation for cytogenetic outputs

2.4.1 Slide preparation for metaphase spreads

Fixed chromosome preparations were centrifuged at 200 g for 10 minutes, the old fixative
was removed, and the resulting pellet was re-suspended in approximately 200 pl of fresh
fixative and kept on ice. The cell suspension was then dropped on clean slides. Depending

on lab temperature and humidity two methods were used when dropping slides:

a) 12 pl of the chromosome preparation was dropped directly on to frozen clean slides four
consecutive times and dried on a heated block at 50°C until methanol-acetic acid has

evaporated.

b) Clean slides were flooded with distilled water and wiped dry. 12 ul of the chromosome
preparation was dropped on to slide four consecutive times and dried on damp heated

block at 50°C until methanol acetic acid evaporated.

The slides were left to air dry fully before phase microscopy analysis for both quality and

number of metaphase cells.

2.4.2 Assessing metaphase slides for quality and numbers

The slides were selected based on quality and number of metaphases; the selection was
carried out under phase microscopy. Slides with >200 usable metaphases were processed
for M-FISH analysis whilst slides with <200 metaphases were processed for solid stain
analysis. The quality of the slides was assessed according to spread, length of chromatid
arms, and completeness of metaphases. The usable metaphase cell selection included those

which were not overspread or encapsulated/tight.
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2.5 Staining techniques for cytogenetic analysis

2.5.1 Harlequin preparation for solid stain analysis

Fresh slides were aged on a hot plate for 45 minutes at 90°C and immersed in Hoescht
(Thermo Fisher Scientific Cat Number 62249) for 10 minutes, then transferred to a flat tray
and covered in 2x Saline-Sodium Citrate (SSC) (Thermo Fisher Cat Number 15557036),
before being exposed in UV box to 999990 p/cm? for 60 minutes. After exposure, slides

were washed with distilled water two times and air dried.

Giemsa (VWR Cat Number 350864) was diluted (final ~3-5%) with distilled water in a coplin
jar. Fresh slides were placed in the Giemsa solution for up to 5 minutes, removed and rinsed
with distilled water. After being allowed to air dry, coverslip slides were mounted with 4
drops of DPX (Fisher Scientific Cat Number 15538321) mounting medium. Slides were then

ready for scoring via brightfield microscopy with oil immersion at x100 magnification.

2.5.2 2" division analysis for M-FISH sample selection

To assess the number of in vitro PBL divisions, metaphase cells were harlequin stained as
described 2.5.1 and cells analysed by bright field microscopy. BrdU is a thymine analogue
and was incorporated by the cell during division. Metaphase spreads containing even
staining of both chromatids were scored as 1t division with those containing counterstain of
1 chromatid scored as 2" division cells (Figure 2.4). For this analysis 100 cells were scored
per slide with the aim of identifying samples with <5% 2" division metaphase cells. All

samples with <5% 2" division cells were selected for M-FISH painting.
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Figure 2.44. Differential staining for identification of 2"¢ cell division PBL methapse

spreads.

Left panel 1%t division cell with uniform staining, right panel differential staining between
chromatids whereby BrdU has been incorporated in one chromatid preventing Giemsa

staining.

2.5.3 M-FISH paining

Slides were selected based on quality and metaphase count as outlined in sections 2.4.2 and
2.5.2. Multiplex fluorescence in situ hybridisation (M-FISH) enables the staining of each
homologous chromosome pair using 24 painting probes labelled with 5 different
fluorochromes combinations. These probes being made from micro-dissected
chromosomes, with fragments amplified by PCR and bound to 1 or more fluorochromes.
These probe sets also containing a human repetitive (Cot-1) DNA to reduce hybridisation of
the probe to non-target repetitive sequences on other chromosomes. The commercially
available probe set 24XCyte (MetaSystems D-0125-600-Dl) was used. Of this set, four of the
fluorochromes bind directly to the DNA, namely Diethylamino-coumarin (DEAC), FITC,
Spectrum Orange ™ and Texas Red®. The 5% fluorochrome binds indirectly to the DNA

molecule by Biotin reporter molecule which is detected by the Streptavidin-Cy™5.
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2.5.4 Chromosome hardening and denaturing

All steps were carried out at room temperature unless stated otherwise. The slides were
firstly rehydrated in an ethanol series of 100%, 70%, 50% 30% for 1 minute each. The slides
were then transferred to 0.1xSSC at room temperature for Imin. The denaturation of the
slide was then initiated by placing slides into pre warmed coplin jar containing 2xSSC at 70°C
and incubated for 30 minutes. The coplin jar was then removed from the water bath and
cooled for 20 minutes prior to transferring slides to 0.1xSSC at room temperature for 1
minute. Slides were then placed in 0.07N NaOH (stocks) at room temperature for 1min.
Slides were then placed into pre-cooled 0.1xSSC at 4°C for 1min and then 2xSSC at 4°C for 1
min. The slides were then dehydrated in ethanol series 30%, 50%, 70%, 100% for 1 min

each.

2.5.5 Probe denaturation and hybridisation

10 pl of 24XCyte probe cocktail (Metasystems Cat Number D-0125-600-DI) was prepared for
a 22x22 mm? area. The probe was denatured with incubation at 75°C for 5 minutes. The
probe was then placed on ice and then incubated at 37°C for 30 minutes. The probe cocktail
was then spun via vortex mixer. The denatured pre-hybridised cocktail was pipetted onto
the denatured chromosome preparation. The mixture was then overlaid with a 22x22 cover
slip and sealed with rubber cement allowing the sealant to fully dry before incubating 1-2

days in a humidified chamber at 37°C.

2.5.6 Post-hybridization wash and counterstaining

The rubber cement and coverslips was removed. The slide was then placed immediately in
pre-warmed coplin jar 0.4xSSC at 72°C for 2 minutes and then placed in 2xSSCT for 1-2

minutes.
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To counterstain, the slide was washed in double distilled water and left to air dry before
placing 20ul of DAPI/antifade (Metasystems Cat Number D-0902-500-DA) on the 22x22
probe covered area and overlaid with a 24 x 60 mm? cover slip and sealed with varnish.
Slides were stored at -20°C for microscopy analysis via Metafer and ISIS system (software

details).

2.5.7 Chromosome image acquisition and data storage

The slide was set up on Zeiss (Zeiss Axioplan 2 microscope) microscope, paired to Metafer4
software. Firstly, the scanning location was set manually to the precise area painted. The
selected area was firstly scanned (x10 magnification) under DAPI channel to locate the exact
location of the metaphases cells utilizing automatic recognition based on pre-set classifier.
Once all DAPI images were captured, cells were selected based on whether the metaphase
cell appeared complete or not. Images containing obviously incomplete metaphase cells and

those having incorrectly captured interphase cells were excluded from further imaging.

The selected image locations were rescanned individually with classifier set to capture
images under x63 oil magnification. Once the metaphase cell was identified, the selected
classifier rotated between fluorophore specific excitation wavelengths capturing images
positive for each probe set. Each hybridized fluorochrome will undergo photochemical
process by exposure to light, shifting into an excitation state. Part of the absorbed energy is
lost by internal structural changes and interactions with other molecules, before returning
to its ground state during which the fluorochrome emits light. The wavelength emitted will
be longer compared to that of the absorbed light (Stoke Shift), this resulting from the loss of
energy during the excitation state. This emitted light is captured to image FITC, Spectrum
Orange, Texas red, Cy5, DEAC and DAPI signals. The classifier automatically switched to the
next cell until all previously identified cell locations are imaged. Upon completion, a case file

was generated containing all individual and superimposed images for each cell.

Case files created on Metaferd were stored on the university secure network, the secure
network was backed up daily and enabled remote image processing from all analysis

stations.
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2.5.8 ISIS cytogenetic analysis

The files were imported into ISIS software for chromosomal analysis where individual
metaphases were selected for analysis based on staining quality and metaphase
completeness. Only metaphase cells with even fluorochromes staining were selected along
with metaphases with 243 chromosomes. The images were firstly processed to remove any
background not part of the metaphase, the object threshold was altered to select individual
DAPI stained material only. The individual colour channels were then manually checked and
adjusted automatically to ensure the lowest background to noise ratio for each fluorophore.
This enabled differentiation of chromosomes which were negative and those positive for the

fluorophore in question.

The software is programmed to recognise the superimposed images captured for each
fluorophore and assigned a pseudo colour to each homologous chromosome as per Figure
2.66. Using the individual labelling scheme all chromosomes and DNA material stained were
karyotyped. Once this was carried out, DAPI was used to correctly orientate each
chromosome and then the karyogram was assessed for abnormalities. The resulting

chromosomes were then classified according to Savage classification.
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Figure 2.55. Individual fluorescence channels for metaphase cell.

A single metaphase cell is shown visualised in each fluorescence channel. Upper left panel
Red fluorescence from positive Spectrum Orange probe signal. Upper right green
fluorescence from positive for FITC. Middle left gold fluorescence from positive Cy5 probe
signa. Middle left aqua fluorescence from positive DEAC signal. Lower left Pink fluorescence
from positive Texas red probe signal. Lower right DAPI positive signal staining all

chromosomal material.
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Figure 2.66 M-FISH probe labelling scheme.

Metasystems 24XCyte probe labelling scheme for homologous pairs. Sex chromosome
staining differs between X and Y. Probe colour combination results in computer-generated

pseudo colours.
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2.6 Scoring criteria of aberrations

2.6.1 M-FISH classification

M-FISH paints each chromosome with a combination of fluorochromes. For a cell to be
classed as normal, the whole chromosome length must be evenly stained by
individual/multiple fluorochromes. This results in evenly stained homologues with their
respective pseudo colours being then assigned as per Figure 2.66. A structurally abnormal
chromosome will have an abnormal appearance of DAPI and/or fluorochromes through the
length of the chromosomes. The abnormal distribution may comprise extra fluorophores in
a specific region or absence of fluorophores. In the case of absence of fluorophores, the
DAPI should also be absent in that region to be a true aberration. Pseudo colours alone
were not utilized for the assessment of colour junctions and were instead used to assist with

the initial analysis pointing towards the main chromosomes involved.

Normal metaphase cells were scored as cells containing 46 chromosomes all containing one
centromere with no acentric fragments present within the spread. Cells presenting missing
chromosomes but no chromosomal aberration were classed as structurally normal. Only
cells containing at least 43 chromosomes were classed as scorable, with the number of

missing chromosomes recorded.

Aberrations identified by M-FISH were classified according to their structural appearance
following Savage 1976 (230) classification. As M-FISH analysis enables the identification of
each chromosome pair involved, the aberrations were scored based on the number of
chromosomal interactions and exchange type as per Speicher et al. (1996 (323)).
Chromosomal intrachanges, involving only one chromosome, could not be scored by M-FISH
technique unless obvious under DAPI, instead chromosomal interchange involving more
than one chromosome were scored. The chromosomal interchanges were classified as
asymmetrical when the lesion gave rise to one or more acentric fragments. The acentric
fragments were identified by the lack of centromeric structure identified under DAPI
staining in the chromosomal section. Symmetrical exchanges were instead scored when the

exchanges resulted in no acentric fragments.
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Simple asymmetrical exchanges scored, as seen in Figure 2.77, include dicentric
chromosomes and rings, while symmetrical exchanges including reciprocal translocation. In
the occurrence of a break occurring without restitution this was scored as a break only
event. In the rare case of chromosomes presenting multiple breaks and fragments this was
termed chromosomal fragmentation. The term event was used when describing a
chromosomal aberration. In the case of a cell containing two reciprocal translocations this

was scored as two events.

. » o mp -

Figure 2.77. Symmetrical and asymmetrical chromosomal aberrations.

Top left panel reciprocal translocation (symmetrical aberration), top right dicentric chromosome,
bottom left centric ring and bottom right break only (asymmetrical aberrations).

Complex chromosomal aberrations are defined as rearrangements that involve >3 breaks
and involve 22 chromosomes resulting in complex patterns potentially involving multiple
symmetrical and asymmetrical exchanges as defined by Savage (1994 (232)). The CAB
system of classification was used to describe the minimum number of chromosomes,
chromosome arms and breaks involved in the exchange. Complex exchanges may include
multiple rearrangements as seen in Figure 2.88, depending on the re-joining, this may result
in symmetrical or asymmetrical complex exchanges. In the event of a chromosomal
fragment containing two open ends, this may insert itself between other segments forming

an insertion.
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The exchanges illustrated in Figures 2.7-2.9 are of complete kind, meaning all fragments in
the event are present and where possible re-joined. As M-FISH enables the staining of each
homologous chromosome a comparison of an abnormal chromosome to its homologue
could be made. Therefore, missing elements in the exchange result in the aberration being
scored as either a true or an unresolved incomplete event. A true incomplete event when
the missing element was large enough for detection and the cell appears to not be
overspread. An unresolved incomplete being based on the expected size of the fragment

being very small and thus below system resolution and/or alternatively overcast by a nearby
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Figure 2.88. Complex chromosomal aberrations.

The illustrated events involve three chromosomes, three arms and there are three breaks.
These described as CAB 3/3/3. The complex aberration in the top panel is classed as non-
transmissible due to the presence of a dicentric chromosome and fragment. The lower

panel depicts a stable transmissible complex aberration.

Chromatid aberrations may also be scored in M-FISH analysis, this based on the DAPI
channel. Chromatid aberration scored include sister unions whereby the sister chromatids

fuse as seen in Figure 2.99. Similarly to break only events, a chromatid may also result in an
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acentric chromatid fragment. Depending on the size of the chromatid fragment this may be
a single minute or larger chromatid fragment. The discontinuity may be a true break if the
fragment is detached from the chromosomal structure more than the width of the
chromatid, if this is not the case, it is scored as a chromatid gap. Due to the processing of
chromosomes presence of bloating and fluorophore flare, chromatid aberrations were not

readily scored, albeit obvious chromatid aberrations were still recorded.
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Figure 2.99. Chromatid aberrations.

Left panel chromatid discontinuities including gap and break. To the right sister union.

2.6.2 Solid stain classification

Individual metaphases were selected for analysis based on staining quality and metaphase
completeness (described in Methods section 2.4.2). Only slides with uniformly stained
metaphases with 243 chromosomes were analysed. Analysis was carried out under bright
field (Zeiss Axio Lab A1 microscope) with the aid of phase contrast and/or green filter. The
slides were analysed by rastering to avoid scoring the same metaphase multiple times. 200
15t division metaphase cells were scored per slide noting location of each metaphase cell

scored.

Metaphases with abnormalities were then scored based on chromosomal, chromatid or
aneuploidy. Unlike M-FISH where homologous pairs can be identified and the pattern of
rearrangements scored, solid stain enables identification of abnormalities based on

chromosomal morphology. Therefore, only aberrations of the unstable kind were easily
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detectable. This included centromeric aberrations such as the presence of excess
centromeres (polycentric chromosomes including dicentric and tricentric structures), loss of
centromeric structures (acentric fragments) and ring structures including centric rings
(containing a centromere) and acentric rings (no centromere present). Acentric fragments
were further assigned based on their size, larger fragments and small fragments called
double minutes. A chromosome discontinuity was scored based on the presence of an
acentric fragment near the chromosome, if the discontinuity was larger than the width of
the chromatid, this was scored as a break. If the width was approximated to be smaller it
was instead scored as a gap. Examples of these can be seen in Figure 2.1010. As per M-FISH
classification, chromatid aberrations involving only one chromatid, include gaps, breaks,
acentric fragments and sister unions. Acentric chromatid fragments were identified by the
presence of a single chromatid fragment. A sister union was classified by the interaction of
sister chromatids being fused together resulting in a loop like structure in either the p or g
arm. Unlike M-FISH analysis it cannot be deduced whether an exchange is of simple or
complex kind (except polycentric chromosomes with >2 centromeres) and therefore

whether these interactions are complete.

Bcor S8 ol -

/* gty "\/‘} }‘:t
> Se o e DS ¥ 2.0 <o
4 N l' el 284
N N st Jooan !
con, V¥ °1, AT R ARt £
4'90 “:d.dp L r: vﬁ;d k* "5' (‘:

s e ' g 5 S
i ~ 0, A%
v £ ® [ v

Figure 2.1010. Solid stain unstable chromosomal exchanges.
Left panel includes dicentric chromosome (red) and resulting acentric fragment (green).
Middle panel includes a polycentric chromosome (red) with associated acentric fragments
(green). Right panel includes ring (red) and associated acentric fragment (green). Images

captured under brightfield x100 magnification with oil immersion.
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2.7 Bio dosimetry models for dose estimation

Blood dose was calculated by employing three methods as summarized in Figure 2.1111.
Physically derived blood doses were estimated from the injected 223Ra activity by applying
existing pharmacokinetic clearance models and IMRT blood dose estimate from the dose
deliver schedule with planned area from the computed tomography scans (CT). The blood
dose ratio (?22Ra:IMRT) was used with standard biodosimetric methods by employing the
dicentric assay to estimate an absorbed blood dose for radiation quality. A novel

cytogenetic derived model was proposed (which may be applicable in cases of unknown

exposure) utilizing a de novo method based on the observed aberrations sampled from the

PBL pool. The 222Ra:IMRT dose ratio was estimated from the proportion of cells containing
markers of high LET and those containing only markers of low LET. This inputted also with
standard biodosimetric methods employing the dicentric assay, resulting in a third set of

blood dose estimates for each radiation quality.

223Ra
pharmacokinetic
clearance model

223Ra:IMRT

IMRT absorbed
dose CT models

Figure 2.1111. Blood dose methods summary.
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In blue cytogenetic methods used for dose assessment. In yellow physically derived models for ?2°Ra
and IMRT absorbed blood dose. Green criticality model application. Orange absorbed blood dose

outputs.

2.7.1 223Ra blood dose

Clinical data was collected for each cycle point, including the weight of the patient (kg) and
the total injected activity of 223Ra (kBq). Patient-specific injected activities were modelled
against existing pharmacokinetic clearance models to establish the circulatory dose. As 222Ra
clears rapidly following intravenous administration, with <1% activity following 24 h, it was
assumed that the additional dose deposited from 24 h to t= o= was negligible. To estimate
the blood dose, three studies were selected as they shared common sampling timepoints
(152-154). The median values, with upper and lower ranges, for 15 min, 4 h and 24 h were
averaged to estimate the percentage of circulating 223Ra at each timepoint. These were
estimated as 22% circulating 23Ra after 15 min (9-28%), 3% (1.3- 4.95%) after 4 h and 0.8 %
(0.37-1%) at 24 h.

The physical decay constant was calculated from the half-life of 222Ra as seen in Equation

2.11. Where T: represents the half-life of 223Ra (s) and A the decay constant.

T = — Equation 2.11.
2

To estimate the physical dose deposited by circulating 223Ra, the total activity was estimated
at each timepoint as per Equation 2.22. Where t=time (s), A, the average initial activity
(Ba/kg/s) at injection time, A; the average activity at desired time point (Bg/Kg/s) and the

mass of the blood calculated assuming 75ml pf blood per kg of body weight.

23Ra decays in three short lived daughter products (**°Rn, 21°Po and 2!!Bi), the energy
release of these was also considered, with the total a-particle energy release estimated to
be 4.30 x 10''? J (Equation 2.22). The number of disintegrations were estimated for each time

point and multiplied by the total a-particle energy release as per Equation 2.33 where E
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represents the total a-particle energy release (J) and D the absorbed dose rate. These steps

were repeated for each time point.

A=Ay x e Equation 2.22

Finally, the dose rate to blood was calculated by dividing this rate of energy deposition by
the mass of blood of the patient (estimated as 75 mL of blood per kg body weight). The
absorbed doses per timepoint were then plotted per treatment cycle with time, and the
area under the curve was calculated (GraphPad Prism 9 (GraphPad Software) computed
using trapezoid rule function) to estimate the total blood dose per cycle within 24 h of

administration.

D=(AXt)xE Equation 2.33

2.7.2 ?23Ra whole body and organ dose

To calculate the absorbed radiation doses to the whole body, osteogenic cells and red
marrow, the reported absorbed radiation doses to organs (Gy/MBq) published by in the
European Medicines Agency Xofigo Safety report (324) were multiplied by the known
injected activity per patient (MBq). The estimates include the effect from the a-particle

component only.

2.7.3 IMRT blood dose

The following blood dose models were derived by Moquet et al. (2018 (325)) as part of the
RTGene study where two different methods were employed to estimate the blood dose of

varying cancer types having received radiotherapy treatment via IMRT. The blood dose
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models enable the quantification of blood dose per fraction and as cumulative dose by end

of treatment.

2.7.3.1 Blood flow model

The blood flow model (BF) enabled estimation of dose within the high dose organ area. The
blood dose per fraction (Ds) was estimated from the supplied dose per fraction data with
the high dose volume per organ (both supplied from the patient treatment planning fields
supplied by the clinical team). Two variates of the model were used: BF;, which was applied
as per Moquet et al. (2018 (325)) as seen in Equation 2.44 which estimates blood volume (Vg)
by assuming 75 ml of blood per kg and, BF, which uses the static volume of blood in each
organ for Vs, estimated by calculating a scaling factor between the whole-body volume and
the area irradiated (prostate and/or lymph nodes), based on treatment plan information.
This scaling factor was then applied to the whole-body blood volume estimates to achieve a

static blood volume for prostate and lymph nodes.

Dg = Df(Vos + V) Equation 2.44

2.7.3.2 CT planned volume blood dose

The CT planned volume blood dose model (CTPV) enabled dose estimation of both high and
low dose areas. The CT volume mapped for each patient was utilized to calculate a scaling
factor for each patient in reference to whole body volume. With whole body volume being
calculated based on the average patient weight (Kg) over the course of treatment (326). The
equation supplied by Moquet et al. (2018 (325)) was then implemented with the supplied
dose (Gy) to the body volume covered by the CT scan as per Equation 2.55 to estimate the
absorbed blood dose. Nr represents the number of fractions of radiotherapy and S is the

patient specific scaling factor.

Dg = (Dpg + Ng) =S Equation 2.55
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The model proposed by Moquet et al. (2018 (325)) considers the total CT volume area
consisting of both high and low dose regions (this model named CTPV1), to calculate the
high dose region only (CTPV>), high dose volume information only was used. CTPV; was
estimated also by Equation 2.55 but the average dose for prostate and lymph nodes was used
and as a result the scaling factor was also adapted to reflect organ volume to whole body

volume scaling.

2.7.4 Blood dose ratio

The 222Ra:IMRT ratio was estimated in two-ways. By physical dose estimation from the 223Ra
clearance model (Methods 2.7.1) and IMRT CTPV model (Methods 2.7.3) and, also by M-
FISH cytogenetic assessment. The M-FISH ratio (here termed M-FISHer) was derived from
the assumption that cells containing at least one complex exchange were exposed to ?2°Ra,
whilst cells containing only simple exchanges were classed as IMRT exposed. The ratio of
cells containing complex rearrangements to cells containing simple arrangements was

utilized as a pseudo ratio of 222Ra:IMRT.

2.7.4.1 Selecting the appropriate calibration curves

The calibration curve selected for IMRT was that described by Lloyd 1986 where whole
blood was irradiated in vitro with 8°Co (0-5 Gy). To plot the calibration curve, the yield of
dicentrics and corresponding dose was inputted in Dose Estimate V5.2 Yield Curve Fitting
function. The standard error of the mean calculated and modelled to a Linear quadratic fit.
The resulting yield curve including upper and lower 95% confidence intervals along with

coefficient r.
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Lloyd 1986
2.5

Dicentric Yield

Dose (Gy)

Figure 2.1212 y calibration curve Lloyd 1986.

X ray in vitro calibration curve by Lloyd 1986 (327). Whole blood was irradiated using a ®°Co
source with dose range of 0-5 Gy.The dicentric yield was plotted per dose and 95% ClI
calculated through Dose estimate V 5.2. Yield = 0.0004 (+/- 0.0009) + 0.0149 (+/- 0.0060) * D
+0.0756 (+/- 0.0031) * D2, Correlation coefficient r = 0.9960.

As there is currently no 22Ra calibration data for in vitro exposures, a-particle emitting
radionucleotides of similar energy were selected. Two calibration curves were selected,
firstly Purrott et al. 1980 where whole blood was irradiated in the range of 0-1.6 Gy with
23%py and, Curwen et al. 2012 where PBL were irradiated on mylar layer with monoenergic
alpha-particles of energies 3.26 MeV (LET of 121 keV/um) over a dose range of 0-1 Gy.
Through Dose Estimate V5.2 the dicentric yield was plotted within the Yield Curve Fitting

function and modelled for linear fit along with upper/lower 95% Cl.
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Purrott 1980 Curwen 2012
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Figure 2.1313 a calibration curves Purrott 1980 and Curwen 2012.

a) 22°Pu in vitro calibration curve by Purrott 1980 (328). Whole blood was irradiated in the
dose range of 0-1.6 Gy (doses converted from rad to Gy). Yield = 0.0019 (+/- 0.0126) +
0.3696 (+/- 0.0322) * D, Correlation coefficient r = 0.9970. b) 2*8Pu in vitro calibration curve
by Curwen 2012 (239). Isolated PBL monolayer was irradiated in dose range 0-1 Gy Yield =
0.0009 (+/- 0.0038) + 0.2632 (+/- 0.0310) * D, Correlation coefficient r = 0.9450. 95% ClI

calculated through Dose estimate V 5.2

2.7.4.2 Biodosimetric blood dose estimation

Dose estimation was first carried out utilizing the dicentric equivalent frequency as
determined by M-FISH. For the IMRT, the 8Co calibration curve of Lloyd and colleagues,
1986, (Figure 2.1212) was used. For ?23Ra, the 23°Pu calibration curve of Purrott et al. 1980
(Figure 2.1313) was used, together with the Dose Estimate software V5.2 (329). To calculate
the absorbed blood dose in this mixed exposure scenario, the “criticality” model was used
(330). All aberrations were firstly assumed to be attributed to 222Ra and from the dicentric
equivalent yield the dose was estimated. The absorbed blood dose ratio (*23Ra:IMRT)
calculated according to section 2.7.4. was then used to estimate the IMRT dose and then the
gamma calibration curve used to estimate the dicentric equivalent yield. This IMRT yield was
then subtracted from the total yield to give a ‘new’ ??3Ra dicentric equivalent yield. This

iterative process was repeated until self-consistent estimates were obtained.
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2.7.4.3  Partial body exposure

To test whether the dicentric equivalent frequencies conformed to partial body the variance
from Poisson distribution was assessed for each pooled cycle/patient measuring the
dispersion index (0?/y). Values conforming to the Poisson distribution were expected to be
around 1, those exceeding this were indicative of overdispersion characteristic of partial

body exposure.

2.8 Statistical analysis

Statistical analysis was carried out on GraphPad Prism 9 (GraphPad Software). The data was
tested for normality by Kolmogorov—Smirnov test and the Shapiro—Wilk test. Unless stated
otherwise, the mean of two or more groups was tested by ANOVA for assessment of

significant difference. Statistical significance was confirmed by P values < 0.05.
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Chapter 3: Are treatment-induced chromosome
aberrations consistent with mixed radiation exposure?

3.1 Introduction

ADRRAD clinical trial patients were enrolled on to a 6 month radiotherapy schedule
comprising of mixed radiotherapy treatment with low LET IMRT targeting primary tumour
sites and, high LET 223Ra targeting distant metastatic sites. To date, the number of studies
which seek to understand the biological action of 222Ra in vivo in humans is limited (331)
indeed, a great deal of uncertainty about the heterogeneous distribution of dose at the
cellular and tissue levels remains. Due to the pharmacokinetic properties of 223Ra, the
radionuclide will rapidly localise to areas of high bone remodelling following intravenous
administration. During this period, it is possible for circulating PBL cells to be directly
exposed to 222Ra, albeit briefly, and once localised, progenitor hematopoietic cells may also
be exposed. To assess whether PBL were exposed to 222Ra during the 6 month targeted
treatment period, cytogenetic analysis was carried out to enable the identification of

chromosomal aberrations consistent with high LET a-particle exposure.

The frequency of chromosomal aberrations, predominantly those of simple kind, increase
with increasing dose. This true for low LET exposures, such as IMRT, whereby the frequency
of simple chromosomal rearrangements increases linearly with dose up to 2 Gy (332).
However, the spectrum of chromosomal aberrations has been associated not only with
increased dose but also to the LET quality. High LET exposure results in greater damage per
unit of dose and in turn results in mainly of complex chromosomal aberrations, even at low
doses (191, 237, 239, 328). This association of LET and spectrum of aberrations has been
demonstrated in both in vitro and in vivo studies (as reviewed (333-335)). Chromosomal
aberrations are useful biomarkers in assessing the risks associated following an unexpected
exposure and following radiotherapy (236). Therefore, a cytogenetic assessment identifying
the frequency and chromosomal spectra during 223Ra treatment may elucidate the extent of

non-targeted exposure of circulating PBL during the localization period.

In order to assess whether PBL were exposed to 222Ra during treatment, cytogenetic analysis

was carried out to firstly ascertain whether a significant increase of chromosomal
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aberrations was evident from the treatment. To do so, blood samples were collected from
five patients prior to radiotherapy treatment C1 (acting as control samples) and in 4 week
cycles prior to each 222Ra administration (C2-C5), circulating PBL were cultured to 1t in vitro
division and arrested in metaphase stage. Metaphase cells were painted by M-FISH for the
identification of each homologous pair of chromosomes and differential staining for X and Y
sex chromosome pair. Each cell was karyotyped to identify chromosomal rearrangements
and/or deletions (Methods 2.6.1). This enabled the identification of complex patterns of

chromosomal aberration between chromosomes consistent with a-particle exposure.

The aim of this chapter was to identify whether the spectrum of chromosomal aberrations
was consistent with mixed field exposure. A change in the spectrum and frequency
chromosomal aberrations was identified between combination therapy cycles (C2-C3) and
223Ra only cycles (C4-C5). The presence of complex chromosomal aberrations was
considered a marker of 223Ra exposure in vivo, enabling the discrimination from the PBL
population exposed to IMRT containing aberrations of simple kind only. A high frequency of
complex chromosomal events was observed during treatment. The presence of complex
chromosomal aberrations may be indicative of significant blood exposure during the
localisation period of 222Ra. Indeed, an increasing trend of the complex chromosomal
aberration frequency was also evident following IMRT completion. This suggesting 223Ra as

an inductor of complex chromosomal in PBL potentially during the localization to the bone.
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3.2 Results

3.2.1 M-FISH assessment of pre-treatment control samples

A control sample for each patient, C1, was collected before IMRT and 223Ra exposure. To be
scored, all metaphase cells were required to have a minimum of 43 centromeres, any cell
presenting less than 43 centromeres were classed as “no score” and omitted from analysis.
For the purpose of this analysis, examining treatment induced structural aberrations, a cell
was considered abnormal only if a structural change was present. Cells presenting only
numerical imbalances were noted as structurally normal cells. No detailed patient history
was collected for the study, but as per inclusion criteria (methods 2.1) for the study, the
patients had not previously received radiotherapy or exposure to radionucleotides for
investigative purposes. Therefore, any background frequency of chromosomal aberrations is
not attributable to recent ionizing radiation exposure and are expected to be relatively low.
The frequency of chromosomal aberrations can be seen detailed in Table 3.1 as aberration
types, including simple aberrations (dicentric chromosomes, translocation and rings), break

only events and, complex rearrangements.

The frequency of exchanges visualised was low with a mean frequency of 0.024 + 0.011 for
reciprocal translocations, 0.020 + 0.009 frequency of break only events and 0.004 + 0.004
for complex exchanges. A total of 10 abnormal cells were detected from 252 cells analysed
(0.0395 + 0.012) across all patients (Patient-1-5) with no aberrations identified for Patient-5.
No simple dicentric chromosomes or rings were identified, consistent with the reported lack
of recent exposure to ionizing radiation. Lloyd et al. (1980 (336)) suggests that the
frequency of dicentrics in the general population is in the region of 0.0008; approximately 1
in 1000 cells scored. As a total of 50 cells were scored per patient, the likelihood of
identifying a simple dicentric chromosome was therefore expected the be small and indeed
none were identified. The frequency of break-only events was also found to be consistent
with the control group studied by Heath et al. (1984 (337)) of 0.21 + 48 and, lower than the
general population frequency reported by Bender (1988 (338)) (0.421 + 0.032).

Of the exchanges recorded, the highest pooled frequency was attributed to translocations

(0.024 £ 0.011) and break-only events (0.020 + 0.009) with one cell from Patient-2
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containing a complex exchange. Increased age is associated with an elevation of
chromosomal aberrations particularly reciprocal translocations as these are balanced
arrangements (339-341). The median age for the ADRRAD clinical trial was reported as 63
(322) therefore, an elevated frequency compared to younger patient cohorts may be
expected. Of the two patients presenting simple translocations, Patient-2 had a frequency of
0.098 £ 0.051 and Patient-3 a frequency of 0.020 + 0.020. The pooled frequency from all
patients was found to be in a similar range to Bender et al. (1988 (338)) who reported
frequencies of 0.050 £ 0.009 in normal individuals, with an increased frequency skewed
towards the over 40s age bracket. Tucker et al. (1994 (341)) observed a range of 0.822-2
stable aberrations/100 cells in the 50+ age brackets. Ramsey et al. (1995 (342)) who also
report similar age ranges, reported 2.5 stable aberrations (including insertions) in 100 cells
for individuals above 50 years of age. Both Tucket et al. (1994) and Ramsey et al. (1995)
observed large interindividual variation in age range of 60-80. Although differences were

also observed in our study, these were found to be in line with both reported studies above.

One cell containing a complex exchange was found in PBL sampled from Patient-2. Within
the aberrant cell, 5 distinct chromosome aberration events were observed. Specifically, the
complex chromosomal exchange, classified as CAB 5/6/9, along with two incomplete
reciprocal translocations (one with missing fragment and the other translocation a true-
incomplete) and two break-only events also with missing fragments. The cell was identified
as unstable and therefore unlikely to be capable of long-term transmission. Cells containing
a high degree of damage such as the cell here discussed, are unusual in individuals that have
not previously been exposed to IR. General population studies have previously reported
such cells as “one off” or “rogue cells” highlighting their presence but excluding them from
further analysis as the origin is unknown (343-347). This cell was included in our analysis as
emerging studies are now identifying many previously analysed cell samples as containing
“hidden complex aberrations” (348). For our study, the number of exchanges per cell, along
with complex aberration induction, will be explored further in the context of the type of

radiation exposure. Accordingly, this rogue cell was included for statistical analysis.
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Simple Aberrations

Cycle PatientID Cells scored Abnormal cells Dicentric Translocation Ring Complex Break only
1 51 2 (0.039 +0.027) - - - - 0.020 + 0.020
2 51 5(0.098 £ 0.042) - 0.098 + 0.051 - 0.020+0.020  0.039 £ 0.027
1 3 50 1(0.020 £ 0.020) - 0.020 £ 0.020 - - -
4 50 2 (0.039 £ 0.027) - - - - 0.039 +0.027
5 50 - - - - - -
Total 252 10 (0.040+0.012) - 0.024 £ 0.011 - 0.004 £+ 0.004  0.020 £ 0.009
1 55 15 (0.273 £0.061) 0.146 £ 0.066 0.236 £ 0.082 - 0.036 £ 0.025 0.018 £0.018
) 3 101 29 (0.287 £ 0.045) 0.099 £ 0.033 0.178 £ 0.041 - 0.030 £ 0.022 0.099 £ 0.039
4 104 36 (0.346 £ 0.047) 0.125 £0.035 0.192 £ 0.049 0.010+£0.010 0.096 +£ 0.032 0.115+0.031
Total 260 80 (0.308 £ 0.029) 0.119 £ 0.024 0.196 £ 0.031 0.004 £ 0.004 0.058 £ 0.016 0.088 £ 0.020
1 100 39 (0.390 + 0.049) 0.150+0.044  0.160* 0.039 0.010+0.010 0.180+0.041 0.080+0.031
2 101 46 (0.455 + 0.050) 0.149+0.038 0.277 £0.068 0.020+0.014 0.188+0.048 0.188 +0.054
3 4 101 45 (0.446 + 0.050) 0.228 + 0.052 0.257 + 0.059 0.020+0.014 0.198+0.051  0.198 + 0.051
5 105 48 (0.457 + 0.049) 0.314+0.056  0.314+0.061 0.029+0.016 0.133+0.038 0.210+0.059
Total 407 178 (0.437 £0.025) 0.211+0.024  0.253 £ 0.029 0.020+0.007 0.174+0.022 0.170£0.025
1 48 20 (0.417 £0.072) 0.104 £ 0.045 0.250 £ 0.082 - 0.375+£0.102 0.083 £ 0.050
4 2 102 52 (0.510 £ 0.050) 0.265 £ 0.059 0.255 £ 0.052 - 0.294 £ 0.065 0.147 £0.040
3 103 52 (0.505 £ 0.050) 0.165 £0.044 0.252 £ 0.051 - 0.185 £ 0.045 0.291 £ 0.061
Total 253 124 (0.490 £ 0.032) 0.194 £ 0.031 0.253 £ 0.033 - 0.265 £ 0.037 0.194 £ 0.032
1 106 49 (0.462 + 0.049) 0.208 + 0.051 0.208 + 0.042 0.019+0.013 0.349+0.064 0.113+0.034
c 4 101 46 (0.455 + 0.050) 0.168 + 0.042 0.307 £ 0.067 0.040+0.020 0.218+0.054 0.188 +0.044
5 102 35 (0.343 £ 0.047) 0.158 + 0.042 0.158 + 0.039 0.010+0.010 0.059+0.028 0.099 +0.030
Total 309 124 (0.421+0.028) 0.179+0.026  0.224 £ 0.029 0.023+0.009 0.211+0.030 0.133+0.021

Table 3.11. Chromosomal aberration types identified by M-FISH. The number of chromosomal aberrations was expressed as a frequency out
of total cells scored per sample. The frequency of Standard error of the mean included per sample and for total cycle collation.
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3.2.2 Treatment induced aberrations

The ADDRAD treatment schedule follows mixed exposure by IMRT+223Ra for a period of 7.5
weeks followed by three further stand-alone administrations of 223Ra, each administered
cyclically every 4 weeks. Figure 2.11 details the first 8 weeks of treatment, where C1-C3 are
reflective of daily IMRT fractions (37 planned fractions of 2 Gy each) with two ?>3Ra
intravenous injections (4 weeks apart). Aberrant cells may be induced between sampling
times and later observed, with an increasing frequency expected over the treatment
schedule. The frequency of aberrant cells was found to significantly increase from 0.0395 +
0.012 at C1 background level, to 0.307 + 0.029 (P<0.001) at C2 and, 0.437 £ 0.025 (P= 0.003)
by C3. A small increase in frequency was noted from C3 to C4 (0.490 + 0.031) but this was
found to not be statistically significant (P= 0.593). The frequency of abnormal cells was
expected to continue rising with treatment progression, instead it was found to level after
completion of mixed therapy with a C5 aberrant cell frequency of 0.421 + 0.028. There was
no statistical difference between C4 and C5 (P=0.371), or between C3 and C5 (P=0.989),

but C5 remained at a significantly higher frequency than C2 (P=0.026).
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Figure 3.11. Structurally abnormal cells identified by M-FISH.

Data from 5 patients was collected prior to treatment (C1), 3 patients were analysed per
treatment cycle with the exeption of C3 where 4 patients were evaluated. Patient ID and
number of cells scored for each as per Table 3.11. The standard error of the mean was

included for collated data per cycles.
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Similarly, to the frequency of structurally aberrant cells, the frequency of total chromosomal
events was found to initially increase with treatment progression. The number of
chromosomal events statistically increased between C1 (0.047 + 0.019) and C2 (0.480 +
0.071 (P<0.0002)) and, further to 0.918 + 0.093 at C3 (P <0.0001). The frequency of
chromosomal events (0.966 + 0.094) at C4 was not statistically different from C3 (P= 0.991)
and neither with C5 (0.7086 + 0.091 (P= 0.1608)). Overall, there was no difference in
frequency of chromosomal events between C2-C5 (P= 0.266), suggesting a clearance of

heavily damaged cells (containing multiple chromosomal events) from the peripheral pool.
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Figure 3.22. Structural chromsomal events observed during treatment.

Structual chromsomal events (Simple, complex and/or break only) and abnormal cells (ABN)
were collated for five patients over C1-C5 of treatment. Patient ID and number of cells
scored for each as per Table 3.11. The standard error of the mean included for collated

cycles.

All together this suggested a peak in both the frequency of abnormal cells and, the number
of chromosomal events/damage cell around C4 with differences in aberration burden being
seen between treatment cycles. This is highlighted by the samples at C2 having a similar
yield of chromosomal events to abnormal cells indicating a distribution of events/cell just
above 1, whilst, by C3-C4 sample times, damaged cells are potentially carrying 2-3
events/cell. This is consistent with either a dose escalation, suggesting multiple exposures of
a cell to IMRT fractions, or where a fraction of cells is exposed to 223Ra resulting in a higher

damage burden.
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3.2.3 Aberration spectrum varies with treatment schedule

In vivo and in vitro studies have suggested chromosomal aberration spectrum to be
dependent on LET with high LET exposure (>100 keV/mm) increasing the frequency of
complex exchanges, even at low doses (as reviewed by (349)). Simple chromosomal
aberrations have been associated primarily with low LET exposure from X-rays or y-rays up
to 2 Gy, as per IMRT fractionated treatment (332). Therefore, it was hypothesised that as
earlier treatment cycles are mainly associated with low LET exposure, this would result in a
high frequency of simple chromosomal aberrations. Upon completion of this IMRT schedule,
the frequency of complex aberrations would increase in later cycles due to the ongoing

223Ra only exposure.

Table 3.11 summarises the findings between C1-C5 sampled for five patients. Simple
chromosomal events were grouped based on two breaks involved in the event, break only
events were scored with the involvement of one break, fragmentation of one chromosome
was scored when more than two breaks were identified. Complex chromosomal events
were defined as two or more chromosomes with more than two breaks as per classification
in methods 2.6.1. By assessing each exchange per cell, it was possible to question whether a
particular subset of chromosomal aberrations was prevalent during mixed therapy and ?2Ra
alone as seen in pooled cycle data in Figure 3.3. Simple chromosomal events were observed
to increase in frequency once treatment commenced between C1 (0.024 + 0.011) and C2
(0.319 £ 0.042) (one-way ANOVA P< 0.001). An increasing trend was observed until C3
(0.484 £ 0.042) (C2-C3 P=0.031) followed by a plateau in later cycles. No other statistical
difference was noted between treatment cycles, suggesting the majority of simple events
were formed in the early stages of treatment and retained through C4 and C5. The
frequency of complex events was also found to follow an increasing trend with treatment
time from 0.004 + 0.004 at C1 to 0.265 * 0.037 at C4. Statistical increases were observed
between C1-C2 (P<0.001), C2-C3 (P=0.007) and C2-C4 (P<0.001). No significant difference
was observed between C3-C4 (0.174 + 0.022 and 0.265 + 0.037, P=0.07) or, between C4-C5
(0.265 £ 0.037 and 0.210 + 0.030, P=0.576), suggesting slower induction of complex

aberrations between C3-C5.
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Figure 3.33. Structural chromsomal aberrations observable during treatment.

Simple chromosomal aberrations including dicentrics, translocations and rings. Complex
chromosomal aberrations defined as rearrangements that involve >3 breaks and involve >2
chromosomes, Break only involving one chromsome with a chromsomal break. Patient ID
and number of cells scored for each as per Table 3.11. Standard error of the mean inluded

per cycle.

The frequency of break-only events followed a similar increasing trend between C1 and C4
with statistical significance (0.020 + 0.009 and 0.194 + 0.032, P< 0.001). A statistical
difference was also observed between C2 and C4 (0.088 + 0.020 and 0.170 + 0.025,
P=0.027). Like the frequency of complex aberrations, that of break-only events levelled by
C5 with no statistical difference from C4 (0.194 + 0.032 and 0.133 + 0.021, P=0.392)
Chromosomal fragmentation events included in break-only category, were found to be rare

however emerging after C3, all patients displayed at least one fragmentation event in C5.

Overall, both simple and complex exchange events were observed during treatment,
consistent with a mixed exposure scenario. As IMRT treatment is completed by C3 sample
collection, the following C4, reflective of further 222Ra-only, was expected to result in a
lower induction of further simple chromosomal events. Indeed, there is no increase from C3
sample to C4 or in the later C5 sample. The simple aberration category comprises of stable
reciprocal translocations and unstable exchanges including dicentric chromosomes and rings

(Table 3.11). To assess whether the plateau was associated with aberrant cell clearance,
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simple exchanges were plotted (Figure 3.4). Dicentric and translocations have a similar rate
of induction as it is after a random chance whether a chromosome rearranges itself to form
a dicentric or translocation exchange. In cases where translocation exchange frequencies
are considerably higher than dicentrics frequencies, this may indicate in vivo preferential
clearance of cells containing unstable chromosomal events or dilution from haematopoietic

repopulation containing stable aberrations.
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Figure 3.44. Simple chromosomal aberrations across treatment.

Total frequencies of simple exchnages including dicentric, tranlsocation and rings. Patient ID
and number of cells scored for each as per Table 3.11. Standard error of the mean included

per cycle collation.

The frequency of rings was found to be small throughout treatment cycles with no rings
found in C4. The frequency of rings in C5 (0.023 + 0.009) was similar to C3 (0.020 + 0.007),
suggesting no clearance in the patients that did display rings in earlier cycles. No statistical
differences were found between translocations and dicentrics at C3 (0.253 + 0.029 and
0.211 + 0.024, P=935), C4 (0.253 £ 0.033 and 0.194 + 0.031, P=0.887) and C5 (0.224 + 0.029
and 0.179 + 0.026, P= 0.951). A small difference was noted in C2 where a higher frequency
of translocations over dicentrics, however this was not statistically significant (0.196 + 0.030
and 0.119 + 0.024, P=0.654). The near 1:1 ratio for translocations : dicentrics suggests that
cells containing unstable chromosomal events are not being cleared more rapidly than those

containing stable events.
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As stated previously, low LET exposures of 2 Gy fractions result mainly in simple exchanges
per cell whilst, high LET exposure results in mostly complex exchanges. Therefore, a higher
proportion of cells containing simple only aberrations was expected during IMRT
administration. The frequency of cells containing at least one complex exchange was
expected to be largest by the end of treatment where ?23Ra only was administered alone. To
assess this, PBL were categorised based on the chromosomal exchanges observed per cell.
Complex cells were classified as cells containing at least one complex event and deemed to
be a result of 222Ra exposure, while simple cells were scored as cells containing only simple
exchange events, likely induced from IMRT exposure. Cells containing solely break-only

events were excluded from this analysis.
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Figure 3.55. Nominal simple and complex cells observed through treatment.

IMRT exposed cells categorised as those containing simple exchange events only and ?2Ra
cells categorised as those containing at least one complex exchange. Patient ID and number of

cells scored for each as per Table 3.11. Standard error of the mean included per cycle collation.

As per Figure 3.5, the majority of aberrant cells sampled during mixed radiotherapy (C2-C3)
contained only simple type exchanges (IMRT). In C2, the frequency of IMRT exposed cells
being 4 times higher than the frequency of cells contain at least one complex exchange
(*23Ra exposed group). Similarly, in C3 the frequency of IMRT exposed cells was 1.6 times
higher than the frequency of 222Ra exposed cells. The frequency of IMRT exposed cells
remains higher than 223Ra exposed cells in C4 (0.229 + 0.026 and 0.198 + 0.025 respectively)
and C5(0.220 £ 0.024 and 0.162 + 0.021) however, after completion of mixed therapy, this
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does not increase further, whilst the frequency of 222Ra exposed cells increases. When
comparing the frequency of cells arising from IMRT following completion in C3, there
appears to be a plateau (C3-C5) whereby no new simple chromosomal aberrations are
induced. Instead, the frequency of cells containing complex aberrations rises from 0.150 +
0.018 in C3 t0 0.198 + 0.025 in C4, suggesting 223Ra as the inductor of new complex
aberrations. The sampled cells in C4 present a near 1:1 ratio (simple : complex cells) with
IMRT exposed cell frequency being only 1.16 times higher. In C5, the IMRT exposed cells
persist at a frequency of 0.220 + 0.024, which is 1.36 times more than cells containing
complex exchanges of frequency 0.161 + 0.021. Overall, a higher proportion of cells
containing simple only exchanges was found in earlier cycles, with the frequency of cells

containing complex exchanges increasing in 222Ra only samples.

3.2.4 PBLs shown no evidence of dose escalation

223Ra is cleared from the circulatory pool over a 24 h period, it was questioned whether cells
could be exposed to multiple a-particle tracks. If so, this may suggest an increased
frequency of chromosomal events in cells exposed to multiple by a-particles “hits”. It has
been proposed that one a-particle cell traversal will result primarily in one complex event
(191). A deviation from this expected number of complex events may indicate multiple
exposure of a PBL during the cycle sampled. The same principle was also applied to cells
likely exposed to IMRT. Cells containing a high number of simple events may be indicative of

a cell exposed to a higher dose during fractionation.

As per Figure 3.6, >72% of cells with a complex exchange were found to contain one discrete
complex exchange. This suggesting most cells to be exposed to a single a-particle track. An
increasing trend for cells containing multiple independent complex exchanges was observed
in 222Ra only cycles (C3-C5), however, no statistical significance was observed. C2 was found
to not contain any cells with 23 complex events, this likely due to the low frequency of
complex events for this cycle (as per Table 3.1). No statistical differences were identified for
IMRT exposed cells with the number of independent single exchanges remaining consistent

across all cycles.
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Figure 3.66. The likelihood of multiple “hit” exposure for high and low LET.

a) cells containing at least one complex exchange consistent with 223Ra exposure. b) includes
cells containing simple exchanges consistent with IMRT exposure. These are expressed as a
percentage of the total abnormal cells. Each abnormal cell was categorised as having 1, 2 or

> 3 events of respective exchange per cell.

3.2.5 Chromosomal ratios as LET signatures

The term C-ratio, defined as the ratio between complex exchanges and simple exchanges,
has previously been proposed as a cytogenetic signature of LET (334, 350). Previous studies
have found high LET radiation to be more effective in the induction of clustered DNA
damage (185, 351, 352), the mis-repair rate was also found to be higher (as reviewed in
(170, 353)) and, thus, a more complex pattern of chromosomal aberrations are observed
when compared to low LET exposures of similar dose, or, lower. As the treatment schedule
follows exposure from 223Ra only in the later C4 and C5 samples, we questioned whether a
change in C-ratio may be observed in these high-LET exposure only cycles. The first two
treatment cycles, C2 and C3 were hypothesised to have similar C-ratios with a higher

proportion of simple exchanges consistent with primarily low LET exposures.

The C-ratio for 222Ra only cycles was found to be higher than mixed exposure cycles as
predicted, ranging from 0.593 + 0.106 in C4 and 0.496 + 0.088 for C5 as seen in Figure 3.13.

The C-ratio for C2 was found to be low at 0.181 + 0.057. The C3 C-ratio was found to be
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higher than that of C2 at 0.360 £ 0.056. Comparing this to other studies, such as Lee et al.
the expected C-ratio for in vitro exposure to 2 Gy of X rays was expected to be in the region
of 0.23 (calculated from 37 complex exchanges : 163 simple exchanges) (354). Here, the C2
value was found to be consistent with the published data, but the C3 ratio of 0.360 + 0.056
was larger. An in vivo study by Hartel et al. (2009 (355)) of prostate cancer patients treated
with a similar IMRT treatment plan to that examined here, found a C-ratio of approximately
0.29 (calculated from frequency of 0.2 and 0.7, complex and simple exchanges respectively),
once again consistent with C2 sample analysed here. This suggests an incremental increase

in complex aberration induction with each subsequent dose of 223Ra.

a
$ 0.8
>
(D)
Qo
5 2 0.6
> E {
22
S v 0.4 E
o C
o2
LL ©
0.2
< t
a
g 0.0 | T | T
o C2 C3 C4 Cb

Figure 3.77 C-ratio across treatment.

The C-ratio was calculated utilazing the combined number of simple events and complex
events per cycle. Frequencies of events from five patients as per Table 3.1. Error

propagation was estimated from the deviation of SEM per cycle.

Another ratio suggested to be interchangeable with the C-ratio is the I-ratio, this being a
ratio of simple translocations to insertions. The frequency of cells containing insertions was
found to increase with treatment progression, not surprising as insertions are by definition a
complex event, and complex cells were seen to increase in frequency as per Figure 3.9.
Unlike the C-ratio where simple events frequency is compared to complex event frequency,
the number of INS is compared relative to reciprocal translocation exchanges, irrespective

of how many INS occur in each complex event.
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In the study four very complex cells were identified at different sampled cycles. For Patient-
3, two cells were found to contain between 7 and 10 INS in the C2 sample, in Patient-1 C3
sample, one complex cell involving 21 chromosomes was visualised and lastly, in Patient-2
C4, an estimated 4 INS categorised as part of 3 different complex rearrangements was seen
within one cell. These cells containing unusually complex rearrangements resulted in the C2
I-ratio being particularly small (Figure 3.88). The I-ratio was calculated with the inclusion of
the discussed cells (data set A) and without (data set B). This resulted in small non-

significant variations between C3 and C4 data sets but a large variation in C2.
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Figure 3.88. High frequency of insertions consistent with a-particle exposure.

A) including all insertions B) excluding very complex cells where insertions were
approximated. These include two cells with 7 and 10 insertions in C2, one cell with 5
insertions in C3 and, one cell in C4 with 4 INS. Error propagation was utilized to estimate a

deviation of SEM per cycle.

The | ratio has previously been used to highlight differences in LET and for this patient
cohort it highlights that samples C3-C5 are consistent with exposure to a high LET source.
The C2 samples had a lower frequency of insertions but the error is much higher and still

consistent with a high LET exposure scenario.
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3.3 Discussion

The aim of this chapter was to assess PBLs for markers of ionizing radiation exposure and to
examine whether these could reflect the mixed radiotherapy treatment regime. PBLs were
sampled as they represent a cell population that circulates the entirety of the body and
infiltrates in most tissues. Therefore, PBLs may be exposed during IMRT pelvic treatment
and, following ?23Ra intravenous administration. PBLs were sampled cyclically every 4
weeks, during each visit prior to the next 223Ra administration. Due to the sampling
schedule, cytogenetics was deemed the most appropriate technique as PBLs exposed to
ionizing radiation may conserve chromosomal aberrations of both unstable and stable kind
for months following exposure (356-359). As per treatment schedule, following the
collection of the pre-treatment control sample, both IMRT and ?23Ra were administered on
the same day. Following this, 2 Gy daily fractions were delivered for a total of 7.5 weeks
with the next 223Ra administration after 4 weeks (and every 4 weeks following). The
exposure was therefore of mixed quality including both Low and High LET over the 6 months

of treatment.

The number of published studies quantifying transmissible reciprocal translocations and
unstable dicentric chromosomes following IMRT radiotherapy in patients is limited, (354,
355, 360-362). With this, it was possible to compare the collected frequencies and patterns
of rearrangements to those identified here. The number of studies following in vivo ?23Ra
exposure is even fewer, with only one recent publication by Schumann et al. (2021 (363))
identifying y-H2AX foci in PBLs following intravenous 223Ra treatment. A previous in vitro
study also by Schumann et al. (2018 (364)), identified a linear relationship between the a-
particle induced y-H2AX damage tracks following exposure of healthy donor blood.
Generally, studies following a-particle exposure in vivo are limited as a-particles only pose a
risk when internalized. The majority of cytogenetic studies have been in vitro (191, 237, 328)
and identified high frequencies of complex chromosomal rearrangement patterns compared
to simple chromosomal aberrations. This suggests complex chromosomal aberrations to be
a potential marker for high LET exposure, including following exposures where the radiation

type is not known as reviewed by Anderson (2019 (349)).
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In our study, PBLs were found to contain markers of High LET a-particle exposure from the
first treatment sample C2 with an average frequency of 0.058 + 0.016. The majority of
published papers following ??3Ra treatment report low haematological toxicity from the
isotope as the majority of dose is assumed to be delivered at the target site (78, 80, 365,
366). Delving further into the treatment schedule a cycle dependency was observed, with
mixed exposure cycles presenting high frequencies of simple chromosomal aberrations
(C2=0.319 £ 0.042 and C3=0.484 + 0.042) consistent with IMRT exposure, but also an
increasing trend in complex rearrangements (C2=0.058 + 0.016 and C3=0.174 + 0.022). After
the completion of IMRT, the frequency of simple events was found to plateau (C3=0.253 +
0.029 and C4=0.253 + 0.033), suggesting, as per published in vitro and in vivo studies ((332,
367, 368)), that low LET exposure up to 2 Gy results mainly in simple chromosomal
rearrangements. The frequency of complex events was instead found to increase further in
C4 (C3=0.174 +0.022 and C4= 0.265 + 0.037) which was representative of a 223Ra further

administration, this suggesting 22Ra to be a direct inductor of complex rearrangements.

As the mode of administration of IMRT and 223Ra differ, it was important to assess whether
PBL circulating cells may be exposed more than once during treatment. In the case of
multiple a-particle tracks traversing a cell, a higher chance of multiple complex
rearrangements in each damaged cell may be plausible. Whilst for multiple exposure of a
PBL to IMRT, multiple simple chromosomal exchanges may instead occur. It was found that
neither IMRT or 223Ra was likely to have “re-irradiated” a cell. Therefore, no dose escalation
was expected for each cell exposed, therefore IMRT exposure to blood would only be
reflective of a maximum dose of 2 Gy and 223Ra 55 kbg/Kg of injected activity. In terms of
the distribution of chromosomal events, a distinction between cells containing at least one
complex event and cells containing simple exchanges only, was observed. This could
potentially be exploited to enable distinct dose estimations to be made for each of the

component radiation types of these patients, as explored in Chapter 4.

The number of studies sampling chromosomal aberrations following IMRT by M-FISH
analysis is limited. One study by Hartel et al. (2018 (369)) examined the frequency of
chromosomal events before, during and by the end of treatment as part of a study
comparing the effects of IMRT with IMRT combined with carbon boost. This study examined

eight prostate cancer patients receiving IMRT only treatment, five of which had a small
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irradiation field comprising prostate and seminal vesicles. The other group comprised of
three patients who received exposure to a much wider area including the prostate and
pelvic nodes. Both groups received 76 Gy tumour dose over daily fractions ranging between
2-2.24 Gy. The three patients having a larger target volume are likely to be more
comparable to the ADRRAD patient cohort in this study, also received prostate and lymph
node irradiation with planned doses of 74 Gy administered as 2 Gy daily fractions. The study
by Hartel et al. (2018 (369)) identified the frequency of simple aberrations during treatment
of 0.1 and 0.3 for the smaller and larger areas, respectively. This may be comparable to this
studies C2 samples, where the frequency was found to be 0.340 + 0.058. As the study also
measured simple aberrations after treatment (0.15 and 0.70, corresponding for smaller and
larger irradiated field) these were also compared with the C3 sample in this study which

corresponded to the end of IMRT treatment of 0.534 + 0.065, and were within similar range.

The frequencies of complex events were also quantified in the study by Hartel et al. (2018
(369)) both during and after radiotherapy. The frequency was found to increase from 0.01-
0.05, in the smaller and larger target volume group, to 0.02-0.20. These were consistent
with our study at C2 (0.058 + 0.016) and C3 (0.174 + 0.022). Given this, this could suggest
that the majority of chromosomal aberrations detected during C2 and C3 are consistent
with that of IMRT exposure only. It is widely accepted that complex chromosomal
aberrations induced by low LET are dependent on dose (355, 370, 371), however, it is
ultimately not possible to confine all complex events as being attributed to 223Ra. The same
being said with 223Ra, although studies have suggested most aberrations from high LET
exposure to be of complex kind it cannot be excluded that some events may be of simple

kind.

Another point to consider is the lethal effect of a-particles on cells, with in vitro studies
suggesting 2-6 a-particles transversion to be sufficient for cell death, while surviving cells
arising from fewer track traversals may result in cell chromosomal aberrations (372, 373). It
could be considered that ?23Ra is more likely to induce a high level of damage and these
heavily damaged cells may be cleared more rapidly from the peripheral blood pool by
sampling time. Therefore, the sampled population may be representative of cells traversed
by fewer a-particles, and as suggested by our data the likelihood of multiple track exposure

was low for our sampled PBLs. This being said, the cell survival to a-particles is also based on
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more complex factors including the cell geometry, cell type and stage of maturation stage
(193) which could not be quantified with our in vivo model. Due to the sampling being 4
weeks after the 223Ra administration it is not possible to carry out an assay to quantify the
apoptotic response in vivo to test whether a difference was observed between mixed
exposure cycles and ?22Ra only. In our study it was found that the frequency of complex
aberrations increased in C4, 222Ra only cycle, to 0.265 + 0.037 this frequency is larger than
C3 and of that of the previously described study by Hartel et al. (2018 (369)). As the 222Ra
administered dose varies between patients, unlike IMRT, interindividual variation was
observed. Patient-1 and 2 had a statistical increase in complex aberrations from C3 to C4,
increasing from 0.180 £ 0.041 and 0.188 + 0.048 to0 0.375 £ 0.102 and 0.294 £ 0.065
respectively P= 0.0234 (unpaired t test of pooled cycles). This indicates that 222Ra to be an
inductor of complex chromosomal aberrations in vivo, although further analysis should be
undertaken with a larger patient cohort to identify differences between patient responses

and/or potentially the clearance of aberrations.

The C-ratio has been suggested as an indicator of high or low LET exposure in unknown
exposure scenarios as it compares the frequency of complex : simple exchanges. The
dynamics of cell exposure are different in vivo to in vitro studies, it is therefore hard to make
a comparison with what the expected C-ratio range should be. Hartel et al. (2009 (355))
found a low C-ratio for IMRT exposed patients, estimated here as 0.29 from a frequency of
0.2 complex exchanges and 0.7 frequency of simple exchanges. In the same publication, an
in vitro calibration curve of lymphocytes to exposed varying doses of X-rays, identified a C-
Ratio of 0.06 £ 0.04 at 1 Gy following a dose dependent increase to 1.1 £ 0.2 at 6 Gy. In our
study, the C-ratio during mixed field exposure was of 0.181 + 0.057 for C2 and 0.360 + 0.056
for C3. These values are in a similar range to the in vivo and in vitro data from Hartel et al.
(2009 (355)). The estimated C-ratio for our study was also comparable to in vitro data by Lee
et al. (354). This suggests C2-C3 to be consistent with mainly low LET exposure with the
increased C-ratio in C3 likely attributed to a further dose administration of 223Ra. In the ??3Ra
only cycle the C-ratio was found to increase further with 0.593 + 0.106 and 0.496 + 0.088
the increase reflective of high LET exposure resulting in a higher induction of complex
aberrations. All together these findings suggest that for the ADRRAD patient cohort a

significant proportion of complex aberrations are likely to have been induced by 223Ra
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during the treatment. To our knowledge, this is the first-time that cytogenetic markers
consistent with exposure of non-target cells by 222Ra as part of radiotherapy treatment has

been found in vivo.

In our study, the I-ratio which compares simple translocations to insertion was not as
informative. Although the number of complex exchanges was high, the number of insertions
was relatively low. Technically there were difficulties as the number of insertions was not
successfully quantified for all complex events as some heavily damaged cells count not
successfully be resolved. Excluding unresolved cells where the insertion number was
approximated, the I-ratio did suggest a large effect from low LET exposure for C2 and a
dominant effect from high LET exposure for C3-C5. Further work will be needed to assess

whether the I-ratio is a feasible measure for unknown exposure scenarios.

Cytogenetic assessment was carried out on all patients prior to radiotherapy to draw a
baseline frequency of chromosomal aberrations. The frequency of aberrant cells was found
to be lower than expected in the control samples, considering previous treatments and age
of the patients. Ramsey et al. (1995 (342)) found stable aberrations to be elevated in
healthy adults over the age of 50, particularly stable transmissible aberrations including
translocations and insertions, at a frequency of 0.251 (2.506 aberrations per 100 cells). In
the case of our control group, no stable insertions were identified, and the frequencies of
translocations were found to be <0.100. This being said, although the frequency of
translocations was found to be low, the same study found patients of this age group to have
greater variation in their frequency of stable translocations. Three individuals in this study
had a statistically higher proportion of translocations ranging from 3.9-4.9 per 100 cells. This
interindividual variation was also observed in this study whereby Patient-1, 4 and 5 reported
no reciprocal translocations whilst Patient-2 had a frequency of 0.098 + 0.051 and Patient-3
of 0.020 £ 0.020. Although differences were observed, the frequency of aberrations for each
patient were still found to be within the expected normal range for individuals in the 50+
age bracket. The rogue cell identified in Patient-2 was found to be unstable therefore
unlikely to be originating from clonal expansion of previously exposed stem cells and
unlikely to further result in clonal daughter cells in following treatment cycles. No increased
frequency in simple unstable events such as dicentrics or rings was observed, this suggesting

no recent exposure to ionizing radiation as confirmed by eligibility criteria of the study
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(appendix). A normal population study by Wojda et al. (2006 (326)) also found the
frequency of structural chromosomal aberrations to vary per age group, the over 60s
category frequency ranging from 0.38-0.7. The reported frequencies were accompanied by
larges deviations in standard error which were attributed to interindividual variation. When
observing the frequency of total chromosomal events in our study group, the frequency for
C1 was found to be 0.047 + 0.020 this sitting well between the reported range by Wojda et
al. (2006 (326)).

The results discussed suggest 2?Ra to induce primarily complex chromosomal aberrations,
and IMRT being mostly responsible for the simple chromosomal aberrations detected.
Although it cannot be excluded that a fraction of complex aberrations may be induced from
IMRT, the frequency of complex aberrations appears to potentially increase in later 223Ra
only cycle. Instead, the frequency of simple chromosomal aberrations plateaus following
IMRT completion suggesting 223Ra to not induce a significant fraction of simple
chromosomal exchanges. The control samples of all patients do not indicate previous recent
exposure to an ionizing agent therefore the sampled aberrations were attributed to the

treatment schedule.
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Chapter 4: Dose estimates from a mixed exposure
scenario

4.1 Introduction

The novel radiotherapy treatment regime implemented in the ADRRAD clinical trial, raises
guestions as to whether a significant dose is delivered to non-target tissues. Non-target
exposure may be a result of the IMRT treatment to the pelvic region and/or following the
use of novel RaCl; for distant metastatic site targeting. The risk associated with IMRT non-
target exposure is well recognised and continuous improvements are made to enhance
target dose delivery while minimising surrounding tissue exposure (93, 94, 107, 374-379).
Instead, the risk associated by 22Ra non-target exposure has yet to be studied, primarily
due to the novel application for bone metastatic disease management only approved in the
last 10 years. Therefore, quantifying the absorbed blood dose to non-target tissues is one of
the first steps towards evaluating short and long term effects from the proposed treatment
schedule (168). The aim of this chapter was to estimate the absorbed blood dose for each
radiation quality whilst testing the feasibility of a novel approach for mixed field exposure
dose quantification. In doing so, the application of each model was compared and

limitations discussed.

The calcium mimetic properties, induction of complex lethal damage and non-target tissue
sparing have rendered 2%3Ra an optimum treatment for CRPC and potentially has clinical
applications for treatment of other cancers also tending to metastasise to the bone. Once
intravenously administered, the structure of RaCl; enables immediate solubility into the
blood, this results in free 222Ra carrying a positive charge during circulation. The calcium
mimetic properties enable 223Ra to rapidly localise to metastatic regions of the bone within
24 h (152-155). The decay of #?3Ra is characterised by the release of a-particles, these
particles deposit densely ionizing radiation clusters along their tract. The clustered damage
from the energy deposits may cause complex irreparable damage in metastatic cells and
ultimately result in cell death. a-particles have been found to have a low penetrance of <100
um (380), this potentially meaning little to no exposure of neighbouring non-target tissues.

Although the range of emitted a-particles is short, 223Ra is not directly delivered to bone
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metastatic sites, instead a 24 h period of transit (following intravenous administration) may
result in unwanted blood exposure (154, 363). This is of particular concern for not only
acute toxicity following exposure of circulating blood cells resulting in temporary conditions
such as anaemia (which are monitored during the trial), but also long term toxicity.
Accumulating evidence suggests vascular endothelia damage to have potential long term
effects such as increasing the risk of cardiovascular diseases (as reviewed in (381, 382)) even
at low dose exposure (as reviewed in (383)). We therefore question whether ?23Ra
treatment may result in a significant dose delivered to the blood over the 6 month

treatment period.

It is known that IMRT treatment results in a significant exposure to the blood (325, 369) and
as the treatment schedule is reflective of a mixed exposure scenario, the expected dose
delivered to the blood will be estimated for both 222Ra and IMRT. Existing blood dose
models for IMRT are mostly based on physical methods which employ complex parameters
of exposure fields mapped by MRI or CT beam plans for target volume of exposure, along
with complex blood flow simulations within the field itself (384, 385). Recently, blood dose
estimation by Moquet et al. (2018 (325)) has enabled the quantification of blood dose by
IMRT utilizing two simplified models with fewer parameters, these models found to be
comparable to that of cytogenetic dicentric assay. Utilising the ADRRAD patient data paired
with the models described by Moquet et al. (2018 (325)), the IMRT absorbed blood dose
may be estimated. Estimation of internalized radionucleotide dose is instead more complex,
mainly due to the unique pharmacokinetics of each radionucleotide. The quantification of
dose delivered by ??3Ra to target sites has been previously characterized using scintigraphy
and modelling software packages which enable reasonable estimations to be made at the
target sites (386-389). However, due to the low range of a-particles, scintigraphy is based on
the daughter products of 223Ra, therefore this system is useful for quantification of 222Ra
deposits within bone and tissue but not during circulation following intravenous
administration. For the quantification of dose in circulation, previous data of the

pharmacokinetics and clearance of the 222Ra was instead implemented (152-155).

An existing biodosimetric model proposed for mixed has successfully been implemented to
estimate the dose following neutron and gamma exposure (236). This model was designed

for criticality exposure scenarios whereby an individual is exposed to both high LET neutron
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and low LET gamma external radiation. This model relies on physically derived estimates of
exposure to model a dose ratio, therefore optimal in cases where the emissions by causative
agents are known. This model, paired with the traditional dicentric assay, enables the
estimation of absorbed dose for each radiation quality. Applying this model to our physical
blood dose estimates (from IMRT and 223Ra) followed by the dicentric assay, the estimation

of absorbed blood dose may be possible during treatment for each sampled cycle.

In the previous chapter, M-FISH analysis was implemented to assess whether markers of
high LET exposure consistent with a-particle damage were present in the sampled PBLs. M-
FISH analysis enables not only the quantification of aberrations but also detailed analysis of
the aberration complexity, enabling the assessment of each chromosome involved in the
exchange and whether this is consistent with a spectrum of low LET or high LET exposure.
We therefore question whether cytogenetic markers of high and low LET exposure observed
in PBL could be utilised for a direct dose estimation in a situation where the ??3Ra and IMRT
ratio was unknown. This potentially leading to a novel approach for dose estimation after an
unknown exposure by mixed ionizing agents. To do so, the frequency of cells consistent with
223Ra exposure and those of IMRT exposure identified in the previous chapter were
employed as a pseudo ratio of 222Ra:IMRT dose estimated by physical parameters.
Implementing the traditional dicentric chromosome assay, the dose for 222Ra and IMRT may

be estimated and compared to that derived by physical parameters.
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4.2 Results

4.2.1 Physical dose estimations

4.2.1.1 2?23Ra blood dose estimation

To assess absorbed blood dose during this localization period, the injected activity of all
patients was firstly collected for each treatment cycle. The injected activities can be seen in
Figure 4.11 including the mean injected activity across the 6 months of treatment and the
upper/lower limits. The differences in the injected activity were a direct result of variations
between patient weights. Patients of higher body weight were administered a larger activity
of 223Ra compared to patients of lower body weight. This following 222Ra being administered
as 55 kbqg/kg of body weight. However, when comparing the mean activity of each patient
across treatment cycles, there was little effect between patients (two-way ANOVA P=
0.011). Multiple comparisons of patient mean highlighted only Patient-8 and 13 as having a
statistically different injected mean dose (two-way ANOVA mean patient comparison, P=
0.043). Some intra-patient differences were also observed following large weight
fluctuations during the 6 month treatment period and hence differences in the administered
activity. However, the fluctuations did not result in a significant difference (2 way ANOVA P=

0.135).

To calculate the absorbed blood dose during the localisation period, the pharmacokinetic
properties of the 223Ra were taken into consideration. The majority of the 223Ra is thought to
localised to metastatic regions or excreted within 24 h of intravenous administration with
<1% activity remaining in the blood. Consequently, it was assumed that the additional dose
deposited to the blood outside of the 24 h window may be negligible. As per method
section 2.7.1, three clearance models were combined from 3 different study groups (152,
154, 155). The median amount of 223Ra free in circulation across each study was averaged
for three timepoints as well as the upper and lower limits. As a degree of uncertainty was
associated between individuals of each study and between studies, the error following *?3Ra

absorbed blood dose for this model was estimated to be as high as 50%.
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Figure 4.11 ?22Ra average administered activity.

The injected activity at each cycle point was collected for 6 cycles, with the exception of
Patient-4 where five cycles were available. A total of 13 patients were analysed. Upper and

lower limits estimated for each patient treatment administration.

The reported mean absorbed blood dose for each patient can be seen in Table 4.11, with
the average dose per cycle estimated as 0.012 + 0.002 Gy. As per injected activity, the
corresponding mean blood dose was found to vary between patients, however this was not
found to be significant (P > 0.057). No statistical difference was observed between patients
absorbed blood dose (P = 0.097). The absorbed blood dose values presented here are
representative of one cycle of 223Ra, as the treatment regime includes a total of 6 cycles, the

cumulative blood dose by the end of treatment may be in the region 0.072 Gy.
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Absorbed blood dose (Gy)

PatientID Mean Upper Limit lower limit
1 0.012 0.016 0.006
2 0.011 0.016 0.006
3 0.012 0.016 0.006
4 0.012 0.016 0.006
5 0.012 0.016 0.006
6 0.012 0.016 0.006
7 0.012 0.016 0.006
8 0.012 0.016 0.006
9 0.012 0.016 0.006
10 0.012 0.016 0.006
11 0.011 0.016 0.006
12 0.012 0.016 0.006
13 0.011 0.016 0.006

Table 4.11. Total 222Ra expected blood dose.

The mean dose represents the average absorbed dose delivered to the blood per cycle for
13 patients. The error bars shown are upper and lower ranges included from published
studies as per method section 2.7.1. The estimated error for the mean dose was in the

region of 50%.
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4.2.1.2 IMRT blood dose estimation

As IMRT exposure is not internalised like 222Ra, the exposure of the patient was instead
during beam on times only. IMRT employs conformal beams to accurately target a
designated area minimising exposure to non-target organs/tissues. Unlike ?23Ra, this
treatment is tailored to the disease burden of each patient with the number of fractions,
dose and area covered dependent on patient specific information. The IMRT absorbed blood
dose was estimated using two existing models previously implemented by Moquet et al.
(2018 (325)) in the RTGene study as summarised in methods 2.7.3. The study by Moquet et
al. (2018 (325)) included patients with a variety of different cancers and radiotherapy
treatment regimes including three PC patients. The treatment to PC patients included the
primary tumour site only (prostate) with a total of 60 Gy administered in 2 Gy fractions. The
model did not include PC patients also receiving concomitant boost to the lymph nodes. The
blood dosimetry models presented were found to be consistent with the traditional
dicentric assay and therefore provide a suitable model to apply to our study (325). To assess
the exposure of the circulatory system, it was necessary to consider patient specific

differences in both the anatomical sense and disease progression wise. The individual

patient data can be seen summarised in Table 4.22, including the planned doses, target

volume size and estimated body volume (derived as per methods 2.7.3).

The two models reported by Moquet et al. (2018) were implemented for IMRT absorbed
dose estimation. The first model was based on the time taken for blood to flow through the
planned treatment area as seen in Figure 4.22. The model was here termed blood flow
model (BF). The BF model proposed originally by Moquet et al. (2018) assumed that whole
blood volume was constant between patients and was approximated to 6 L and that the
exposure of the whole blood volume was of 1-minute. As individual patient weights were
available for our study, it is possible to estimate the blood volume more accurately. The
blood volume was estimated assuming each kg of body weight contained 75 ml of blood
(390), this model variant here termed BFi. The BF1 model included the absorbed blood dose
estimation of the high dose regions of the CT plan, including the prostate and lymph node
area. Applying the method described in section 2.7.3.1, the cumulative dose per patient was

calculated and reported here in Table 4.2.
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Prostate Lymph nodes

D Vilzdr::e N_ Target . L(:SZ' Dose/fraction Target . inael Dose/fraction
(cm?) Fractions volume (cm?) (Gy) (Gy) volume (cm?) (Gy) (Gy)
1 119208 37 169.9 74.3 2.009 719.9 61.5 1.662
2 100525 37 155.1 74.1 2.004 750.1 61.5 1.662
3 83000 37 125.5 74.5 2.014 649.5 61.4 1.660
4 85426 30 158.7 74.1 2.469 745.0 61.0 2.032
5 85297 35 182.1 69.6 1.989 844.1 55.9 1.597
6 92208 37 142.7 74.4 2.009 777.1 61.3 1.658
7 100990 37 124.0 74.2 2.006 686.9 61.2 1.654
8 75258 37 92.5 73.9 1.998 427.3 61.3 1.657
9 86604 37 157.7 74.3 2.008 676.1 53.0 1.431
10 87505 37 185.1 74.2 2.007 689.9 60.9 1.646
11 73386 37 119.5 74.0 2.001 639.3 60.5 1.635
12 104059 37 93.5 74.2 2.006 649.1 60.6 1.638
13 85624 35 134.2 70.6 2.018 723.9 50.6 1.446

Table 4.22. Individual patient IMRT treatment plan. The target volumes, dose delivered and N of fractions were supplied from ADRRAD
clinical trial team for 13 patients. The body volume estimated as per method 2.7.3 and the dose per fraction calculated utilizing the Total dose/

N fractions.
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The cumulative prostate only dose (30-37 fractions) was found to be in the range of 0.880-
1.962 Gy, this comparable to the dose published by the Moquet et al. (2018 (325)) study of
0.38-1.92 Gy. However, the current model attributed a dose of 6.27 — 8.09 Gy to lymph
node exposure. The original model proposed by Moquet et al. 2018, did not consider the
dose to lymph nodes. To account for the differences in dynamic flow, a second model

variant was proposed estimating the static fluid exposed within the lymph nodes (BF).

Figure 4.22. CT plan of pelvic region for IMRT targeting.

Left panel includes high dose volume to organs including prostate in white outline and
lymph nodes outlined in blue. Right panel including CT plan with high dose volumes prostate

in red and lymph nodes in yellow along with low dose volumes in green surrounding.

The blood flow within the prostate has previously been estimated by Inaba (1992(391))
ranging from 7.8-39.7 ml per 100 g with a lower blood flow estimated for healthy individuals
compared to PC patients. The size of the prostate has been found to increase with age in
both healthy individuals and more so in those with PC (392), the prostate enlargement will
in turn be associated with an increased blood flow within the organ. The average prostate
weight ranges from 7-16 g for healthy individuals and for PC patients 46.2-60.2 g depending
on disease burden (393, 394). Using 23.75 ml/100 g as median value, the prostate blood
flow per minute was estimated to range between 1.7-3.8 ml for a healthy individual and 11-
14.3 ml for PC patients. In our study, the prostate weight was not available, therefore the
blood volume was instead estimated from the known planned area for prostate targeting. A

scaling factor between whole body volume and prostate volume, both identified via CT scan
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for dose planning, was used as per method section 2.7.3.1. The resulting scaling factor was
then applied to scale the whole-body blood volume in respect to prostate. The prostate
blood volume was found to be between 7-14 ml depending on patient, this sitting
comfortably within the expected ranges described by Inaba (1992 (391)). The same
approach was carried out for lymph nodes with the estimated blood volume ranging 32.4-
52.3 ml. The total blood dose by high dose volume was estimated for all patients by the end
of the IMRT schedule and found to range between 0.004-0.015 Gy per fraction as seen in
Table 4.3.

The studies on prostatic blood flow presented here, suggest the blood flow to the prostate
to be less than the whole blood volume circulating the prostate per minute and as
suggested by Moquet et al. 2018, this presents a large uncertainty in the model. The second
model, BF,, was estimated by similar principle as 75 ml are estimated per kg of body weight.
This was used to calculate the whole body blood volume and scaled down to prostate size.
However, the dose estimated for the prostate in BF, was representative of a static volume
of blood being exposed to IMRT and would not represent an accurate flow model for dose
estimation. With more detailed information regarding beam on times, it may be possible to

improve this model.

Published literature suggests the beam on times to be 23 minutes for prostate treatment
depending on high dose volume (375, 376), therefore the prostate dose for BF, may exceed
0.900-2.340 Gy. In the first model, BF1, lymph nodes were treated similarly to the prostate
and this itself is unlikely to be a good model for the organ. Lymph nodes do not circulate
blood and instead circulate lymph fluid and due to the dynamics of fluid shift, 4 L are usually
redistributed through the day (395). A mechanical shifting also plays an essential part in the
movement of lymph; during IMRT administration, the patient was maintained in a still
position, therefore the movement of lymph was likely to be minimal. With this being
considered, the BF; model may be a more accurate representation of static PBL irradiation in
this tissue that may then be filtered to the circulatory system. Combining the two models,
cumulative absorbed blood dose by 95% high dose volume sits between 1.131 —2.717 Gy.
This included the prostate volume calculated as per BF; and the static volume of fluid within

lymph nodes at time of exposure as per BF,. However, these models do not consider the low
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dose regions that are also exposed during treatment; therefore, both will be

underestimating the total blood dose.

BF: BF2 BF1p + BFain
Vs Vs Total
Patient Ve LN  Prostate Ds LN Dg LN Dg Total dose
body prostate dose Dg
ID (ml) (Gy) (Gy) (Gy) Ds (Gy)
(ml)  (ml) (Gy)
1 9030 12.9 54.5 0.038 0.132 0.170 0.007 0.045
2 7615 11.7 56.8 0.041 0.164 0.205 0.010 0.050
3 6288 9.5 49.2 0.040 0.171 0.212 0.009 0.049
4 6560 12.2 57.2 0.060 0.231 0.291 0.014 0.073
5 6461 13.8 63.9 0.056 0.209 0.265 0.015 0.071
6 6985 10.8 58.9 0.041 0.184 0.225 0.011 0.052
7 7650 9.4 52.0 0.033 0.149 0.181 0.008 0.040
8 5700 7.0 324 0.032 0.124 0.157 0.004 0.037
9 6290 11.5 49.1 0.050 0.154 0.204 0.007 0.058
10 6629 14.0 52.3 0.056 0.171 0.227 0.009 0.065
11 5559 9.1 48.4 0.043 0.188 0.231 0.009 0.052
12 7883 7.1 49.2 0.024 0.135 0.159 0.007 0.031
13 6486 10.2 54.8 0.042 0.161 0.203 0.009 0.051

Table 4.33. BF; absorbed blood dose estimate.

The data was collected for 13 patients. Vs blood volume, Dg blood dose per fraction. BF1

model considering prostate only (BF1p), BF2 model considering lymph nodes (LN) dose

(BF2un). Reported estimated uncertainty of 25% for all BF model variants.

The second model for blood dose estimation described by Moquet et al. (2018 (325)) was

carried out applying the CT plan volume along with the planned doses. The model was here

termed CTPV to reflect the use of the CT plan volume. With this approach, it was possible to

estimate the total absorbed blood dose including that from low dose volumes. For the IMRT
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administration, a CT plan was made by the clinical team with the prostate and lymph nodes
areas denoted for irradiation. Due to organ shift, an extra area around these was added to
account for the movement, this resulting in larger area comprised of 95% high dose regions

and low dose regions as depicted in Figure 4.2.

Two variants of the CTPV model were made, the first, CTPV1, applies a scaling factor
between whole CT scan volume and body volume. In the original publication, Moquet et al.
(2018 (325)) suggested this value to be 2.5 as patient specific measures were not available.
In our study, patient specific data was available, therefore the scaling factor was calculated
for each patient. The scaling factor was found to be between 2.08-2.64 depending on
patient weight, with the largest deviation from the scaling factor for Patient-10 being of 16%
smaller than the published 2.5 scaling factor by Moquet et al. (2018 (325)). The total dose
delivered during IMRT treatment can be seen in Table 4.4. The dose was found to be
considerably larger than that published by Moquet et al. (325). The increase in dose was
likely a reflection on large lymph node volume being irradiated. The second variant of the
model, CTPV,, was devised to take in to account the high dose regions of prostate and
lymph nodes rending a comparison between the BF and CTPV models possible. To do so, a
scaling factor for each component as per BF, was employed as outlined in methods 2.7.4.2.
The resulting dose for CTPV, was found to be comparable to that of BF; within the
uncertainty estimates. BF1 and CTPV; cannot be directly compared as they employ different
irradiation volumes, BF1 appears to significantly overestimate the lymph node dose and as
highlighted by the author, the method also has the largest uncertainty associated. For the

dose estimations to follow, CTPV1and CTPV; were therefore utilized.
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Total blood dose (Gy)

O e (omy  foctor PV TPV
1 29098 2.52 3.877 0.477
2 49399 2.11 3.834 0.573
3 34749 2.46 3.723 0.593
4 52081 2.29 3.397 0.669
5 40312 2.29 3.484 0.702
6 46235 2.17 4.152 0.632
7 48652 2.08 3.418 0.507
8 35113 2.36 3.513 0.439
9 31041 2.42 3.307 0.549
10 40980 2.08 4.195 0.637
11 37932 2.25 3.981 0.648
12 32753 2.64 3.464 0.445
13 39694 2.20 3.088 0.538

Table 4.44. IMRT absorbed blood dose estimates.

Whole CT plan area CTPV1 and high dose regions only CTPV,. Scaling factor estimated from
patient body volume derived from average weight during treatment. Patient numbers n=13
patients for whom treatment plan and patient specific data were available. Uncertainties

estimated up to 6% for both CTPV models.

4.2.2 Utilizing cytogenetic markers of IR exposure for dose estimation

4.2.2.1 Evaluating the accuracy of dicentric chromosomes scored by M-FISH

The dicentric assay has long been the gold standard for biodosimetric estimations after
exposure to a known source. The assay traditionally uses Giemsa staining where
chromosomes are evenly stained in one colour, as per Figure 4.3. Solid stain (S.S.) Giemsa

analysis enables the detection of structural rearrangements altering the normal
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chromosome morphology. This enables the identification of chromosomes containing more

than one centromere along with any associated acentric fragment.
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Figure 4.33. Dicentric chromosome identification.

In the right panel, a 1t division PBL imaged under bright field microscopy x100 magnification
under oil. The middle panel shows a complex chromosomal rearrangement between 3
chromosomes as per yellow and red arrows. As highlighted by red arrow a chromosome
within this rearrangement contains 2 centromeres. To the right a DAPI stained view of the
same middle cell, highlighted by red arrows are the dicentric chromosome with acentric
fragment. Images collected at x63 magnification under oil, pseudo-colours assigned utilizing

MetaSystems ISIS software imaging system.

For dose assessment, dicentric chromosome frequencies were collected as outlined in
Methods 2.6. from M-FISH painted metaphase cells instead of the traditional Giemsa
staining. During M-FISH, the chromosomes are hybridized with a probe set specific for 22
homologue chromosomes and 2 sex chromosomes, each labelled with 5 spectrally distinct
fluorophores, Figure 2.66. The combination of fluorophores results in computer generated
unique pseudo colours for each homologue pair, along with whole chromosome staining
with fluorescent DAPI. M-FISH provides further detail on the complexity of the
rearrangement, dicentric chromosomes may be detected as part of a larger complex event.
Cells containing unstable complex chromosomal events with chromosomes found to contain
more than 1 centromere were further broken down in to their dicentric component events.

The collation of the two dicentric populations (derived from simple and complex exchanges)
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was termed as “dicentric equivalents” for the purpose of this analysis and this is comparable

to the dicentric frequencies collected in other studies.
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Figure 4.44. Validating the yields of dicentric equivalents scored via M-FISH.

The total dicentric frequency was plotted for Patient-1. Filled squares S.S. withn=78 C2, n =
50 C3, N =188 C4, N = 87 C6. M-FISH data for Patient-1 also plotted with the number of cells

scored reported in Table 4.4. 95% confidence intervals included as error bars.

As M-FISH staining does not have specific centromeric staining, it has been suggested that
the M-FISH technique is less accurate than traditional S.S. Giemsa staining. This due to the
lack of pancentromeric probe resulting in misclassification of some dicentric chromosomes
as translocations and vice versa (396, 397). To compare whether the two techniques yielded
similar dicentric equivalent frequencies between C1 and C5, Patient-1 treatment cycles were
stained for both S.S. and M-FISH, the total number of cells scored via M-FISH technique can
be seen in Figure 4.44. All samples displayed some differences with C4 being the most
consistent between techniques. These variations were attributed to different slides being
used from the same preparations and differences in sample size. Overall, there were no
statistical differences between cycle sampled and respective technique (P = 0.0878 one-way
ANOVA , Tuckey’s multiple comparisons test ), Table 4.55. As no statistical difference was
found between techniques, the frequency of dicentric equivalents was collected via M-FISH

technique for further patients.
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As per Table 4.5 the frequency of dicentric equivalents was found to increase with cycle

with a peak at C4 of 0.395 + 0.052. Simple dicentric frequency was found increasing

between C2 and C3 with a plateau after mixed radiotherapy completion. The frequency of

dicentrics from complex is instead found to increase further in C4 23Ra only cycle. The

increase in frequency potentially reflecting a dose response relationship between mixed

radiotherapy treatments and 223Ra only cycle.

Simple dicentric

Dicentric from

Total Dicentric

events complex events Equivalents
Cyde 1D stlljd FreqSuEel\r/1|cy + N FreqSuEehl;lcy + FreqSuEeI\rllwcy +
1 55 8 0.146+0.066 O - 8 0.145 £+ 0.066
3 101 10 0.099+0.033 6 0.059+0.059 16 0.158 £0.067
? 3 104 13 0.125+0.035 8 0.077+£0.026 21 0.202 +0.048
Total 260 31 0.119+0.024 14 0.054%+0.025 45 0.173 £ 0.035
1 100 15 0.150+0.0440 15 0.150+0.069 30 0.30 £ 0.0820
2 101 15 0.149+0.038 23 0.228+0.064 38 0.376 £ 0.076
3 4 101 23 0.228+0.052 22 0.218+0.099 45 0.446 £ 0.111
5 105 33 0.314+0.056 12 0.114%+0.037 45 0.429 + 0.065
Total 407 86 0.211+0.024 72 0.177+0.035 158 0.388+0.042
1 48 5 0.104+0.045 10 0.208+0.084 15 0.313 £ 0.099
2 102 27 0.265+0.059 26 0.255+0.072 53  0.520+0.062
* 3 103 17 0.165+0.044 15 0.146+0.047 32 0.311 +0.116
Total 253 49 0.194+0.031 51 0.202+0.038 100 0.395+0.052
1 106 22 0.208+0.051 25 0.236%x0.061 47 0.443 +0.083
4 101 17 0.168+0.042 18 0.178+0.067 35 0.347+0.084
> 5 102 16 0.157+0.041 2 0.020+0.0140 18 0.176 £ 0.043
Total 309 55 0.179+0.026 45 0.146+0.031 100 0.324+0.042

Table 4.55. Dicentric equivalents frequencies per treatment cycle by M-FISH.

The number (N) and frequency of simple dicentrics, dicentric from deconstructed complex

exchanges and total dicentric equivalents is shown. A total of five patients were analysed.

Standard error of the mean (SEM) included per cycle collation.
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4.2.3 Absorbed blood dose estimation by biodosimetry approach

Calibration curves for 222Ra were chosen based on the energy of the a-particle of Plutonium
isotopes as no previous calibration curve has been designed or published for ?23Ra. Two
calibration curves were selected, the first being by Purrott 1980 of 23°Pu with an energy of
5.16 MeV per a-particle (328, 398). The exposure conditions of 23°Pu used by Purrott mimics
that of 223Ra as the radioisotope was mixed with whole blood with PBLs being cultured after.
The second calibration curve by Curwen et al. 2012 instead uniformly exposes isolated PBLs
plated on mylar layer with 3.26 MeV a-particles (LET 121 keV/um) originating from a 238Pu
source with an initial energy of 5.50 MeV (239, 399). For comparison, the dicentric
equivalent frequencies were used to estimate a 22Ra absorbed dose assuming all dose was

attributed solely to 2%*Ra.

As the dicentric equivalent frequency increases with cycle time, so do the dose estimates for
223Ra as seen in Table 4.66. The highest estimated dose for 223Ra was 1.498 + 0.150 Gy with
the Curwen et al. 2012 calibration curve at C4, while a dose of 1.064 + 0.109 Gy was
estimated when the Purrott 1980 curve was applied. Although both calibration curves by
Purrott and Curwen et al. yielded similar result at dose estimates up to 1 Gy, it was
considered appropriate to utilize Purrott calibration curve for following dose estimates. The
reasoning being that 223Ra is administered intravenously to the blood coming in to contact
randomly with all blood component cells, the calibration curve by Curwen et al. utilizes a
monolayer of isolated PBLs essentially delivering a homogenous dose to the cells. As the
dose delivered in vivo is likely to not be homogeneous, calibration curve by Purrott who
added the radionucleotide to a blood sample containing PBL, it is also likely to reflect a more
non-homogeneous exposure. The error for Curwen calibration curve was also found to be
larger at doses >1 Gy, this being a result of the calibration curve maximum dose being 1 Gy
while Purrott calibration curve having a maximum dose of 1.6 Gy. For IMRT exposure, the
calibration curve by Lloyd 1986 was applied, this being a well-established curve, it has been
utilized in many exposure scenarios for y-ray and X-ray dose estimation by Public Heath
England (327). The highest dose estimated using the Lloyds 1986 calibration curve was for
C4 and estimated as 2.189 + 0.119 Gy.
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1 55 8 0.782 £0.198 0.549 £ 0.195 1.290 £ 0.246

3 101 16 0.423 £0.109 0.598 £ 0.151 1.351+£0.182

2 4 104 21 0.515+0.118 0.764 £ 0.168 1.537+0.180
Total 260 45 0.463 £ 0.073 0.654 +0.098 1.416 £ 0.115

1 100 30 0.807 £0.150 1.125+0.206 1.895+0.184

2 101 38 1.013 £ 0.167 1.426 £0.232 2.133+0.184

3 4 101 45 1.200+£0.181 1.689 £ 0.252 2.330+0.185
5 105 45 1.154+0.174 1.625+0.243 2.283 £ 0.181

Total 407 158 1.045 £ 0.086 1.472+0.118 2.168 £ 0.097

1 48 15 0.840 £ 0.219 1.184 £ 0.307 1.936 £ 0.264

2 102 53 1.401+£0.194 1.971+£0.271 2.524 +£0.184

: 3 103 32 0.835+£0.150 1.177 £0.209 1.930+0.182
Total 253 100 1.064 £ 0.109 1.498 £ 0.150 2.189+0.119

1 106 47 1.195+0.176 1.681 £ 0.246 2.324 £ 0.180

4 101 35 0.932+£0.160 1.313+£0.223 2.043+£0.184

> 5 102 18 0.472 £ 0.115 0.667 £ 0.158 1.431+£0.182
Total 309 100 0.870 £ 0.090 1.226 £ 0.123 1.972 £ 0.108

Table 4.66. Equivalent dose estimation for 222Ra and IMRT.

Equivalent dose utilizing a-particle calibration curves from Purrott and Curwen et al. y-ray

dose utilizing calibration curve by Lloyd. Estimated dose for 5 patients between C2-C5. Dose

calculated with Dose Estimate Version 5.2 and reported with standard error.

To estimate the absorbed blood dose for each component radiation, a model usually

reserved for criticality scenario was used (236), this described in methods 2.7.4.2. To

calculate the absorbed blood dose, the ratio between component radiation was needed. For
this, the usual model requires physical dose measures as calculated in section 0, in addition

to this, we propose a novel model based on the spectrum of chromosomal aberrations
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sampled in vivo. The model was termed M-FISH et as this was based on the ratio of cells
presenting complex chromosomal aberrations consistent with 223Ra a-particle exposure and
cells presenting simple aberrations only consistent with IMRT x-ray exposure, this acting as a

pseudo for the 222Ra:IMRT dose ratio (Table 4.77).
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Cellular classification

Dg per cycle

223Ra : IMRT

Cycle  22Racells (f) IMRT cells (f) 223R3 (Gy) IMRT CTPV1 (Gy)  IMRTCTPV,(Gy)  CTPV:  CTPVy  M-FISHer
C2 0.050+0.014  0.204 +0.025 0.012 + 0.002 2.021 £ 0.050 0.318 £ 0.017 1:174 1:27 1:4
c3 0.150+0.018  0.243+0.021 0.023 + 0.003 3.739+0.092 0.587 + 0.031 1:161 1:25 2:3
c4 0.198+0.025  0.229 +0.026 0.035 + 0.003 3.739 + 0.092 0.587 +0.031 1:108 1:17 1:1
5 0.162+0.021  0.220+0.024 0.046 + 0.004 3.739+0.092 0.587 + 0.031 1:81 1:13 3:4

Table 4.77. Absorbed blood dose ratio per cycle.

The ratio was calculated utilizing the cumulative dose per cycle respective to the previously received IMRT blood dose per fractions and ??3Ra

blood dose per injection. M-FISH.er (?23Ra cells : IMRT cells), CTPV1 (?23Ra (Gy) : IMRT CTPV1 (Gy)) and CTPV: (?23Ra (Gy) : IMRT CTPV; (Gy)).

Physical dose estimates were based on data available for N = 10 patients, M-FISH cellular frequencies for N = 5 patients. Standard error of the

mean included for frequencies and physical dose estimates.
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The absorbed blood dose ratios were estimated for C2-C5, this was equivalent to four
intravenous injections of 222Ra and completed IMRT schedule of 37 fractions by C5. For the
physical dose ratio, this was based on the average absorbed blood dose per fraction across
all thirteen patients for both the IMRT and 223Ra dose. The M-FISH e ratios described in
section 2.3.1, was obtained from blood samples received from five patients with a minimum
of three patient samples analysed per cycle. The absorbed blood dose ratios for all models

can be seen in Table 4.7.

Applying these blood dose ratios to the dicentric assay, the absorbed blood dose was
estimated in three ways (Table 4.8). The CTPV methods were derived from the physical
absorbed blood dose estimates as per method section 2.1. CTPV; estimated the absorbed
blood dose across the planned volume including both high and low dose volumes whilst
CTPV; including the high dose regions only. The M-FISH et absorbed blood dose was instead
estimated from the ratio of cells consistent with high LET exposure (?22Ra) and low LET
exposure (IMRT). The CTPV derived ratios assume all IMRT induced aberrations at C3 are
conserved in following C4 and C5. While for the ?2Ra, the aberrations follow an increasing
pattern through treatment. This resulting in a plateau in dose for CTPV1 as the resulting
ratio is based on a large IMRT dose with a small 222Ra dose. For CTPV, as the model is based
on high dose regions areas the IMRT, the estimated dose was lower than CTPV4, therefore
when expressed as a ratio with 223Ra this assumed a significant proportion of dose to be
223Ra attributed, this resulting in a decrease in measured dose for C4 and C5. The M-FISH
model is instead based off in vivo observations and the ratio was directly affected by cellular

activities.

The absorbed blood dose estimates from the CTPV models suggest the dose after 20 IMRT
fractions, measured at C2 (Table 4.8), was between 1.327 + 0.115 Gy and 1.395 + 0.115 Gy.
The M-FISH et method was found to be in similar range at 0.956 £ 0.114 Gy at C2. The IMRT
absorbed blood dose after the end of fractionation (C3 assuming 37 completed fractions)
was estimated for CTPV1 as 2.148 + 0.096 Gy and 2.073 + 0.096 Gy for CTPV;, with M-FISH et
blood dose estimates of 1.167 + 0.092 Gy.
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CTPV; CTPV; M-FISH.er
Cycle Pafi; nt Sccsr”es ] Dicen(t;iizlzqiu;‘;a)lems 23R, IMRT 23R, IMRT 23R, IMRT
1 55 8  (0.145+0.066) 0.007+0.033 1268+0.246 0.044+0054 1201+0.246 0.207+0.105 0.845*0.245
3 101 16 (0.158+0.067) 0.008+0.029 1.329+0.182 0.046+0.043 1.261+0.182 0.221+0.081 0.899 +0.181
? 4 104 21 (0.202+0.048) 0.009+0.029 1.516+0.180 0.053+0.045 1448+0.180 0.263+0.086 1.070+0.179
Total 260 45 (0.173+0.035) 0.008+0.025 1.395+0.115 0.048+0.032 1.327+0.115 0.235+0.055 0.959 +0.114
1 100 30 (0.30+0.0820) 0.012+0.031 1.874+0.184 0.071+0.051 1.799+0.184 0.584+0.128 0.947 +0.182
2 101 38 (0.376+0.076) 0.013+0.031 2.113+0.184 0.080+0.053 2.038+0.184 0.701+0.139 1.138+0.182
3 4 101 45 (0.446+0.111) 0.014+0.032 2310+0.185 0.088+0.055 2.234+0.184 0.801+0.149 1.300 +0.182
5 105 45 (0.429+0.065) 0.014+0.031 2.264+0.181 0.086+0.053 2.188+0.181 0.777+0.144 1.261+0.179
Total 407 158 (0.388+0.042) 0.013+0.025 2.148+0.096 0.082+0.033 2.073+0.096 0.719+0.073 1.167 +0.092
1 48 15 (0.313+0.099) 0.018+0.042 1.908+0.264 0.106+0.082 1.797+0.264 0.680+0.198 0.789 +0.262
2 102 53 (0.520+0.062) 0.023+0.035 2.497+0.184 0.141+0.066 2.384+0.184 1.048+0.169 1.216+0.181
! 3 103 32 (0.311+0.116) 0.018+0.033 1.902+0.182 0.106+0.058 1.791+0.182 0.677+0.136 0.7850.179
Total 253 100 (0.395+0.052) 0.020+0.028 2.162+0.119 0.121+0.043 2.050+0.119 0.833+0.097 0.966 + 0.116
1 106 47 (0.443+0.083) 0.028+0.037 2.290+0.180 0.169+0.070 2.142+0.180 0.864+0.151 1.175+0.178
4 101 35 (0.347+0.084) 0.025+0.036 2.009+0.184 0.147+0.068 1.862+0.183 0.705+0.140 0.959 +0.182
> 5 102 18 (0.176+0.043) 0.017+0.033 1.394+0.182 0.099+0.057 1.254+0.181 0.392+0.105 0.533+0.180
Total 309 100 (0.324+0.042) 0.024+0.027 1937+0.108 0.141+0.042 1.791+0.108 0.665+0.080 0.905 * 0.105

Table 4.88. Estimated blood dose per treatment cycle. Doses estimated utilizing the physically derived ratios of dose by CTPV models.
Standard Error of the mean included per dose.
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For the 223Ra absorbed blood dose at C2, the CTPV1and CTPV, were found to be 0.008 +
0.025 and 0.048 + 0.032, both lower than the M-FISHer estimate of 0.150 + 0.046 Gy. For C3
the 223Ra absorbed blood dose estimated from CTPV methods was between 0.013 + 0.025
and 0.082 + 0.033 Gy (CTPV1 and CTPV; respectively) with the M-FISH et absorbed blood
dose estimated at 0.719 + 0.073 Gy. By the final sample point studied here (C5), the
absorbed blood dose from 223Ra was estimated as 0.024 + 0.027 Gy by CTPViand 0.141 +
0.042 Gy for CTPV, with the M-FISH.er absorbed blood dose estimate at 0.665 + 0.080 Gy

(see Figure 4.5).
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Figure 4.55. Comparison of 222Ra absorbed blood dose models.

The M-FISHer ratio was implemented in the dicentric assay estimates of blood dose forn=5
patients (patients 1-5), the estimates for these patients were compared across all other
models. CTPV; and CTPV; calculated from the dicentric assay utilizing the physical blood

dose estimates by 222Ra and respective IMRT models. Simple linear regression plotted for

CTPV:1Y =0.019*X + 0.004, R?= 0.559 and for CTPV, Y = 0.115*X + 0.025, R? = 0.600. Physical

223Ra dose estimated through clearance of 223Ra from circulation 24 h post administration.
Simple linear regression plotted for Y = 0.028*X + 0.012, R? = 0.301. The error associated
with the physical 222Ra was conservatively estimated to 50% and propagated to CTPV?,

CTPV2. The error for M-FISH et dose was propagated as 30% for C2 and 14% for C3-C5.
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4.3 Discussion

The aim of this chapter was to assess whether 223Ra alone could potentially expose
circulating PBL to a significant dose. In the previous chapter it was found that complex
chromosomal aberrations were present after mixed radiotherapy schedule was completed.
This suggesting that the complex aberrations found within circulating PBLs were a result of
223Ra exposure. Whether the PBLs were exposed in proximity to BM, in an organ tissue or in
circulation it is currently unknown. Previous literature of both animal and human studies
(78, 400-402) suggests 23Ra to not accumulate in non-target soft tissue (386) and any initial
uptake is cleared rapidly (152-154). As the retention in organs has been suggested to be
low, the dose to PBLs in organ tissues was expected to be negligible in this scenario. The
majority of complex aberrations were found to contain unstable dicentric chromosomes,
therefore, it was thought unlikely for a large fraction of PBLs (during treatment cycles) to
represent the progeny of exposed HSCs (giving rise to PBL containing stable transmissible
aberrations). Therefore, the focus of this chapter was geared towards the exposure of PBLs

in circulation that may have been exposed in transit to target bone metastatic sites.

To date, only one other study has estimated the potential absorbed blood during this
localization period (363). The risk of circulatory system exposure by ?23Ra appears to have
been overshadowed by the risk of BM exposure (315), which poses a major threat for both
acute toxicity and genomic instability (potential for leukemogenesis). Indeed, the majority of
dose appears to be delivered at target metastatic sites, surrounding endosteal cells and to
the BM compartment (389). An emerging body of evidence has suggested low dose
exposure to the circulatory system to increase the risk of many diseases including coronary
heart disease (as here reviewed (403-405)). Therefore, estimating the absorbed blood dose
may be important not only for evaluating the current dosing strategy but also assessing
whether an increased risk following transit exposure may be plausible. In an effort to
qguantify the absorbed blood dose, a combination of approaches was taken. Firstly, existing
clearance models were evaluated and grouped together to estimate the potential dose per
cycle and by end of treatment. These ?23Ra physical models based on the unique
pharmacokinetics of the [?22Ra]RaCl, whilst for the IMRT physical dose the treatment

planned areas derived from CT scans.
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The physically derived 2?3Ra dose was estimated for each patient’s treatment cycle as some
variations between patient weight (up to 8% body weight loss by C6) were observed over
the treatment course. The average absorbed blood dose was estimated as 0.012 + 0.002 Gy
per treatment cycle. This value found to be in similar range to that reported by Schumann et
al. (2021 (363)) of 0.016 Gy within 24 h of a single intravenous administration, this
estimated by Y-H2AX dose reconstruction. Another study with 224Ra isotope by Stephan et
al. (2005 (406) for the treatment of ankylosing spondylitis, reported an estimated absorbed
blood dose of 0.047 Gy, this following ICRP 67 model. The patients received an administered
activity of 1 MBq per fraction per week over 10 weeks. In this study the dicentric assay was
used and the in vitro calibration curve implemented by Schmid et al. (1996 (407)) >**Am a-
particles. The main source of uncertainty when estimating the physically derived 2%3Ra
absorbed blood dose was the error associated with the clearance models used. These varied
by up to 50% reflecting large errors associated with interindividual variation. Although all
studies selected were in agreeance that <1% of 222Ra activity remained in the blood after 24
h. The main limitation for Schumann et al. (2021 (363)) was the clearance kinetics of 223Ra.
Although Schumann et al. periodically sampled the remaining activity in the blood of each
patient, the activity remaining in the blood was limited by the low number of sampling
points and the low activity concentrations in the blood. No attempt was made by Schumann
et al. to quantify the errors associated with this other than reporting interindividual
variation as large. Both Schumann et al. (2021 (363)) and Stephan et al. (2005 (406)) also
had a small sample size of nine and six patients respectively. As per this study, five patients
were followed by M-FISH technique, a key limitation was indeed this small sample size.
Increasing the analysis to more patients may increase the reliability of the 222Ra dose
estimations. As seen in the dicentric equivalent frequencies in C5, Patient-5 had a decreased
frequency of dicentric equivalents compared to the other patients. In this study, the dose
estimation was followed across five treatment cycles, this reflective of 20 weeks of
treatment. Unlike the study by Schumann et al. (2021 (363)) whereby only one
administration was followed, further uncertainties remain as to whether the clearance of
223Ra was consistent across the treatment. With reduced clearance efficacy this could result
in a higher absorbed blood dose in later treatment cycles. Nevertheless, these estimates of
223Ra absorbed blood dose are comparable with both studies considering the high error

associated of 50%.
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The IMRT dose was estimated from the proposed models by Moquet et al. (2018 (325))
These models based on the CT plan area which, unlike 222Ra, was tailored to the disease
burden of each patient with the number of fractions, dose and area covered dependent
upon patient specific information (Supplementary Table 3). The BF1 model applied flow
dynamics within the 95% high dose region and assumed volume of 6 L passing through this
area in 1 minute of IMRT exposure. As patient data was available in our study, the blood
volume was estimated from the measured patient weight. This model was found to fit well
for the prostate area volume and as patient specific data was available, it was possible to
estimate a blood volume for each patient reducing the 20% uncertainty reported by Moquet
et al. (2018 (325)). The BF1 model was however, found to not be suited for lymph node
areas as the flow of lymph fluid differs from that of blood. Lymph nodes are in proximity of
vascularized tissue, they do not circulate blood, instead they circulate lymph fluid.
Approximately ~4 L shift through the lymph nodes per day (395), during IMRT the patient is
not mobile therefore any fluid shift was assumed to be negligible during treatment. The
lymph node absorbed blood dose per fraction was estimated to range between 0.004-0.015
Gy, this equivalent to 0.152-0.508 Gy by IMRT completion depending on patient. The
combination of prostate dose from the BF1 model and lymph node dose from BF,, may
together be a reasonable estimate of absorbed blood dose for high dose regions. Together
the absorbed blood dose was estimated between 1.131-2.470 Gy following completion of
personalised IMRT schedules. The uncertainty for the BF model for high dose volume was
estimated to be 2-3% as reported by Moquet et al. 2018. To further this model, the beam on
times during the IMRT administration could be used to reduce the uncertainty. However,
the low dose region was not considered in either BF model variant, therefore, both will

underestimate the total absorbed blood dose.

The CTPV model was thought to be the most representative, as not only prostate and lymph
nodes are exposed during IMRT but also a large area received low dose exposed. The CTPV
model enabled the estimation of absorbed blood dose from the whole CT planned area
including the low dose region. For comparison to the BF mode,| a second variant of this
model was made here termed CTPV; (also with high dose regions only). The average
absorbed blood dose per fraction was estimated as 0.101 Gy for CTPV1and 0.016 Gy for

CTPV,. The estimated uncertainty from the CTPV were considered to be lower than BF
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model at 6%. The uncertainty including minimal planned volume error between 1-1.5%
variation and the error during dose delivery to mapped regions to be less than 3%. The 3%
estimate based on the published estimates of the upper bound of inter-treatment
dosimetric uncertainty (408) with larger variation detected by treatment QA triggering re-
planning and re-validation. The whole body volume applied for the estimates was derived
from the individual patients weight, it was assumed that 1.01 g of human body mass fits
within 1 cm? and that the tissue density within the target volume was consistent with this
for the scaling factor estimation. The error attributed to whole body volume estimates were
considered within an error of 1%. The propagation of errors considered here resulted in the

reported 6% total error.

The physically derived models were expressed as a dose ratio and applied to the IAEA model
usually reserved for a criticality scenario. This model originally designed to separate and
guantify neutron and gamma exposures following inadvertent exposure (236). In doing so,
biodosymetric dose estimates were derived from the use of the dicentric assay. The
dicentric equivalent frequencies were collected from simple dicentric exchanges and from
the breakdown of complex chromosomal exchanges. Some doubts have been raised
following dicentric chromosome detection by M-FISH, for our study no significant difference
was observed between S.S. Giemsa and FISH probe painting. The reasoning being that DAPI
channel was used for evaluating the number of centromeres present per chromosome
rather than visualising the chromosome under fluorescent probe only. The calibration curve
selected for IMRT absorbed blood dose estimation was that from Lloyd 1986 publication
where whole blood was irradiated in vitro utilizing a ®°Co source with dose range of 0-5 Gy.
The dicentric yield was entered into Dose Estimate V5.2 (329) with the following coefficients
a=0.0756 + 0.0031, B=0.0149 + 0.0060 and C= 0.0004 + 0.0009 (327). This being a well-
established calibration curve utilized in many exposure scenarios for y-ray and X-ray dose
estimation by Public Heath England and was judged to be the most comparable curve in
terms of type and energy of radiation exposure. As there is currently no 223Ra calibration
data, a calibration curve which emits a-particles of a similar energy to 223Ra was selected.
23%py has a comparable energy of 5.16 MeV per a-particle. The curve coefficients were: B=
0.3696 + 0.0322, C=0.0019 + 0.0126 (328) and was established by irradiating whole blood
with 23°Pu in the range of 0-1.6 Gy.
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In cases where an individual is exposed to an unknown source, the pattern of aberrations
found in PBL could be indicative of whether the expose is of high or low LET. In vitro studies
have shown the efficacy of M-FISH technique to discriminate between population of cells
exposed to varying LET, this demonstrated by the concept of the C-ratio previously
described. M-FISH technique enables the distinction between aberrations consistent with
high LET exposure and those consistent with low LET exposure. Employing complex
aberrations as a marker of high LET exposure, it is possible to subdivide the cells containing
these aberrations as cells exposed to 223Ra. While cells not containing simple aberrations
were instead likely to have been exposed to IMRT. As simple aberrations are mainly a
product of low LET exposure at doses < 2Gy and the IMRT treatment was administered in 2
Gy fractions, all cells containing simple aberrations were assumed to be of IMRT origin. As
per Chapter 3, the likelihood of a PBL cells being exposed to multiple fractions in vivo was
considered to be low. These assumptions enabled the generation of an in vivo dose ratio

(M-FISH_eT) for subsequential absorbed dose estimation.

The CTPV derived ratios assume that IMRT induced aberrations accumulated in the
circulatory blood pool by C3 are not cleared from the peripheral pool in the following C4
and C5 treatment cycles and similarly for the 23Ra, it was assumed the aberrations
accumulate through treatment with no clearance. This results in a plateau of IMRT dose for
CTPV; as the dose ratio was based on a large IMRT component with a small 222Ra dose. For
CTPV;, as the model was based on high dose regions areas, the IMRT estimated dose was
lower than CTPV1, therefore when expressed as a ratio with 223Ra, this assumes a higher
proportion of absorbed blood dose to be attributed to ?22Ra, which decreases the estimated
dose for C4 and C5. The dicentric assay was estimated from the ratio of physical 2>Ra and
CTPV dose estimates with a conservative error of 50% being attributed to the ?23Ra dose,

this was considered to be the largest uncertainty.

The M-FISH et model was based on the chromosomal aberration spectrum in PBL sampled 4
weeks after each 223Ra administration. Following IMRT completion, the dose was estimated
at 1.167 + 0.092 Gy. This was based on the assumption that all IMRT induced aberrations
would be of simple type while ?23Ra aberrations were of complex type. As a larger
proportion of cells containing complex aberrations than simple chromosomal aberrations

was observed, this was reflected in the dose ratio. Accordingly, the dose attributed to 2>3Ra
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was proportionally larger than that attributed to IMRT. The resulting IMRT absorbed blood
dose estimated by M-FISH et was therefore lower than both CTPV dose estimates. The
physically derived 223Ra estimates were representative of the period taken for 223Ra to clear
from the blood within a 24 h period. Due to the sampling schedule being every 4 weeks, it
cannot be excluded that absorbed dose from 223Ra was also received by circulating PBLs in
the vicinity of metastatic sites, especially as metastatic sites tend to be highly vascularized
(409-411). The M-FISH et absorbed blood dose estimates may better account for this as
aberrations sampled directly from the blood are utilised for the ratio. The 222Ra dose by C5
estimated by M-FISHerto be 0.665 + 0.080 Gy, this estimate significantly larger than CTPV,
0.024 £ 0.027 Gy and CTPV, 0.141 + 0.042 Gy. The largest uncertainty in the M-FISH et
absorbed blood dose estimation was found to be also in C2 whereby the variation in the
frequency of cells consistent with IMRT exposure (cells containing simple aberrations only)
was up to 13% and for those consistent with 222Ra exposure of up to 28%. This error also
highlighted by Schumann et al. (2021 (363)) whereby low dose exposure resulted in low
frequency of foci. This being a methodological limitation whereby the number of cells may
need increasing in future studies. In our study, the error from the calibration curve used was
estimated to be 12 and 23% for IMRT and 223Ra absorbed blood dose estimates,
respectively. The total propagated error on absorbed dose was within 30% for the M-FISH et

derived estimates.

For the dose ratio of M-FISH_et, the complexity of chromosome exchange observed in PBLs
was used as a biomarker of radiation quality as reviewed by Anderson (2019 (349)) this
being a promising biomarker for unknown a-particle exposure. In Anderson et al. (2002
(348)), PBL were exposed in vitro to 0.5 Gy of a-particles (3.26 MeV equivalent to 1 mean a-
particle traversal) resulting in 83% of total chromosomal events being of complex kind. This
suggested damage following a-particle exposure results primarily in complex exchanges.
Based on this principle, all cells which contained at least one complex chromosome
exchange were categorised as having been traversed by high LET a-particles emitted from
the 223Ra, while cells containing only simple rearrangements were categorised as being
exposed to low LET radiation from IMRT. The main drawback for the M-FISH et model was
that not all complex events will be solely attributed to 222Ra only exposure and also not all

simple events will be attributed to IMRT. Although in vitro studies do show the majority of
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high-LET induced damage to result in complex chromosome aberrations largely independent
of dose (237, 241, 412-414), it is also the case that the simple exchanges can be directly
induced after a-particles of lower incident LET (368). Likewise, exposure by low-LET
radiation will result in the formation of some complex exchanges following high dose
exposure of >2 Gy (370, 415, 416). Anderson et al. (2002 (348)) identified 36% exchanges
within aberrant PBL exposed in vitro to 3 Gy x-rays (250 kV) as having at least one complex.
Although much lower that reported value of 83% following a-particle exposure, this is still a
significant proportion of complex exchanges. Study by Pignalosa et al. (2013 (417)) and
Hartel et al. (2009 (355)) of PC patients, identified an increasing fraction of complex
exchanges of 20-40% following exposure of large target field by IMRT. Therefore, it is likely
that IMRT absorbed blood dose may be underestimated when assuming all complex

aberrations are only attributed to ?2*Ra.

To further validate and develop this model, an in vitro ??3Ra calibration curve should be
created. This enabling a quantification simple rearrangement induced by ?>3Ra. The C-ratio
has been found to significantly change dependent on the energy and LET of the a-particle.
With increasing a-particle LET the likelihood of a complex aberration occurring also
increases (368). Therefore, it becomes important to have a calibration curve that mimics the
LET of 222Ra a-particles in the blood. Following this, an in vivo calibration curve may also be
of use as the quantity of 22Ra administered varies based on patient weight, therefore the
frequency of complex events may potentially vary between patients. At present, studies
with patients receiving only 223Ra are being carried out and blood samples from these

patients may be of use for further quantification of 223Ra circulatory exposure.

To consider why the expected blood dose differs between models, it may be plausible that
the M-FISH dose estimates are representative of more than just transit blood dose
exposure. As the sampling of PBL occurs 4 weeks after 222Ra administration, we are unable
to distinguish between the PBL exposed during the transit of 222Ra and that from PBL
circulating in vicinity of metastatic sites. This being as normal bone is highly vascularized by
both nutrient and periosteal artery system and in CRPC patients, bone metastases result in
an increased vascularization (25, 55, 418). With the new blood vessels induced by

proangiogenic factors differing to normal blood vessels by having irregular structures with
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leaky walls facilitating tumour spread (419, 420), this may also result in the increase of

circulating PBL exposure.

Other sources of uncertainty include the changes in vivo following blood exposure. The
dicentric quantification was based on cytogenetic observations of sampled PBL, the
resulting doses estimated will be directly affected by haematopoietic cell death and
repopulation dynamics. The IMRT dose estimates were found to plateau between C3-C5
suggesting cells containing unstable aberrations remain over the time course studied.
However, IMRT has been shown to significantly decrease the number of PBLs in circulation,
and therefore the clearance and repopulation dynamics should also be taken into
consideration for the CTPV models (355, 421, 422). For the M-FISH model, although the
dynamics of repopulation/ clearance of aberrant cells was unknown, the differences in dose
assessments may also stem from changes in the peripheral blood pool. The repopulation
dynamics will be discussed in later chapters with haematological data. It is also important to
consider the killing effect differences between 223Ra in vivo and an apoptotic assay should
be considered as cytogenetic techniques will identify cells that may potentially have been
exposed to 222Ra and incorrectly rearranged. We are unable to quantify cells that have been
exposed to ?22Ra and correctly repaired, although the frequency is likely to be very low, or
able to quantify the cells that have been exposed to 222Ra having directly induced apoptosis

in vivo or unable to divide in vitro therefore undergoing programmed cell death.

The models suggest PBLs were exposed to a substantial dose by ?23Ra in transit and an
attempt was made to estimate the absorbed blood dose. The key observations and
limitations were discussed and although the limitations described here were significant
there is scope to improve the models. The models presented provide an initial estimation of
cumulative absorbed dose received to the blood during incremental IMRT fractions and
223Ra injections. The estimates move towards assessing patient specific dose information for
mixed field treatment to help optimise treatment outcomes and minimise patient risk in the

future.
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Chapter 5: Could bone marrow stem cells be exposed
to 223Ra?

5.1 Introduction

A long standing dilemma with radiotherapy treatment is the potential exposure of normal
tissues, that may cause symptomatic injury increasing the side effects during and following
radiotherapy (as reviewed (423)). As a result, many radiotherapy advances aim to maximise
targeting to the tumour and minimise the exposure of surrounding tissues and cells (424,
425). Clinical and histological features of normal tissue exposure may not be apparent
imminently and can be described as acute (within weeks), consequential (months), or late
effects (years) depending on when they may present. The risk following these is dependent
on the dose, size of area, treatment modality and organs exposed (425, 426). Toxicity may
arise from cell death impacting tissue/ organ function or may arise from delayed effects in
surviving cell fractions (and progeny) initially not presenting abnormalities. To prevent
these, advances in traditional radiotherapy treatment, increasing dose while minimising
non-target area exposure, and improvements of targeted radionuclide therapy delivery have
been made (427, 428). Although recent advancements in dose delivery are promising, the

push towards finding truly targeted therapies remains.

The novel pharmaceutical 222Ra has generated a great deal of interest for its potential use in
advanced stage bone disease, because 22Ra has the potential to effectively target
metastatic cells in the bone whilst greatly minimizing toxicity to the surrounding tissues.
This was proven in the landmark ALSYMPCA clinical trial that demonstrated low initial
toxicity in the majority of patients (79, 80, 429) with follow-up studies demonstrating low
haematological toxicity up to three years post therapy (162, 163, 365, 430, 431). This could
mean 223Ra treatment of many different cancer types also metastasising to bone regions
(432-434). There is also the potential to offering earlier treatment for patients with good
prognosis, that would otherwise not be offered radiotherapy. With the emitted a-particle
range being <100 um, it is likely for only small areas of the BM to be directly exposed,
hence, the resulting haematological toxicity is likely to be minimal and temporary (431, 435,

436). Although 223Ra treatment is highly targeted, some risk of exposure remains for cells in
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the vicinity of metastatic regions, including the haematopoietic stem cells residing in the
BM. Furthermore, a great deal of uncertainty remains surrounding the estimated BM dose
from 223Ra, the heterogenous distribution of dose at metastatic sites and, the delayed
implications, if any, for the patient (437, 438). Indeed, few studies have assessed nonclinical
endpoints following in vivo exposure by ?23Ra. To date, only two case studies have reported
leukaemia following 223Ra although no causal link has been established as for both cases,
the patients received varying forms of chemotherapy and radiotherapy in combination to

223R3 (316, 317).

Genomic instability refers to alterations to a cell genome following changes in genome
maintenance which leads to uncontrolled proliferation, cell death evasion and invasive
properties all characteristic of cancer. Cancer cells will contain multiple genomic alterations
such as base pair mutation, nucleotides insertions/deletions, copy number variant,
microsatellites instability, chromosomal/ chromatid aberrations, or aneuploidy. In tumour
development genomic instability is one of the main drivers which facilitates disease
progression. Unstable chromosomal aberrations are classified as non-transmissible, as they
lack the ability to correctly segregate for multiple rounds of cellular division. Conversely,
stable chromosomal aberrations are able to segregate and be passed through indefinite
rounds of cellular division. Previous cytogenetic studies have demonstrated the persistence
and transmissibility of stable aberrations after a-particle exposure (237, 238, 439-441).
Haematopoietic cells have the ability to transmit both simple and complex stable
aberrations to daughter cells as demonstrated in in vitro and in vivo studies (283, 442, 443).
Accordingly, an increase in the frequency of stable transmissible aberrations in PBLs may be
an indicator of aberrant haematopoietic cell expansion following treatment exposure. If so,
an increased frequency in stable transmissible complex aberrations may be indicative of BM

exposure by 223Ra.

The paradigm that only direct exposure of the cell to an exogenous factor results in genomic
instability has long been challenged with many studies having identified what are broadly
termed as delayed and bystander effects. These effects being associated with delayed
genetic and phenotypic changes in daughter cells of those previously identified as
apparently normal (269, 270, 274, 444, 445). Mouse studies have identified increased

frequencies of unstable de novo aberrations after BM transplantation techniques following
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high-LET neutron exposure (275, 276). Cytogenetic in vitro studies utilizing a-particle
sources have also identified increased frequencies in chromatid aberrations of non-exposed
lymphocytes and examples of this includes neighbours of cells traversed by a-particle (273,
446-448). Although the mechanisms are not yet fully understood, extracellular factors have
been suggested as causative agents such as those present in blood plasma. Studies with
plasma taken from exposed individuals and used as culture medium for normal leukocytes
has resulted chromosomal breakage induction in vitro (449-453). A recent study by Leung et
al. (2020 (454)) found evidence of induced antiproliferative/cytotoxic bystander effects in
breast cancer xenografts in the BM of mice treated with 223Ra. In humans this could suggest

an increased risk for neighbouring BM cells following 223Ra treatment.

Genomic instability from direct exposure or bystander effects may result in chromosomal
loss or gain from mis-segregation errors during division (455). This mis-segregation is often
derived from chromosomal damage, whereby the number of centromeres is impaired. This
may include centromeric loss (acentric fragments) whereby kinetochore structures needed
for microtubule attachment are dysfunctional and this results in random chromosomal
segregation to a daughter cell. Chromosomes may present multiple centromeres which can
result in an excessive number of microtubule attachments leading to forces in opposing
directions, and this may lead to the formation of anaphase bridges which may eventually
force the chromosome to break (456). Alternatively, the polycentric chromosomes may
undergo whole chromosome mis-segregation to a daughter nucleus or form a micronucleus
(456-460). Genomic instability may also present itself as chromosome numerical
imbalances. These losses or gains are prevalent in tumours and tumour-derived cell lines
and are associated with errors in mitotic segregation (461). The chromosomes involved are
often termed lagging chromosomes as they lag at the mitotic spindle during anaphase stage.
The pathway by which chromosome lagging occurs is not clear but recent studies have
suggested this to be associated with errors in the activation of DNA damage responses (462,

463).

To date, no study has investigated markers of delayed genomic instability following 22Ra
treatment in humans. The aim of this chapter was to examine if there was any cytogenetic
evidence of delayed genomic in circulating PBLs long after completion of treatment. As BM

biopsies were not available for histological assessment after completion of treatment,
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cytogenetic markers of induced damage and markers of genomic instability in PBL were
guantified to assess whether the current treatment regime shows evidence of potential
exposure to BM cells. Chromosomal aberrations were quantified during treatment by M-
FISH and an increased frequency of aberrant stable transmissible cells was observed in later
treatment cycles. This analysis was carried out as a pilot with a limited sampled size of two
patients and further analysis with more patients and a larger sample size may be needed.
Whole chromosomal aneuploidy levels showed no signs of non-random chromosomal loss,
it may be possible that following treatment, changes in the BM niche and/or delayed effects
may result in an elevated frequency of de novo chromosomal aberrations. For this, the
frequency of unstable chromosomal aberrations was quantified in the last treatment cycle
and compared with follow up blood samples of three patients with no significant change.
Chromatid aberrations were also quantified, and an increased frequency was observed at
the one year follow up time point. The increased frequency of chromatid aberrations may

be a result of delayed or bystander effects potentially at BM sites.

145



5.2 Results

5.2.1 ??3Raresults in a substantial dose deposition to the red marrow

After intravenous administration, 222Ra becomes carrier free in the blood and, due to its
calcium mimetic properties will localize to areas of high bone remodelling (464). These areas
are likely to be in vicinity of bone metastatic sites where an increased rate of bone
resorption and formation results in an increased calcium uptake. At these sites, the 222Ra
will be incorporated into the growing hydroxyapatite layer of the bone endosteum before it
decays, releasing high energy a-particles (464). The close proximity of the bone endosteum
to the red BM may be associated with a risk of haematopoietic cell exposure within these
actively dividing sites (465, 466). As prostate cancer patients exhibit ongoing bone fracture
formation both during and after treatment (467), it may also be possible for the ??3Ra to
localize even closer to the BM than modelled so far, potentially contributing towards a more

substantial exposure than previously thought.

To determine whether a substantial dose may be deposited at these sites, dose estimation
was carried out for the two regions anticipated to have the highest energy deposition. The
osteogenic cell layer is the most outer layer of the bone where the 223Ra is actively taken-up
with the highest dose deposition. The neighbouring red BM, which is in vicinity of target
metastatic cells, is expected to receive the second highest dose. A simple estimation of
absorbed dose to these sites was made from the published data by the European Medicines
Agency (324). Figure 5.1 illustrates the absorbed dose ranges for ten patients; these
estimates are for each 222Ra administration. A dose range of 4.963 + 0.067 to 7.832 + 0.062
Gy was estimated per injection to osteogenic cells, as this is the region with highest dose
deposition where metastatic sites are targeted. The dose to the red marrow was estimated
to range from 0.598 + 0.008 to 0.944 + 0.007 Gy per injection. Both these estimates suggest

a substantial dose was delivered in proximity and to the marrow itself.
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Figure 5.11 223Ra absorbed bone dose.

Dose estimated for ten patients (P1-P10) across six intravenous administrations with the
exception of Patient-4 who received five injections. Panel a) dose received by osteogenic
cells and panel b) dose received by the red marrow. Error bars represent coefficient of

variation reported as 41% by the European Medicines Agency (324).

No significant difference was observed between the individual patient dose estimates,
although patients of higher weight, and hence injected activities, were estimated to have
been exposed to a higher dose. The current dose estimations assume equal and
homogeneous uptake of the 222Ra, although it is likely for patients with higher metastatic
burdens to be exposed to higher doses. This due to larger metastatic sites potentially having
a greater calcium intake during active growth. The risk associated with direct exposure of

the BM, is the potential exposure of haematopoietic cells, including lymphocyte progenitor
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cells that will then be released into circulation. The exposure may result in cell death of
populations in the marrow and hence lead to the depletion of circulating blood cells leading
to anaemia and lymphopenia as found in previous studies (163, 320-322, 401, 430). These
effects are likely to be temporary, with surviving fractions of haematopoietic cells eventually
boosting the peripheral blood pool (this will be discussed further in Chapter 6). To date the
prospective delayed and bystander effects following potential 22Ra exposure of
haematopoietic cells, has not been investigated. As a substantial dose is expected in vicinity
or, directly to haematopoietic cells residing in the BM, the following analysis aims to

elucidate the cellular fate during and after treatment completion.

5.2.2 Markers of BM exposure in the peripheral blood pool

In the previous chapter, chapter 4, dose assessment was performed by the analysis of
unstable chromosomal events present in circulating PBL sampled during treatment. The
dicentric chromosome frequencies collected are a good indicator of recent exposure and
therefore an ideal marker of blood dose estimates for the treatment periods of C1-C5. In the
case of past exposure, stable aberrations are considered a more appropriate marker
because these are retained within subsequent generations of the circulating PBL pool (236).
In vivo studies have successful reconstructed whole body, partial body and BM dose, years
after exposure following nuclear accidents or accidental exposures to nuclear workers (357,
359, 468-472), including low dose exposure scenarios (473). This is due to stable aberrations
often being tolerated during normal cell function and hence, aberrant cells persist in
circulation (474). Indeed, in many cases cells containing stable transmissible aberrations
retain the ability to undergo proliferation and even differentiation, rendering these cells a
marker for stem cell exposure (475). In the event of red marrow exposure, progenitor cells
may be exposed, and the surviving fraction of cells, which may contain chromosomal
aberrations, could then undergo further cell division and differentiation. At this point it is
likely for cells containing unstable aberrations to eventually be unable to further proliferate
and unlikely to then be translated into aberrations in the circulatory system. Instead, in the
case of stable aberrations these will be likely transmitted to daughter cells and further

differentiate in to mature circulating cells.
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As the exposure of this patient cohort was recent, dose estimation was carried out with the
dicentric assay (Chapter 4). In the above section, the expected dose to the BM was also
guantified based on the expected absorbed dose as published by the European Medicines
Agency safety assessment (Methods 2.7.2) (324). These estimates suggest a potential dose
of 0.598 + 0.008 to 0.944 + 0.007 Gy to the BM per injection, resulting from direct exposure
to a-particles. The treatment regime spans over 6 months and as circulating PBLs are
exposed to 222Ra, the drop in PBL counts is likely to stimulate cellular replenishment firstly
from thymic and, later, haematopoietic pool (476). Therefore, an increased frequency of
stable transmissible cells may be expected in the case of significant exposure of

hematopoietic cells residing in the BM cavity (477-479).

5.2.2.1 A deviation from expected simple chromosomal ratio was observed

The induction of dicentric chromosomes and reciprocal translocations should follow a ratio
of 1:1 as they both result from a single break in two chromosomes with the rearrangement
to dicentric or translocation being random (480). A deviation from this ratio in the PBL could
indicate replenishment of PBL by aberrant cells containing stable exchanges. The
frequencies of simple translocations and dicentrics were previously analysed for samples
C2-C5 and can be seen in Figure 5.2, comparing each patient sampled per cycle. No
statistical difference in the frequency of pooled dicentric chromosomes and reciprocal
translocations per cycle was found (P>0.654 one-way ANOVA). Some deviations from the
1:1 ratio were observed between patients. This included Patient-1 with a C4 dicentric
frequency of 0.104 £ 0.045 which is lower that the reciprocal translocation frequency of
0.250 + 0.082 and Patient-4 who at C5 had respective frequencies of 0.168 + 0.042 and
0.307 £ 0.674. However, these were not found to be statistically significantly different (two-
tail unpaired t test Patient-1 C4 P=0.120, Patient-4 C5 P=0.082) and may instead be a

reflection of uncertainty associated with the smaller sample size.

Similar analysis was not possible on many of the later cycle samples due to an increased
frequency of 2" division cells. The same analysis was therefore carried out as a pilot on two

patients for which follow up samples were available, and which contained <5% 2" division
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cells. The first follow-up sample was collected 8 weeks after the final 222Ra administration

(F1) and second follow up was sampled 4 months after the last 222Ra administration (F2).
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Figure 5.22 Changes in simple aberration population.

The frequency of simple dicentrics (blue) and reciprocal translocations (red) was gathered
during treatment from Table 3.1 for five patients. The patient ID is listed on the X axis (1-5).
The frequencies with standard error can be seen in the lighter bar colours from C2-C5. The
frequencies of simple aberrations in follow up samples was collected for F1 (8 weeks) and F2

(4 months).

Over all timepoints, both patients displayed a lower frequency of dicentric chromosomes
compared to reciprocal translocations. At the F1 timepoint, Patient-5, shows a decreasing
trend for simple dicentric exchanges relative to that observed at C5. The frequency of
translocations was instead, maintained, suggesting persistence of stable cells between C5
and F1. As the frequency of translocations should remain constant, this may represent a
maintenance or gradual repopulation scenario with new PBL carrying stable transmissible
exchanges. This scenario further reinforced by the data associated with the Patient-2 later
follow up F2, whereby a statistically significant difference (One-way ANOVA P<0.001) was
observed between dicentric and translocation events. The last sample collected during
treatment for Patient-2 was C4 and at this point the ratio of dicentric to translocation events
is near 1:1, this also suggesting a maintenance or repopulation resulting in a higher

translocation frequency by the F2 timepoint.

150



5.2.2.2 Non-transmissible cells are cleared from the peripheral pool

To quantify the changes of transmissible cells during treatment and in the follow up
samples, cells containing balanced stable rearrangements including reciprocal translocations
and/or stable complex exchanges were grouped as transmissible. Those containing
unstable, incomplete exchanges or missing chromosomes were classed as non-
transmissible. To then assess whether these aberrations could have resulted from cell
proliferation at BM sites, the stable exchanges were compared to identify potential clonal
cells. The frequency of non-transmissible cells was seen to significantly increase between C2
and C4, from 0.265 £+ 0.027 to 0.411 + 0.031 (one-way ANOVA P=0.003). This appears to
then decrease in C5 as there is no significant difference between earlier C2 and C3 (one-way
ANOVA C2-C5 P=0.562 and C3-C5=0.517) as seen in Table 5.1. This potentially suggests a
cellular repopulation resulting in the dilution of these aberrant cells and/or clearance by

mitotic cell death of unstable cells.

Overall, an increasing trend for stable cells was observed between C2 (0.042 + 0.013) and C5
(0.097 £ 0.017) of treatment cycles as per Table 5.1. The frequency of cells containing stable
complex events also increases from 0% recorded in C2 to 20% of transmissible cells in C5
containing at least one complex exchange. Patient-5 F1 sample had a lower frequency 0.049
+ 0.022 than the previous sample at C5 of 0.088 + 0.028, although this change was not
found to be statistically significant (one-way ANOVA P=0.457). An increase for Patient-2
from C4 (0.118 + 0.032) to an F2 sample frequency of 0.140 + 0.035 was observed, but this
was also found to not be statistically significant (one-way ANOVA P=0.879). The fraction of
cells containing a transmissible complex increased for Patient-2, with the last treatment
sample C4 containing 25%, and with this increasing to 29% in the later F2 sample. The mean
frequency of non-transmissible cells declined in late treatment, i.e. at timepoint C5 and in
the two follow up samples collected. The Patient-2 frequency of non-transmissible cells
decreased from 0.392 + 0.049 at C4 to 0.250 + 0.044 in the F2 sample (Unpaired t test
P=0.031). Patient-5 also displayed a decrease from C5 0.245 + 0.043 from to 0.250 + 0.044 in
F1, however this was not found to be statistically significantly different (Unpaired t test
P=0.620). A decreasing trend could potentially be observed in the later follow up sample

from Patient-5 (not analysed here).
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Cycle

Cells
scored

T Cells

T cell subtypes

Simple exchanges

Complex exchanges

NT cells

Cc2

c3

Cc4

C5

F1
F2

Patient ID (ID) recorded per cycle for five patients sampled. The number of cells recorded as transmissible (T) or non-transmissible (NT)

55
101
104
260

100
101
101
105
407

48
102
103
253

106
101
102
309
102

100

2 (0.036 +0.025)
6 (0.059 +0.024)
3 (0.029 £0.017)
11 (0.042 + 0.013)

6 (0.060 + 0.024)
11 (0.109 + 0.031)
8 (0.079 +0.027)
4 (0.038 +0.019)
29 (0.071 + 0.013)

2 (0.042 +0.029)
12 (0.118 + 0.032)
6 (0.058 +0.023)
20 (0.079 +0.017)

9 (0.085 +0.028)
12 (0.119 + 0.032)
9 (0.088 +0.028)
30 (0.097 +0.017)
5 (0.049 +0.022)

14 (0.140 + 0.035)

100% (0.036 + 0.026)
100% (0.059 + 0.024)
100% (0.029 + 0.017)
100% (0.042 + 0.013)

100% (0.060 + 0.024)
82% (0.089 + 0.029)
100% (0.079 + 0.027)
75% (0.029 + 0.016)
90% (0.064 +0.012)

50% (0.021 +0.021)
75% (0.088 + 0.028)
83% (0.049 +0.021)
75% (0.059 + 0.015)

78% (0.066 + 0.024)
83% (0.099 + 0.030)
78% (0.069 + 0.025)
80% (0.078 + 0.015)

80% (0.039 +0.019)
71% (0.100 + 0.030)

18% (0.020 + 0.014)
25% (0.010 + 0.010)
10% (0.007 + 0.004)

50% (0.021 +0.021)
25% (0.029 +0.017)
17% (0.010 # 0.010)
25% (0.020 + 0.009)

22% (0.019 +0.013)
17% (0.020 + 0.014)
22% (0.020 + 0.014)
20% (0.020 + 0.008)
20% (0.010 + 0.010)

29% (0.040 + 0.020)

Table 5.11 Transmissibility of aberrant cell population.

13 (0.236 £ 0.058)
23 (0.228 +0.042)
33 (0.317 £ 0.046)
69 (0.265 + 0.027)

33 (0.330 + 0.047)
35 (0.347 +0.048)
37 (0.366 +0.048)
44 (0.419 +0.048)
149 (0.366 + 0.024)

18 (0.375 +0.071)
40 (0.392 +0.049)
46 (0.447 +0.049)
104 (0.411 + 0.031)

39 (0.368 0.047)
34 (0.337 0.047)
25 (0.245 +0.043)
98 (0.317 £ 0.027)
22 (0.216 +0.041)

)

47 (0.250 + 0.044

_ e~~~

following M-FISH analysis is reported as a frequency of total cells scored with standard error of the mean. The percentage of T cells containing
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simple only exchanges or at least one complex event is reported as a frequency for total cells scored also with standard error of the mean

reported. NT cells include unstable simple exchanges (dicentrics and rings), break only and unstable complex exchanges.
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5.2.3 Clonal cell analysis

Stable clonal aberrations are the ideal markers to potentially identify the effect of treatment on the
BM area. As aberrations are induced in actively dividing haematopoietic progenitor cells, a
proportion of these will be stable and not inhibit cell proliferation. With ongoing haematopoiesis
over treatment course, it may be possible to identify clonal cells in later cycles or follow up
samples. In this study, although an increase was observed for stable transmissible aberrations, only
one clonal aberration was identified in a the follow up sample. This sample was from the 4 month
(F2) follow up sample for Patient-2 in which two cells were found to contain a translocation
between chromosomes 1 and 8, as seen in Figure 5.3. Upon further inspection of previous
treatment cycles and the control sample, the same translocation was identified in the pre-
treatment control. Therefore, this translocation is unlikely to have been induced by the current
treatment and may reflect age increased genomic instability or potentially pre-clinical trial

exposure to an unknown radionuclide.

Figure 5.33 Simple stable clonal cell.

Stable clonal cell containing a reciprocal translocation between chromosome 1 and 8. Clone
identified in two cells of Patient-2 F2 samples a-b and in control sample c. 50 cells scored in C1 and

100 in F2.

5.2.4 Aneuploidy as a marker of genomic instability

Non-random whole chromosome aneuploidy could be an indicator of delayed effects of exposure in

cells that are otherwise free of chromosomal damage. To assess whether the samples contained
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non-random chromosomal loss or gain, the whole chromosome aneuploidy in apparently
structurally normal cells was quantified. Cells with up to three missing chromosomes that appeared
structurally normal during or after treatment were assessed, and the number of chromosomes
involved was counted. Cells which appeared to be overspread were excluded as chromosomal loss
was likely associated with drifting during the slide making process. An increase of non-random
chromosomal aneuploidy was observed for three patients. Patient-2 displayed an increased loss of
acrocentric chromosomes 13 and 22. Patient-5 was observed to have an elevated loss of
chromosome 9 and, although this was higher than observed with other patients, this was in line
with the frequency of involvement for other category C chromosomes (chromosomes 6-12). Lastly
Patient-4 was found to have an elevated frequency of chromosome X, this being gained in 2 cells in

early C2 and in 3 cells in C5.
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Figure 5.44 Chromosomal involvement in aneuploidy cells.

Structurally normal cells containing 243 chromosomes were analysed for five patients. The
involvement of a chromosome (loss or gain) was expressed as a frequency per total aneuploidy cells
scored. The frequency was collected across all treatment and follow up cycles. The chromosomal
involvement was pooled for each patient cycle across all sampling times. The error bars report

standard error of the mean.

Overall, a higher frequency of chromosomal loss was observed for chromosomes of smaller size,
including those of category F, G and the sex chromosome Y (Figure 5.4). Gain of these small
chromosomes was rare, the small size potentially being associated with drifting during the

chromosome slide preparation therefore rendering these aneuploidy cells as artefacts.
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In this study, this analysis was intended only for 1 in vitro division cells, therefore tetraploid cells
were excluded. However, an increased numbers of tetraploid cells were observed with treatment
progression, including cells that appear structurally normal and cells containing chromosomal
rearrangements of spectrum consistent with the treatment (high and low LET). Figure 5.5 depicts
an example of a cell containing complex chromosomal rearrangements of the unstable kind. The
observed rearrangement includes a successful duplication of dicentric chromosomes (with
involvement of chromosome 1 and 8 and chromosome 4 and 17) and acentric fragments. This cell
was classified as non-transmissible, therefore unlikely to undertake further replication, and the cell
would eventually undergo cell death as the chromosomes would be unable to correctly segregate

into daughter cells.
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Figure 5.55 Aberrant tetraploid cell.

Abnormal tetraploid cell painted by M-FISH. The cell contains two unstable complex rearrangement

between chromosomes 1,5,8 and chromosomes 4,9,10,13 and 17.
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5.2.5 De novo aberrations as a marker of delayed effects

A cell may be exposed to ionizing radiation at various stages of its cell cycle. The cell cycle stage
which it is exposed in will then dictate the pattern of aberration induced. In the event of a
chromosome rearrangement induced during the initial Go stage, this will be visible in metaphase as
both chromatids having been truncated with an acentric fragment. Instead, if a cell is exposed
during Gy, it is possible for only one chromatid to be damaged (although isochromatid breaks also
arise) as per Figure 5.6. This results in a normal chromatid and a truncated chromatid with an
acentric chromatid fragment. The increased frequency of chromatid aberrations during G is
dependent on LET with high LET exposure inducing a higher frequency of chromatid aberrations
(481). Maturing progenitor hematopoietic cells of PBLs will undergo differentiation and maturation
in the BM, therefore exposure during cycling is more likely for hematopoietic cells than PBLs which
mainly reside in Go. However, as chromatid aberrations are unstable, it is unlikely for progenitor
cells containing chromatid aberrations to successfully pass these aberrations on to their daughter
cells (482). Delayed effects of exposure may result in de novo aberrations including both
chromosomal and chromatid events, in progeny of apparently normal cells. Therefore, chromatid
aberrations observed in the study samples could potentially be an indicator of delayed instability

following direct and/or indirect exposure of haematopoietic cells.
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Figure 5.66 Cell containing chromatid aberrations.

Giemsa staining of 1% division metaphase spread analysed under brightfield x100 magnification (oil
immersion). Upper red arrow pointing at a chromatid discontinuity and bottom arrow pointing at a

chromatid fragment adjacent to the chromosome.
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5.2.5.1 Delayed chromosomal events

To assess whether cytogenetic markers of delayed instability are present after treatment, the
follow up samples (F1, F2 and/or F3) were assessed for the occurrence of de novo unstable
aberrations in three patients, and the frequencies of these were compared with those in the last
sample collected during treatment (C6). The follow up samples were selected instead of treatment
cycles as they were thought to provide a longer break to maximise the potential to identify any PBL
pool replenishment following radiotherapy. To quantify unstable chromosomal and chromatid
aberrations, the Harlequin solid stain technique was used as per method section 2.3.4, which
enabled the scoring of only 15t in vitro cell division cells. For all patients, a sample at C6 (last
treatment cycle) and F3 (1 year follow up) was available for analysis, with two patients also having
and earlier follow up sample of either F1 (8 weeks) or F2 (4 months after last treatment

administration).

Unstable chromosomal aberrations including dicentric chromosomes, rings, acentric fragments and
discontinuities were scored. The pooled frequencies of aberrations for all three patients highlighted
a significant decrease in frequency from 1.261 + 0.100 at C6 to 0.826 + 0.071 by F3 (Two-tailed
unpaired t test P=0.001). Some differences between patients were also observed. For example,
patients 1 and 3 displayed significant decreases between C6 and F3, but Patient-2 instead had no
change in unstable chromosomal aberrations of all categories between C6 and F3 (one-way ANOVA
P>0.844). This suggests loss of unstable aberrations with time for Patient-1 and 3, whereas for
Patient-2, clearance may be delayed and displayed as maintenance of unstable cells in the

peripheral pool.

Direct exposure by high-LET is likely to result in the formation of multiple chromosomal aberrations
events due to clustered damage. Delayed direct and indirect effects of radiation exposure may
result in a lower number of chromosomal events formed. Indirect effects are unlikely to result in
the type of clustered damage which is observed following a-particle exposure, indeed, Hou and
Little (2001 (268)) suggested that the induction of DSBs by delayed effects may result from different
mechanisms to those induced by direct effects. The pattern of damage following delayed effects
may therefore be simpler compared with fewer exchanges/events. When observing the distribution
of cells with multiple chromosomal events, the frequency of cells containing 4 and > 5 events

reduced after C6 for both Patient-1 and Patient-3. This suggests clearance of cells with a high
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damage burden from the circulatory pool. Cells with lower number of events were not found to
increase in frequency. However, for Patient-2 the frequencies of cells containing 4 and > 5 events
remained constant suggesting delayed clearance of heavily damaged cells. A trend in increased
frequency of cells containing 2 events in F2 and F3 was also observed, although this was not found

to be statistically significant.
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Figure 5.77 De novo unstable chromosomal aberrations.

Data presented for three patients. 2200 metaphase spreads were scored by Harlequin solid stain.
Unstable chromosomal aberrations including dicentric chromosomes, rings, acentric fragments, and
discontinuities were scored at time points C6, last treatment cycle; F2, 4 months follow up; and F3,

1 year follow up from C1 collection. The frequency of unstable chromosomal events plotted for

three patients. The error bars represent standard error of the mean.
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Figure 5.88 Changes in the chromosomal aberration distribution.

The frequency of cells containing one or more unstable chromosomal events (dicentric
chromosomes, rings, acentric fragments, and discontinuities) presented for three patients.
Sampling C6 (blue), F2 (green) and F3 (red). The frequency of unstable chromatid events plotted for

three patients. The error bars represent standard error of the mean.
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5.2.5.2 Delayed chromatid events

Previous in vitro studies following a-particle exposure have identified increased frequencies of de
novo chromatid aberrations after culturing of mouse colonies that initially appeared to not present
signs of DNA damage (260). This observation was confirmed in a study where human BM was
exposed ex vivo (256). An earlier in vivo mouse study involving BM transplantation from irradiated
mice to non-irradiated subjects, found an increase in chromatid aberrations following cell
proliferation (443). Therefore, it may be possible for changes in chromatid aberration frequencies

observed at later times to reflect de novo delayed and/or bystander effects.
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Figure 5.99 De novo unstable chromatid aberrations.

Chromatid frequencies (including fragments, discontinuities and sister unions) were collected for
three patients (1-3). 2200 metaphase spreads were scored per cycle. C6, last treatment cycle; F2, 4
months follow up; and F3, 1 year follow up from C1 collection. The error bars represent standard

error of the mean.

The frequency of chromatid aberrations, including fragments, discontinuities and sister unions, was
collected for the samples C6 and F1 to F3 (Figure 5.9). Unlike the chromosomal events, the pooled
frequencies of observed unstable chromatid aberrations for the three patients suggested a
significantly increasing trend from C6 of 0.094 + 0.014 to F3 of 0.179 + 0.018 (one-way ANOVA
P=0.001). As shown in Figure 5.9, Patient-2 displayed an increasing trend through all samples.
Patient-1 also had a substantial increased frequency between C6 and F3, but no sample was taken
for the earlier F1 or F2 timepoints. For Patient-2, the frequency of chromatid events remained

constant between C6 and F3 with a small but not statistically significant increase after F1 after a
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previous decrease between C6-F1 (one-way ANOVA P>0.919). Although overall differences are
evident between the patients, the frequencies in F3 are consistent between patients, potentially
suggesting similar delayed responses to treatment in terms of chromatid aberrations for all three

patients.

5.2.5.3 Changes in the PBL population

Circulating PBLs spend the majority of their life in GO/G1, therefore the damage induced will result
in mainly chromosomal aberrations. Previous in vitro studies indicate relatively low frequencies of
chromatid aberrations even with high LET exposure (483), although high LET exposure is potentially
associated with a more complex spectrum of chromatid rearrangements (484). Other studies with
in vitro G cell exposure have suggested a shift in aberration spectrum following high LET exposure
with an increased fraction of chromatid:chromosomal aberrations (485-487) compared to those
observed following low LET exposure. Stephan et al. (2005 (406)) identified an increased frequency
of cells containing chromatid only events after radiotherapy by ?%Ra, and this was suggested to be

indicative of delayed instability via bystander effects.

In this study, assigning the abnormal cell populating into three separate groups, chromosomal only,
chromatid only and chromosomal + chromatid cells, it was possible to assess whether any one of
these specific fractions of cells was found to increase, i.e. to indicate either exposure of cycling cells

and/or bystander effects from BM niche changes.

For all patients, the C6 samples were found to mainly contain chromosomal aberrations with some
cells containing a mixture of both chromosomal and chromatid events, while the smallest fraction
contained chromatid aberrations only (Figure 5.10). By F3, the frequencies of cells containing
chromatid only aberrations were found to follow an increasing trend for all patients, with Patient-1
and 2 displaying a significant increase between C6 and F3 P<0.005 (one-way ANOVA). This suggests
a change in the peripheral cell population with a decreasing trend in cells containing chromosomal
only exchanges after treatment completion for Patient-1 and 3. A small increase in total abnormal
cells was observed in Patient-2 between C6 (0.309 + 0.033) and F3 (0.3653 * 0.033). This increase
can be mainly attributed to increased number of cells containing chromatid only aberrations and a

smaller increase in cells containing mixed aberrations.
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Figure 5.1010. Changes in aberrant PBL population distribution.

Cells were grouped in three categories including chromosomal only aberrations (dicentrics, rings,
fragments and discontinuities), chromatid only (fragments, discontinuities and sister unions) and
both types. The frequency for each category was recorded for three patients (Patient ID 1-3). C6,
last treatment cycle; F2, 4 months follow up; and F3, 1 year follow up from C1 collection. The total

column representative of the total frequency of abnormal cells scored.
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5.3 Discussion

This chapter, along with previous Chapter 4 dose estimations, suggested haematopoietic stem cells
residing in the BM may be at risk of direct exposure to ionizing radiation from internalised 22*Ra.
During 2?3Ra decay, the potential for red marrow exposure is dependent on the range of the
emitted a-particles (€ 100 um in tissue) and the proximity and quantity of 222Ra incorporated. The
pharmacokinetics of 223Ra incorporation and range of non-targeted exposure has not been
estimated in this study, but as Sgouros et al. (466) discussed, distances of < 100 um between the
BM and the incorporated 23Ra could result in outer regions of the BM being exposed. This, coupled
with clinical studies of advanced prostate cancer patients which indicate a significant number of
skeletal features associated with disease progression (488, 489), indicates that it may be possible
for 223Ra to be incorporated into bone in very close proximity to the cells of the BM. Whether a
substantial portion of haematopoietic cells are, in actuality, exposed, would depend on their
cellular distribution within the red marrow. Previous studies have suggested BM cells are non-
uniformly distributed and are likely to be within 100 um of bone surfaces (490, 491). In terms of the
amount of 223Ra deposited, this would theoretically be dependent on the number and size of
metastatic sites present in the individual, and the injected activity. The saturation point, whereby
223Ra may no longer be incorporated and instead is cleared from the system, has also not yet been
quantified. Recent clinical trials have focused on the dosing of 223Ra as it is currently based on the
weight of the patient and not on its metastatic bone load, with 55 kbg/kg of body weight remaining
the recommended dose (153, 366, 492). This dosing strategy is potentially concerning, as the
uptake of 222Ra is assumed to have a positive relationship with high metastatic load due to the

upregulated calcium intake of bone metastatic cells. This will be further explored in Chapter 6.

The estimated BM dose presented here suggests a significant dose of between 0.598 + 0.008 and
0.944 + 0.007 Gy per cycle administration. These estimates are based on the absorbed radiation
doses expected per organ (324), including that of a-particle emission only, as a-particles were
expected to be the main contributor of absorbed dose. The estimates represent a simplistic model
suggesting that compartments containing haematopoietic cells may be directly exposure to 2°Ra.
This being said, a study on bone microarchitecture of prostate cancer patients presenting bone
metastases, observed an increase in bone connectivity and surface irregularity (60), which itself

may attenuate exposure of the marrow by increasing the distance between 23Ra localization sites
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and red marrow. Uncertainties remain as to whether the 223Ra distribution is indeed homogeneous
and hence whether the dose to red BM could potentially be heterogenous (315). To date, the
current literature is yet to assess the true effect of 222Ra on bone regions. Further studies are
needed to quantify the distribution of 223Ra in patients, including changes with metastatic burden,
differences in bone remodelling due to skeletal related events, patient differences including body
weight, and the resulting red marrow dose delivered. In Chapter 4, the dose to circulating PBL was
estimated from both biokinetic and cytogenetic assessment during treatment. The estimates
presented in this chapter, although simplistic, suggest a substantial dose may also be delivered to
PBL progenitor cells residing in the BM. In this scenario, markers of exposure would be expected to
be apparent in the circulating progeny of surviving cells of the BM, particularly in later follow up
cycles. Stable aberrations induced in precursor haematopoietic cells capable of undergoing cellular
proliferation and differentiation may, through further growth, differentiation and maturation,
eventually reach the peripheral blood pool and then have the potential to be sampled. In the case
of long-lived stable rearrangements directly induced in circulating cells, these would most likely
remain in circulation for the lifetime of the cell, as these rearrangements may not provide a
disadvantage to the cell. In fact, the reciprocal translocation assay is routinely used for
retrospective dosimetry following exposure months or years prior (236). The frequencies of
reciprocal translocations sampled in this study in the two pilot follow up samples from two patients
(Patient-2 and Patient-5), remained constant. This suggests a maintenance of stable aberrant cells
with aberrations induced during treatment. However, the frequency of simple dicentric events was
not found to remain constant. Patient-5 had a loss of over 60% by the F1 timepoint (C5 0.158 +
0.042 vs F1 0.059 + 0.023) and Patient-2 a loss of over 70% (C4 0.265 + 0.059 vs F2 0.070 + 0.026).
Although this cannot be directly measured from our samples, there may be a loss of unstable
aberrations either by cell death and/or dilution from cellular replenishment where the frequency of
stable aberrant cells will also be diluted by normal cells. Retrospective dosimetry studies following
accidental human exposure and in vivo animal studies, support the preferential maintenance and
persistence of cells containing translocations over dicentrics (472, 493). A similar trend was
observed in prostate cancer patients follow up samples following IMRT by Hartel et al. (2018 (369)).
As reported, the frequency of translocations remained in a similar range after treatment
completion (6.6 + 0.6 per 100 cells of 14 patients) as in the 1 year (8.0 + 0.7 per 100 cells of 13
patients) and 2.5 year follow up (7.3 + 0.8 per 100 cells of 6 patients) samples.
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A large decrease in dicentric frequency of approximately 35% was observed after the first year
(from 6.3 £ 0.6 to 4.1 £ 0.5 per 100 cells) and this decreased by a further 18% (to 3.0 + 0.5 per 100
cells) by the time the last 2.5 year follow up sample was taken. With cellular replenishment from
normal BM cells, aberrant cells should decrease over time as the aberrant pool is effectively
diluted. Lindholm et al. (2002 (494)) observed a decrease in the dicentric and translocation
frequencies in the two years follow up samples of accidentally exposed individuals. Dicentric
chromosomes have a shorter half-life than reciprocal translocations, although up to 70% loss of
reciprocal translocations was observed. In this study, the reduction of dicentric frequency is most
likely attributed to cell death, as cells containing dicentric chromosomes are unstable and unable to
successfully divide long term in the periphery. In our study, the patient aberration frequency did
not reduce equally across aberration types. As expected, persistence of reciprocal translocation and
loss of dicentric chromosomes suggests a changing aberration spectrum with time. As the samples
were collected from the patients at varying timepoints, it was not possible to compare the rate of
unstable aberration loss, but it appears that both of the pilot sample patients used for this part of
the study (Patients 2 and 5) exhibited a similar rate of change. In the case of repopulation by
normal healthy cells, the frequency of reciprocal translocations should also be found to decrease
over time. Instead, for both patients, the expected 1:1 ratio of simple dicentrics:simple
translocations was found to increase. The previously study mentioned by Hartel et al. (2018 (369))
also reported a similar trend where the ratio of dicentrics:translocations changed from almost 1:1
at treatment completion to 0.51 in the first year follow up and 0.41 by the 2.5 year follow up time
point. The ratios of frequencies in the samples in this study followed a similar change in ratio, with
Patient-5 early F1 follow up having a ratio of 0.40 and the Patient-2 later follow up F2 ratio
decreasing to 0.29. Therefore, the change seen in the observed aberration ratio could be a marker

of haematopoietic stem cell exposure, as was also reported by Hartel et al. (2018 (369)).

Following the standard definition of a clone that it contains the same structural rearrangement in at
least 2 cells, no clonal cells containing stable rearrangements were identified in the two patient
pilot. Note, though, that to avoid an in vitro artifact resulting from some cells entering a 2" mitosis
during the culture period, three cells are often needed for confirmation of clonal status (495). So, a
direct relation between BM exposure and an increase in frequency of transmissible cells in this
study could not be drawn. However, this may be due to the sample number being too small and/or

the sampling points being too early for a high yielding expansion of the aberrant hematopoietic
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pool. In previous studies following accidental radiation exposure, the rate of clonal cells was found
to be low. Lucas et al. (1992 (496)), which was a Hiroshima A-bomb follow up study, detected just
two individual with clones out of 20 (100 metaphase cells scored per individual) by G banding.
Salassidis et al. (1995 (359)) detected one individual in 12 Chernobyl victims. Multiple follow-up
samples presented similar frequencies over a two years period, of 0.33-0.39 + 0.03 clones out of
328-400 cells scored by FISH. The study by Hartel et al. (2018 (369)) identified a handful of patients
only with clonal cells (two out of fourteen patients), this was based on large samples of > 1000 cells
(rate of 1.5-5.0 clonal cells per 1000 cells) (369). It may also be possible for heavily damaged cells
containing more complex damage to have been cleared more rapidly from the circulatory pool, as a
high frequency of complex chromosomal events was observed in Chapter 3. The potential for early
peripheral pool expansion potentially trigged by low PBL counts cell due to combined IMRT and
223Ra treatment was not considered. In the case of cellular expansion following combined
treatment, a higher frequency of translocations may be initially observed compared to dicentric
chromosomes which would be cleared from the PBL population by reproductive cell death.
Following normal cellular repopulation, the resulting frequencies would then evenly be diluted over
time. The transmissibility analysis of this study, although limited in sample size and number of
patients, suggests persistence of transmissible cells for both patients. The frequency of non-
transmissible aberrant cells was found to decrease for Patient-2 (as seen in Table 5.1) and persist
for Patient-5. As highlighted by previous in vitro studies, the ratio of dicentric:translocations alone
cannot be used to identify whether clearance or repopulation is taking place (497, 498) as cells
containing translocations may also be made unstable by presence of further rearrangements or
incompletion repair. Further work will be needed with a larger cell sample size and more patients to
detect whether the changing ratios of dicentrics:translocations observed in this study may be

associated with persistence or stable abnormal cell expansion.

lonizing radiation exposure is associated with delayed segregation errors in vivo (457, 460) and in
vitro (458, 459) that may result in increased aneuploidy following both high and low dose exposure
(455, 499). A study by Rowley et al. 2017 on non-random chromosomal abnormalities in secondary
cancers of previously radiotherapy treated patients identified non-random aneuploidy in cells
containing other chromosomal rearrangements, as well as cells otherwise structurally normal. To
assess whether non-random chromosomal loss was evident during and after treatment, structurally

normal cells with aneuploidy were assessed and the frequency of aneuploidy for each involved
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chromosome was collected. The scoring of cells with aneuploidy for this analysis was based on the
analysis of cells with a minimum number of 43 chromosomes and the inclusion of metaphases cells
that were not overspread. Chromosome categories F and G, characterized by their smaller size,
were found to have an increased frequency of involvement. A positive trend was observed towards
aneuploidy of smaller chromosome (categories F, G and Y chromosome), with few exceptions. All
five patients included in this study commonly showed losses for chromosomes 20-22, which could
potentially be non-random and could be used as an early indicator for cancer relapse.
Chromosomal loss may be associated with size, as smaller chromosomes are more likely lost.
However, other studies that have considered non-disjunction (whereby lagging chromosomes are
mis-segregated) have suggested chromosome size to not be the main factor in aneuploidy cell
formation. In fact, recent studies using chemicals to disrupt normal chromosomal segregation
identified the larger chromosomes, 1 and 2, as more prone to lagging due to cohesion fatigue and
hence mis-segregation (500). Although for our patient cohort, no significant elevation of non-
random chromosome aneuploidy was observed in autosomal pairs, the sex chromosomes X and Y
had a high level of loss/gains for all patients. This may be a result of age-related instability as
previous studies have identified the gain of chromosome X and loss/gain of chromosome Y to be
associated with aging (501). This has also been confirmed by other studies utilising techniques such
as in situ hybridization of interphase cells (502) and micronuclei studies with Y positive staining
(503). Aneuploidy involving chromosome gain is rare and the majority of cells identified with
aneuploidy had missing chromosomes, with the exception of chromosome X. This was also
observed in previous studies where men were more likely to the gain an X than lose it, and this
potentially suggests an increased likelihood of chromosome X non-disjunction in older men (502,
504). Chromosome Y was found mainly to be lost, with the occasional gain, and this is also
consistent with previous publications (501, 502, 504). In this study, the patient median age was 63,
as reported in the trial first publication (322), so these sex chromosome aneuploidies are likely to
be a normal reflection of age and not ionizing radiation. Another point to consider is that M-FISH
analysis for the detection of aneuploidy is often accompanied by a high rate of artefacts due to
overspreading of chromosomes and chromosomal drifting (505). The rate of true aneuploidy is

therefore hard to quantify as individual scorers may differ in their inclusion criteria.

Non-clonal aberrations thought to result from delayed genomic instability, have been observed in

many studies of in vivo mouse exposure (276, 283, 443, 506), in vitro human haematopoietic cell
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exposure to both high and low LET radiation (256, 258, 260) and many more (As reviewed here
(507)). In this study, the frequency of unstable chromosomal events, scored by Harlequin solid
stain, was not found to increase in follow up samples, suggesting no de novo chromosomal
aberrations induced within the one year follow up period. This was also observed by M-FISH
analysis as the frequency of non-transmissible cells was reduced by the end of treatment compared
to following the first treatment rounds. The frequency of chromatid type aberrations was instead
found to increase with time, particularly cells containing exclusively chromatid aberrations. The
explanation for this is unknown but the observation is consistent with delayed expression of
instability. The increase in chromatid aberrations by the F3 timepoint is unlikely to represent
delayed spontaneous damage by ROS in circulating PBLs but could be related to enhanced
respiratory burst capabilities by ROS (508) which could link to haematopoietic differentiation. A
previous study of ankylosing spondylitis patients that had received Radium-224 (??*Ra) treatment (a
weekly dose of 1 MBq for 10 weeks), found an elevated frequency of both chromosomal and
chromatid aberrations in PBLs during treatment (406). In this study the frequency of cells
containing chromatid only events increased after 4 months (F2) for Patient-2 and for all other two
patients by 6 months (F3), and the half-life of 222Ra is 11.3 days, these chromatid events cannot be
solely attributed to direct cell exposure. Therefore, delayed and/or bystander effects may be at
play, although the mechanisms currently unknown. A substantial dose of 4.963 + 0.067 to 7.832 +
0.062 Gy was estimated to the neighbouring osteogenic cells this reinforcing the possibility of
delayed/bystander effects detected in follow up samples. As haematopoietic cells are tightly
regulated by the bone niche, which is directly linked to osteogenic cell activities and cascade
signalling (52), cellular communications between the two may invoke genomic instability
phenotypes in haematopoietic cells that have not been exposed to radiation. Delayed phenotypic
expression of an unstable genome has been demonstrated in vitro using many end points, including
reduced proliferation rates (252, 253, 271, 509) and delayed apoptotic death (510, 511). Therefore,
the proliferative rates may have also be affected in the present study in vitro cultured PBLs as the
stimulation of lymphocytes was found to be challenging (Chapter 3). Kadhim et al. studies found
haematopoietic expansion of exposed colonies resulted in an increased frequency of chromatid
events following in vitro division (256, 260), and suggested that some chromatid aberrations

induced in the marrow may be converted to reciprocal translocations following division (255).
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It is also important to note that chromatid aberrations could also be a marker of an unknown
exogenous exposure. The patient cohort studied did not received further treatment following trial
completion. Although no increases in chromosomal aberration frequencies were shown in this
study, chromatid aberrations in the follow up samples may still constitute initial evidence of de
novo aberration formation and/or bystander effects. Further analysis with large patient sample size,
increased number of cells scored and later follow up sample analysis by M-FISH may elucidate

where changes in PBL aberration spectrum could indeed be derivative of BM exposure.
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Chapter 6: Risks of haematological toxicity and
leukemogenesis

6.1 Introduction

Radiotherapy is often recommended in combination to surgery and/or chemotherapy however,
some individuals may be more susceptible to adverse effects. Clinical studies have suggested
functional impairment including fatigue (512), increased risk of infection (513) and even cognitive
defects (514) to be increased in older individuals following radiotherapy, therefore, extra
considerations are often made (515). As reviewed by Chang et al. (2017 (516)), older adults may
have diminished organ functions with stress responses being affected (517) and, other metabolic
function alterations associated with ageing (as reviewed by Barzilai 2012 (518)); all of which may in
turn increase radiosensitivity. Whether these are truly age related changes remains debated as
some in vitro studies have found no increased radiosensitivity in primary human cancer cells (519,
520) of older individuals. Chromosomal study by Baeyens et al. 2005 (521) identified no difference
in age of onset and chromosomal radiosensitivity in PBL of breast cancer patients so ultimately, the

risk of toxicity following treatment could be simply based on individual genetic differences (522).

Toxicity may be divided into two categories. The first being early/acute toxicity usually induced
during treatment (within 90 days of start) and, delayed/late toxicity either after treatment
completion or, in the months following. Acute toxicity results from cell death in highly proliferating
tissues, this includes haematopoietic system, the gastrointestinal tract and skin (167). Acute toxicity
may be temporary and reversible, with younger individuals recovering more rapidly. To assess for
acute haematological toxicity such as anaemia, neutropenia, thrombocytopenia and leukopenia,
haematological parameters can be monitored as this results in poor health affecting the quality of
life of the patient. The risk of infection is may also be increased following large changes in normal
haematological parameters and in some cases, can impact treatment outcome by increasing the
tumour hypoxic environment (As reviewed by Shesha 2001 (523)). Although these symptoms may
also be temporary, the impact may be greater in older individuals (As reviewed by O’Donnovan et

al. 2017 (524)).

The risk of haematological toxicity is dependent on dose, with increased dose linearly associated

with a decrease in blood cell counts (525-527). Fractionated treatment overcomes this dose limiting
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factor by spreading the delivered dose over multiple fractions while increasing the overall
cumulative final dose. Although fractionated treatment reduces toxicity, this may still be associated
with haematological toxicity either due to patient sensitivity to ionizing radiation, exposure of
surrounding normal tissue and/or, direct exposure of the red BM (94, 95, 422, 528, 529). The latter
potentially results in a significant risk of delayed toxicity, which may manifest towards the end of

treatment and/or following completion.

The red BM is an active site of haematopoiesis whereby HSC are stimulated to proliferate, and
daughter cells differentiate into varying blood precursor cells. The risk associated with bone
marrow exposure is high due to the potential for long lasting blood component depletion as a
consequence haematopoietic stem cells and, other progenitors, undergo cell death (530, 531).
Exposure of the bone marrow may also affect the bone, bone marrow niche and, microarchitecture
which can in turn result in delayed bone marrow disorders (532). The exposure of haematopoietic
progenitor cells may also result in the survival of exposed fractions of damaged cells, potentially
resulting in cells carrying mutations and or chromosomal aberrations (497). Certain rearrangements
may result in abnormal cell proliferation and trigger oncogenic growth associated with
leukemogenesis, the most notable example being the Philadelphia chromosome in chronic myeloid
leukaemia (288, 533, 534). Secondary cancers are also a risk following radiotherapy treatments;
with increased patient survival and remission times (535) an excess risk for leukaemia and solid
tumours may occur (281, 536-539). The potential rollout of 222Ra treatment to younger cohorts and
other cancer types, including those in paediatric patients, thus poses a long term risk that has yet to

be quantified.

In previous chapters, elevated frequencies of chromosomal aberrations in cells of the blood were
associated with the treatment. This includes aberrations consistent with both IMRT and 223Ra
exposure. The dose estimation following treatment may suggest a significant dose is delivered to
the BM region by 222Ra (Chapter 5). Although there was no evidence of chromosomal aberrations of
clonal descent attributed to the treatment, the risk of leukemogenesis in the following
months/years remains unknown. During this study, the haematological parameters were closely
monitored for acute haematological toxicity by the collection of blood cell counts. In this chapter,
this data will be discussed together with the chromosomal aberrations detected to assess acute
treatment related toxicities. For this, patient deviations from the planned treatment schedule will

also be discussed. As the current dosing strategy is based only on weight, the prognostic markers
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(PSA and ALP) will also be used to discuss whether patients receiving a lower/higher dose of 223Ra
appear to have a greater clinical benefit. The results may present a potential stepping stone

towards optimizing individual patient dosing.
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6.2 Results

6.2.1 Individualised patient treatment schedule

In our study, the treatment regime entails 7.5 weeks of combined IMRT and 2?Ra followed by 4
months of 222Ra administration only. The dose delivered by IMRT was split in to 37 individual 2 Gy
fractions aimed at the prostate with concomitant boost to surrounding lymph nodes. The total
cumulative delivered dose by IMRT was planned to be in the region of 74 Gy. The ??3Ra was
administered cyclically at six individual intravenous administrations, with a dose of 55 kbqg/kg of
body weight. In the event of toxicity or changes to the patients’ overall health, the regime was
either paused or terminated. For the thirteen patients enrolled in the trial, the planned treatment

regime can be seen in Table 6.11 with deviations from treatment plans highlighted.

Five patients had changes to their treatment plan. For Patient-4, IMRT resulted in early toxicity and
the number of fractions was reduced from 37 to 30. Following this, Patient-4 was not eligible for
the last administration of 223Ra, due to haematological toxicity. Patient-12 did not receive the last
223Ra administration for unknown reasons. The IMRT treatment plans were adjusted for three
patients with Patient-5 and Patient-13 having a lower prescribed dose from the onset, Patient-9

received a lower concomitant dose to lymph nodes due to proximity to the bowel.
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IMRT 23Ry
Patient Planned Prostate LN o Inje_ct_ed o
Fractions Dose Dose Injections activity Deviations from treatment plan

(Gy) (Gy) (kb/kg)

1 37 74.3 61.5 6 56.9

2 37 74.1 61.5 6 55.8

3 37 74.5 61.4 6 56.6

4 30 74.1 61.0 5 57.7 -5 IMRT fractions, -1 2?3Ra injection

5 35 69.6 55.9 6 56.9 Lower prescribed dose IMRT

6 37 74.4 61.3 6 56.9

7 37 74.2 61.2 6 56.9

8 37 73.9 61.3 6 57.7

9 37 74.3 53.0 6 57.0 Reduced dose to LN

10 37 74.2 60.9 6 56.3

11 37 74.0 60.5 6 55.6

12 37 74.2 60.6 5 56.6 Unknow reason for 223Ra reduction

13 35 70.6 50.6 6 55.6 Lower prescribed dose IMRT

Table 6.11 Delivered treatment plan.

223Ra Injected activity calculated as a mean injected activity across all patient administered doses.

IMRT dose delivered to prostate and lymph nodes (LN) are described with deviations from the

planned 37 fractions. The ADRRAD treatment plan was supplied by Queens University Belfast with

administered doses reported by clinical team.
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6.2.2 Haematological response as a function of dose.

Haematological monitoring is important during radiotherapy and/or chemotherapy treatment as
these agents may result in myelosuppression during or following treatment. Significant reduction in
blood cell components may result in many moderate or more severe symptoms depending on the
type of blood cell drop and numbers. In the case of white blood cell loss this may increase the risk
of infection, low red blood cell counts may result in anaemia and low platelets can causes excessive
bleeding. During radiotherapy treatment, these haematological parameters were monitored with
lower threshold values set prior to therapy. In the case of patients falling under this threshold,

treatment was paused or terminated.

Lymphocytes are widespread circulating cells that are sensitive to ionizing radiation exposure. The
normal PBL range for a healthy adult male is 1.5-4.5x10° cells/L (540), varying slightly depending on
health status, age and lifestyle. For the study there was no lower threshold set for lymphopenia and
instead the haematological counts were closely monitored throughout the ADRADD trial. Following
the first administration of 223Ra in conjunction to the 20 IMRT planned fractions (C1-C2), the
lymphocyte cell population was found to decrease for all patients (one-way ANOVA P<0.001) from a
mean value of 1.460 + 0.136 to 0.550 + 0.058x10° cells/L. A further decrease was then also
observed after the 37 IMRT fractions and a further 222Ra administration (C3) to 0.460 + 0.040 x10°
cells/L, although no statistically significant difference was observed between C2 and C3 (one-way
ANOVA P=0.994). Following IMRT, the number of circulating PBL remained below normal ranges
with some increase being observed towards the final sample (C6). The mean frequency for C6
remained statistically lower 0.570 + 0.078x10° cells/L than the control sample (one-way ANOVA
P<0.001). The number of circulating PBL appears to slowly increase following the end of treatment
with only two patients returning to near control values during their F3 follow up. However, the

mean for all patients studied remains below normal range suggesting a slow cellular repopulation.
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Figure 6.11 Monitored haematological parameters.

Blood samples were monitored for ten patients by the ADRRAD clinical trial team. Data was
supplied for each sample collected for BUL. The mean counts with upper and lower limits were
reported. a) absolute lymphocytes counts (cells x10°/L), b) neutrophil counts (cells x10°/L), c) Total
white blood cell counts (cells x10°/L), platelet count (cells x10°/L) and haemoglobin (g/l). Samples

were collected timepoints C1 - F3 as defined in methods 2.1.

The neutrophil counts were also monitored during treatment. The normal adult male range is in the
region of 2.0-7.5x10° cells/L (540) and for this study the lower threshold was defined as > 1.5x10°

cells/L (Method section 2.2.1) with lower values requiring intervention. As per the lymphocyte
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counts, the number of neutrophils was found to decrease following trial commencement from
3.700 + 0.247 to 1.990 + 0.238x10° cells/L (C1-C2). The rate of decrease was observed to be lower
than that of lymphocytes and maintained in similar range between C2 and C6. Three patients were
observed to drop below the threshold value of > 1.5x10° cells/L. Patients 6 and 8 both dropped
temporarily in C2 (Patient-6, 1.2 x10° cells/L and Patient-8, 1.1 x10° cells/L), recovered by C3 with
values above threshold (Patient-6 1.6 x10° cells/L and Patient-8 2.5 x10° cells/L) before dropping
further by C4 below threshold (Patient-6 0.8 x10° cells/L and Patient-8 1.4 x10° cells/L). Patient-5
was instead found to maintain a value below threshold from C3 to C6. The mean neutrophil value in
F3 of 3.220 + 0.384 x10° cells/L returned towards the C1 pre-treatment range of 3.700 + 0.247x10°
cells/L. By F1, the mean neutrophil counts were found to increase to 2.557 + 0.365x10° cells/L,

although not statistically different from C1 (one-way ANOVA P=0.237).

The mean absolute white blood cell counts were also found to significantly decrease between C1,
5.770 + 0.350 x10° cells/L and C2, 3.130 + 0.270 x10° cells/L (P>0.001 one-way ANOVA) with counts
remaining lower than initial baseline throughout treatment. Following treatment (F3), the mean
white blood cell count remained below control value 4.630 + 0.399 x10° cells/L with only three
patients returning to pre-treatment values or above. The mean white blood cell count for F3 was
found to not be significantly statistically different to C1 suggesting a slow repopulation for all

patients (one-way ANOVA P=0.315).

Other blood components such as the platelet and haemoglobin counts were also closely monitored.
The normal range for platelet counts for a healthy adult male is 150-450x10° units/L with normal
study baseline set at >100x10° units/L. The normal haemoglobin range is 130-180 g/L with study
baseline set to 100 g/L (540). The mean platelet and haemoglobin values were consistent
throughout treatment with Patient-4 dropping below threshold platelet value at C4, 99x10° units/L,
and although recouping in C5, dropping further below the threshold at C6, 79x10° units/L. Patient-
10 dropped below the threshold value for haemoglobin, and this was in the last two treatment
cycles, with 93 g/L at C5 and 97 g/L at C6. Following treatment, the mean values for both platelets
and haemoglobin were found to remain above study thresholds. The mean platelet count for two
patients remained below C1 normal range at F3 follow up, with Patient-2, 131x10° units/L and
Patient-4, 117x10° units/L. The haemoglobin values at F3 were also all above the defined study
threshold but only two patients were within normal range, Patient-2, 131 g/L and Patient-3, 132

g/L, both borderline on the 130-180 g/L normal range and still below initial pre-treatment values.
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6.2.3 Prognostic markers

To monitor the efficacy of treatment, the PSA and ALP levels were also collected. The rise in PSA
level has been associated with the occurrence of prostate cancer and during treatment, as the
primary tumour site is targeted, the PSA levels were expected to eventually decrease. PSA values
below 0.5 ng/ml are usually associated with a favourable outcome (541). ALP changes have instead
been linked with bone turnover (542-544), with elevated ALP at diagnosis associated with the
occurrence of bone metastatic disease (545, 546). In our study, 222Ra uptake to areas of increased
bone turnover would result in a decreased activity following effective metastatic site targeting.
Therefore, ALP level was hypothesised to decrease over the course of treatment following
successful metastatic load targeting. Inversely, increasing levels of PSA and ALP during or after
treatment completion may be markers of poor prognosis as they are an indicator of disease relapse
(547-549). Both PSA and ALP levels were monitored in the control samples and during treatment

with changes in baseline dependent on patient specific initial values.

The PSA and ALP levels were found to either decrease or remain in similar range for all patients,
across the treatment. For a total of five patients, the PSA levels reduced by 250% between C1-F1
(Patient-3,4,7, 8 and 11). For three patients (Patient-1,2,13), smaller decreases were observed of
<35%. The remaining two patients (6 and 12) reported increased values of PSA. Specifically, for
Patient-6 there was an increase between C1, 0.76 ng/mL and C6, 0.88 ng/mL (No F1 available)
representing a 16% increase. For Patient-12, a large increase was observed from C1, 0.49 ng/mL to
F1, 53.55 ng/ml. For ALP a similar trend to PSA was observed, with 9 patients reporting a decreased
value between 44-11% of the original. Whilst Patient-12 also displayed a marked increase in ALP

from C1, 100 to F1, 760. The ALP levels decreased for the majority of patients through treatment.
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Figure 6.22 Changes in prognostic markers.

Data presented for ten patients. Upper panel ALP levels, lower panel PSA level. Values collected

from screening date (S) and C1 pre-treatment to F3 by the ADRRAD clinical trial team.
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6.2.4 The current dosing strategy and patient outcome

In chapter 4 the blood dose was estimated for both IMRT and 223Ra, after IMRT completion the
blood dose was estimated in the region of 1.167 £ 0.092 - 2.148 + 0.096 Gy for IMRT and, 0.013
0.025 - 0.719 + 0.073 Gy for ?22Ra. This represented the largest dose delivered to PBL during
treatment, reflected by a large number of aberrant cells 0.437 + 0.025 and as described above 68%
mean PBL cell death (C1 1.460 + 0.136 to C3 0.460 £ 0.040). As might be expected, this suggests
increased aberrant cell frequency is associated with PBL cell death. Following mixed radiotherapy,
the mean PBL count increased in C4 by approximately 5% (to 0.540 + 0.040) and remained at a
similar level by C6 (to 0.570 + 0.078). This suggested that for most patients there was a plateau in
PBL counts in 223Ra only cycles, whereby damaged cells were retained in circulation or alternatively,
a balanced death/repopulation scenario. The administered 223Ra dose does not appear to
significantly increase the number of aberrant cells (P=0.086), or aberration events (P=0.079),
between C2 and C5 as seen in Figure 6.33. This suggests the non-targeted exposure to PBL during

treatment to not be significantly different in mixed therapy and ??3Ra only cycles.
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Figure 6.33. Abberation induction following 223Ra dose.

Data presented for five patients (Patient-1-5) whereby samples were assessed by M-FISH. The
frequency of individual aberrations and abnormal cells (ABN) per cycle was plotted against

administered dose per cycle (bq).
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The aim of the ADRADD clinical trial was to test the safety and efficacy of the treatment regime.
This was achieved by monitoring haematological parameters as a measure of toxicity and, efficacy
prognostic markers such as PSA and ALP. As the treatment is designed for palliative care, one of the
desired outcomes was the reduction of skeletal metastatic burden to increase the quality of life.
With ALP being a surrogate marker of bone turnover, positive response to 22>Ra would have
resulted in reduced levels of ALP. With IMRT delivered to the primary tumour site, a decline in PSA
was also hypothesized as a marker for positive response. The outcome from the patients including
PSA and ALP changes from screening to F1 were plotted against the injected ?22Ra dose with the
assumption that a higher administered dose may result in larger reduction of bone turnover marker

ALP due to decreased metastatic burden.

The ALP levels were found to have a larger decrease between doses of 4000-5300 bq of injected
activity (Figure 6.44). However, the linear relationship was not found to not be significantly
different from zero (P=0.158). The data for Patient-12 was not included in this analysis as the
deviation was abnormally large (however, this data also supported the direction of the trend). A
larger decrease in PSA level was also observed between lower doses of 222Ra between 4000-5000
bqg. Like ALP, the linear relationship was not found to not be significantly different from zero
(P=0.108). Although no significant difference was observed, there is an indication that lower
administration of 222Ra may be just as effective in managing bone metastatic sites. The reduction in
administered dose may also have a preventative effect reducing the risk of toxicity and secondary

cancers potentially associated with higher 222Ra dose administration.
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Figure 6.44 Prognostic markers.

Upper panel, the percentage change is described in terms of decrease for ALP. Lower panel
percentage decrease of PSA. Negative values are reflective of patient value increase associated with
poor response. Data included for 12 patients with the exclusion of Patient-12 due to extreme
changes above 100%. ALP and PSA data was supplied for each sample collected by the ADRRAD

clinical trial team
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6.3 Discussion

The risk of toxicity in this study was primarily associated with acute toxicity following PBL depletion.
This was thought to result from the period of mixed treatment whereby blood was exposed to both
IMRT and 223Ra. Any indication of this toxicity was considered to be a temporary effect and with
IMRT completion, PBLs were expected to return rapidly to normal value range. Indeed, IMRT
studies have shown to significantly decrease the number of PBLs in circulation (421, 422, 550).
Lymphocytes radiation exposure and even low doses can significantly reduce the number of
circulating PBL and sub-populations such as B-lymphocytes are more radiosensitive than T-
lymphocytes (551). Lymphopenia induced during radiotherapy is associated with poor prognosis for
varying cancer types including glioblastoma, small cell lung cancer and Cervical Cancer (552-556). It
is thought that preventing drastic PBL loss may be associated with positive treatment outcome (As
reviewed by Wang et al. 2020 (557)). This may relate to the central role of the immune system in
cancer suppression as PBL mediate immunological mechanisms are critical for ongoing tumour

suppression.

The 50% lethal dose for PBL is considered to be in the region of 1-2 Gy by radiotherapy
administration (167). This consistent with the estimated dose delivered in the first two treatment
cycles C1-C3 by IMRT exposure. In this study there was a drop of 68% for PBL counts by C3 as
described in Figure 6.11. The larger decrease may be associated with the treatment fractionation
over 7.5 weeks or alternatively from the additive effect of IMRT and ?23Ra combined treatment.
Following IMRT completion the lymphocyte, neutrophil and total white blood cell count were found
to remain low. It was originally thought that the 4 week break period between IMRT completion C3
and C4 sampling may provide a sufficient break for PBL repopulation from the BM. Indeed,
radiotherapy studies have suggested white blood cell counts to increase within 6-8 weeks of
therapy completion with a significant increase in lymphocyte population after 3 months (529, 558).
In chapter 5, no significant increase in stable aberrant cells was observed along with no clonal cells.
This suggesting no large immediate repopulation from the BM and/or slow repopulation with
apparently normal cells assessed by M-FISH. In follow up samples there appears to be a larger cell
population increase, therefore it may be that the cellular repopulation was slow or that 222Ra
resulted in a significant depletion of PBL in the circulatory pool between C4 and C6. The latter could

result in a balanced death and repopulation scenario. In the case of slow repopulation this may also
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be indicative of significant PBL exposure, although it cannot be solely attributed to 2%3Ra, it could
mean the treatment regime may result in long lasting toxicity to the bone marrow. Since this
analysis was carried out, the full haematological counts have been published for the clinical trial.
The haematological toxicities were reported as low with three patients out of thirty enrolled
experienced grade 3 leucopenia, a single patient experienced grade 3 neutropenia and one other
thrombocytopenia. The grade 3 haematological events described were reported as asymptomatic
with no infections. The reported values compared the control sample collected to the first follow up

sample (F1) and during the end of study follow up (F3).

Successful metastatic disease management was a key goal of the trial following 223Ra treatment.
The clinical trial team monitored bone scans during the treatment to monitor metastatic burden
reduction (clinical data not collected as part of this study). The use of prognostic biomarkers has
boomed over the years with several being proposed from readily available blood samples (as
reviewed by Li et al. 2018 (547)). Most notably for prostate cancer patients, PSA has been
recognised as a tumour marker for diagnostic and prognostic evaluation. Elevated levels of PSA
followed by early biopsy collection have resulted in early prostate cancer detection even in
asymptomatic patients (As reviewed by Constantinou and Feneley 2005 (559)). The increased
detection of prostate cancer has also meant increased incidents but also improved the survival
rates. Following radiotherapy treatment, the PSA levels usually drop with successful treatment
outcome associated with maintained reduction in follow ups (As reviewed by Rukstalis 2002 (560)).
The current cut off for initial diagnostic purposes is PSA is of 4 pg/I. It should be noted that the
patients enrolled in this study had previously received chemotherapy docetaxel treatment and
hormonal therapy for disease management, therefore, the cut off value of 4 ug/l is therefore not
necessarily relevant, instead changes from the C1 sample were used for a simplistic assessment of
treatment efficacy. By the last treatment cycle sampled, C6, the PSA values were observed to
decrease for six patients. Of the patients that did not report decreased PSA values, Patient-6
reported a small increase with a similar value to C1 potentially indicating no PSA progression. In the
treatment follow up samples, only two patients reported PSA increase with values higher than
screening. Patient-2 PSA values increased from 0.31 ug/l at screening point to 2.70 pg/l in F1 follow
up, however, this was a reported decrease from the sampled pre-treatment control C1 of 3.09 ug/I.
The second patient experiencing elevated levels of PSA being Patient-12, whereby PSA levels

increased from screening value of 0.22 pg/l to 53.55 pg/l sampled at F1. The high value in F1
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sample suggesting PSA relapse for this patient. The reported changes occurred over time therefore
the decreasing trends may be indicative of treatment accuracy, but caution should still be taken
when assessing these. Although in this study PSA was discussed in terms of disease relapse, it
cannot be excluded that changes in PSA may also be attributed to benign conditions induced from

other medication or temporary inflammation.

Huggins and Hodges (1941 (561)) were the first to identify increased levels of ALP to be associated
with bone metastatic disease. ALP is a bone specific marker associated with bone turnover (542-
544), increased levels of ALP are associated with elevated bone formation by osteoblast activity
during bone formation as well as bone resorption from osteoclasts. More recently elevated ALP at
PC diagnosis has been associated with the presence of metastatic bone disease (545, 546). In our
study 2?3Ra administration was targeted for bone metastatic disease management, with decreasing
metastatic disease burden ALP levels were thought to also decrease. For nine of ten patients, the
ALP levels were found to decrease from pre-screening or pre-treatment control (C1) to later F1.
Patient-12 was the only individual that did not display a decrease in ALP. The pre- treatment value
of Patient-12 was of 100 pg/| increasing to 756 ug/l by F1 sampling. Patient-12 appears to be the
only individual not responding to the treatment with both PSA and ALP results suggesting disease
progression with no effect. It was found that the 223Ra injected activity does not appear to
significantly increase the number of aberrant cells (P=0.086) or aberration events (P=0.079)
between C2 and C5. The aberration yield is associated with absorbed dose; therefore, a lower yield
may indicate lower exposure. ALP levels were also not found to decrease further with increased
injected activity, this suggesting lower administered doses to potentially be as effective. As no
significant effect from higher ?23Ra activity was observed, it may suggest bone metastatic sites
reaching a saturation point. Initial clinical trial for 223Ra tested varying dose administrations of 22>Ra
from 50 kBq/kg to 200 kBqg/kg with lower dose of 50 kBqg/kg resulting in similar decline in bone turn
over markers (152-154). The dose of 55 kBg/kg being adopted after implementation of NIST update
and this administered cyclically every 4 weeks for a total of 6 injections. The studies mentioned did
not test lower doses and involved one single administration of 223Ra. Therefore, a lower
administered dose may have the similar effects while reducing the exposure of PBL during
intravenous administration and reducing bowel exposure during excretion. This will need further
evaluations potentially aided by bone scans able to detect changes to the bone metastatic load.

This could indicate whether patients receiving higher injected activities indeed benefitted from the
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higher dose. The dosing strategy currently does not take into account the metastatic burden and

until this has been evaluated the dosing strategy can only be speculated upon.
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Chapter 7:  Discussion

CRPC is associated with poor prognosis and is currently uncurable. Upwards of 90% of patients with
advanced disease present bone metastasis, these associated with acute symptoms such as severe
pain, spinal fracture and spinal cord compression potentially resulting in paralysis (45). The
treatment options available are tailored towards palliative care focusing on enhancing the quality
of life and limiting suffering from disease progression. Current treatment options include
chemotherapy, novel anti-hormonals and recently approved 223Ra. The approval of 222Ra was a big
milestone as clinical trial ALSYMPCA determined significant improvement in the quality of life by
delaying the onset of symptomatic skeletal related events, improving the quality of life and for the
first time demonstrating an overall survival advantage with the use of 223Ra. Although currently
limited to CRPC use, 233Ra has generated a great deal of interest for the potential application earlier
in disease, for different cancer types and in paediatrics. Radiotherapies with a-particle emitters
have the potential to be highly targeted treatments with high normal tissue sparing and hence
minimal toxicity. However, uncertainties remain regarding the dose deposition at metastatic sites
and whether BM cells in vicinity of target cells may be at risk of exposure. There are also further
concerns as to the risks of combining 223Ra with other treatments. The aim of this project was to
resolve these uncertainties by assessing changes in the genomic structure of PBLs. PBLs may be in
direct contact with 223Ra in circulation as mature cells or as progenitor cell from exposed HSCs

residing in BM sites, rendering these ideal cell models for cytogenetic analysis.

In this study, increased chromosomal aberration complexity was observed with 223Ra treatment
progression. The spectrum of chromosomal aberrations was used as a marker to distinguish cells
exposed by ??3Ra from those exposed to IMRT. To do so, complex chromosomal aberrations
associated with high LET exposure were used as a marker for 222Ra exposure. Instead for IMRT,
simple chromosomal aberrations were used as a marker, these consistent with low LET exposure.
The frequency of complex chromosomal aberrations was observed to increase past the IMRT
completion, suggesting 223Ra as an inductor of complex chromosomal aberrations. This validating
complex chromosomal aberrations as a potential marker for high LET exposure, particularly in cases
where the exposure is unknown. To test this, a novel biodosymetric model based on the spectrum
of aberration was proposed to measure the absorbed blood dose (here termed M-FISHer). This

model was based on differentiating the populations of cells exposed to IMRT from those exposed to
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223Ra by the presence of complex chromosomal aberrations. The existing criticality model, usually
applied to separate and quantify neutron and gamma exposures following a nuclear accident or
incident, was then applied. The resulting dose estimates were compared to physically derived dose
estimates also fed into the criticality model. The M-FISH et dose estimates for 222Ra were found to
be larger than the physically derived models. One explanation for this may be that the M-FISH et
model may better account for the exposure of the circulatory pool (during the first 24 h transit
period) and the exposure in vicinity of metastatic sites once 223Ra is incorporated. Although this will
need further verification, it may be possible for the spectrum of aberrations detected by M-FISH to

provide an estimate of dose in the case of an unknown exposure.

The doses estimated here are themselves uncertain and as described, further work is needed to
assess the proportion of complex aberrations following ??3Ra exposure and those potentially
resulting from IMRT. To do so, samples may be needed from patients enrolled on ?23Ra only
treatment to quantify the frequency of cells containing complex chromosomal aberrations. There
are also limited cytogenetic studies following PC patients receiving IMRT treatment, for comparison
it would be of use to evaluate aberration frequencies in patients with smaller field of exposure
(prostate only) and larger including lymph nodes. In doing so it could be ascertained whether a
proportion of complex aberrations in our study could be attributed to IMRT exposure, and if so, this
could be accounted for in further analysis. Some other confounding effects were also not explored
in our study, including the effect of hormone therapy which has been associated with increased
level of spontaneous chromosomal aberrations in PBLs (562, 563). Although this remains debated
(564), the frequency of aberrations may be increased and if repair pathways were also
compromised, this may affect the spectrum of aberrations detected. The effect of chemotherapy
on circulating PBLs also remains unknown. In our study, the initial PBL collected from C1-C3
resulted in poor metaphase yield and required extended culturing time and stimulation. This
potentially being a delayed effect of chemotherapy whereby tubulin inhibitors such as docetaxel
prevent cells from dividing in vivo, this may result in delayed PBL stimulation in vitro. In the case of
delayed mitosis, this could result in preferential sampling of cells with less damage able to replicate.
In vitro work should therefore be carried out to assess the combination of radiotherapy and
chemical exposure. In doing so, changes in the mitotic rates could be assessed and the effect on

chromosomal aberration frequency and spectrum quantified. Where possible, further studies
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should also be carried out in vivo with patient cohorts not treated for hormonal therapy and/or

chemotherapy.

The physical estimates presented for 222Ra and IMRT are also themselves uncertain. The physical
223Ra absorbed blood dose was estimated from existing pharmacokinetic clearance models (152-
154) within the first 24 h of administration. However, these estimations were limited by a high
uncertainty due to the median values selected from three publications, these presenting a high
degree of interindividual variation. In future studies estimating 223Ra absorbed blood dose, patient
specific clearance data could be collected over the initial 24 h period. This establishing
interindividual variations on a larger sample size and also enabling the use of patient specific
clearance to model the absorbed blood dose. The values from the three publications used were
limited by the low number of sampling times and a low patient number. As a result, a high
uncertainty within the first 4 h of treatment in all publications was reported. By sampling at smaller
intervals, a more accurate pharmacokinetic clearance model could be drawn. Lastly, all
pharmacokinetic clearance model data was collected from a single 222Ra administration; with
disease progression it is unknown whether the normal clearance of the radionuclide from the blood
is affected. If so, as the metastatic load decreases, there may be a reduced uptake in some patients,
this resulting in a higher absorbed blood dose. The physical absorbed blood dose for IMRT was
estimated by two models proposed by Moquet et al. (2018 (325)). As reported in Chapter 2, the
uncertainties for these estimates remained high even following input from individual patient data.
The models proposed by Moquet et al. did not consider lymph node dynamics and in future work
this should be considered. Exposure to the lymph nodes poses uncertainties not just for dose
estimation but also whether static PBLs may be exposed for a longer period of time during
fractionated treatment, if so, this may increase the frequency of complex chromosomal
aberrations. Indeed, previous study by Hartel et al. (2018 (369)) suggested PC patients with a larger
field of exposure to have a higher frequency of complex chromosomal aberrations. There are few
studies reporting chromosomal aberrations following IMRT treatment of PC patients and, to our
knowledge, this is the first study assessing chromosomal aberrations as a result of 222Ra treatment.
To optimise the dose estimation model presented, data collected from patients received solely
223Ra would be beneficial. Further studies on IMRT alone could also be used to expand on the LN

dose estimates and gather C-Ratios for each independent treatment type.
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M-FISH assay enabled the identification of chromosomal aberrations of stable and unstable kind.
Unstable dicentric chromosomes were used in the criticality model to estimate IMRT/?23Ra dose.
Due to their instability (hence inability to replicate successfully for multiple rounds) it was assumed
that these dicentric chromosomes were present in PBLs exposed in the peripheral blood pool. This
principle forming the basis of the gold standard dicentric assay (236). The formation of DSBs in two
chromosomes usually has a 50% chance of resulting in a dicentric chromosome or a reciprocal
translocation. A 1:1 ratio was therefore expected, and found, during the treatment cycles. In the
later follow up samples of two patients, a deviation from the expected 1:1 was observed. Although
the reason for this could not be confirmed it could suggest a faster clearance of unstable cells. Cells
containing reciprocal translocations may instead persist in circulation as they are stable. The
lymphocyte counts provided by the clinical team in Belfast suggest no further cell loss by the follow
up sample collection. Instead, a small increase in counts was reported. On the contrary, the
frequency of abnormal cells falls for both patients and this could also suggest dilution from new
healthy cell repopulation. In this study, there was no indication of clonal cell expansion however,
this does not suggest BM sparing. Existing BM models suggest a considerable proportion may be
exposed in vicinity of metastatic sites (389, 431) to 223Ra. The resulting BM cell death may cause a
slower cellular repopulation, this potentially seen for some patients that did not recover to normal
cell counts in F3 sample. Later timepoint past F3 will be needed to assess the risk of leukaemia
following treatment. This analysis will be essential before rollout of treatment to patients with

better prognosis or younger cohort of paediatric patients for other cancer treatment.

An increased rate of genomic instability may also be used to assess potential risk of secondary
cancers. Chromatid aberrations are indicators of genomic instability which may be a result of direct
exposure of precursor cells, delayed effects, or bystander effects. In this study, samples from three
patients were assessed by solid stain analysis for the last treatment cycle C6, early follow up F1 and
one year follow up F3. An increased frequency of chromatid aberrations was identified by F3. This
potentially suggesting delayed effects or bystander effects at BM sites. Study by Lassmann and
Nosske (2012 (389)) suggested a dose to the marrow in the region of 1.5 Gy based on ICRP
Publication 67 (565), this consistent to the estimation in this study of 0.598 + 0.008 to 0.944 + 0.007
Gy per injection. In this study the dose to osteogenic cells was also estimated to be substantial at
4,963 + 0.067 to 7.832 + 0.062 Gy per administration. As the bone and BM niche are in tight

communications, there may be a risk for bystander effects. Indeed in vivo study by Stephan et al.
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(2005 (406)) following 2%*Ra treatment use, reported an increased frequency of chromatid
aberrations that were attributed to bystander effects. Another in vivo study of 22Ra for
radiotherapy, suggested a possible risk of leukaemia and solid tumours following exposure to ??*Ra
(309). To date, only a handful of cases of secondary leukaemia have been identified following 2>3Ra
therapy administered as per ADRRAD clinical trial (432, 433, 566). Although no causative link has
currently been found between ?23Ra treatment and secondary leukaemia, further investigation
should be carried out where samples may be collected at a later date to assess the potential for

delayed late effects which could occur many years after treatment (93, 95, 374-377, 422, 529).

Exposure of non-cancerous cells and tissues surrounding the tumours is of concern in all
radiotherapeutic treatments due to the risk of acute toxicity. In this study, the haematological
toxicity risk was deemed low with most patients recovering by end of treatment and ADRRAD
clinical trial team have reported low risk across the thirty patients studied. The risk for BM toxicity
remains as symptoms could be delayed. Further risks such as those following blood vessel and
bowel exposure remain unknown. Although the dose to these could potentially be low, prolonged
inflammatory responses could result in increased risks of other diseases. To limit the toxicity risks,
the dosing strategy may need re-evaluating. Initial data following ALP and PSA assessment,
although limited, suggests lower administer activity of 222Ra to be as effective as higher activities.
The current dosing strategy is based on the patients weight and not metastatic burden; therefore,
further analysis is needed to assess whether patients of larger weight had a similar metastatic
burden to those of lower weight. The metastatic burden may be estimated from patient bone scans
throughout treatment, this enabling true comparison between patients and also monitoring of
metastatic bone reduction. Although PSA and ALP markers are useful for a simplistic assessment,
they may not truly represent markers for treatment outcome. Indeed, PSA levels may be elevated
following previous medication use or as a response to inflammatory prostate disease, which may be
triggered from radiotherapy treatment. Although in the control samples there were no indications
of elevated unstable chromosomal aberrations consistent with previous radiotherapy, PSA and ALP
are not reliable markers alone. Further markers to evaluate treatment outcome were not available
for analysis. The collection of other serum markers for bone disease progression such as prostatic
acid phosphatase, hK2 (same family as PSA), Insulin-like growth factor-1, transforming growth
factor-B1 and many more could be collected/ monitored through the treatment to further assess

the outcome. Bone scans will also be of interest to monitor changes in size and number of
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metastatic sites further elucidating the individual response to varying 222Ra administered. In the
ADRRAD clinical trial toxicity to 2?2Ra (with subsequent discontinuation of treatment) was indicated
by larger drops of normal blood cell counts. The blood cell counts, and ALP changes were collected
by the ADDRAD clinical team and have since been published by Turner et al. (2021 (567)) finding

low toxicity across the 30 patients recruited.

In conclusion, this patient group presented a unique opportunity to address important
radiobiological research questions pertaining to the cellular and tissue level damage associated
with 223Ra. This study is the first to demonstrate non-target exposure of the blood by cytogenetic
assessment. Increased frequencies of chromatid aberrations associated with delayed effects
suggests potential concerns for delayed toxicity or malignancies. Although initial trial outputs
indicate low haematological toxicity, further work will be essential to ensure safe rollout of the
treatment to other patient groups. Preliminary data suggests the dosing strategy may need re-
evaluating, as patients administered a lower activity responded just as well as those administered a
higher activity. A reduced administered activity has the potential to reduce common radiotherapy
side effects and the risk of delayed toxicities, therefore the dosing strategy will need exploring
further. As the ADRRAD patient cohort was exposed in a unique mixed exposure scenario, it
enabled the application of existing blood dosimetry models and the testing of the novel M-FISHer
model for an initial dose assessment of both 222Ra and IMRT. Although limitations were present for
all models described, the novel M-FISH et model may provide a way of estimating dose following an
unknown exposure. This having applicability in radiation protection following nuclear accident or
incident. Quantifying the absorbed dose to non-target tissues was also an important step in
evaluating the potential short and longer-term secondary radiation risks for patients. With further

considerations, these estimates will ultimately contribute towards maximising clinical efficacy.
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