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Re: NRC License 07-12153-02
Docket No. 03001303

Dear Sir or Madam:

We would like to amend the license listed above to allow the use of Radium-223
Chloride (Alpharadin). This compound is currently in use in a Phase Il multicenter Early
Access Program clinical study entitled “Radium-223 chloride (Alpharadin) in castration-
resistant (hormone refractory) prostate cancer patients with bone metastases.” The
patients included in the trial are men with advanced progressive prostate cancer who are
suffering bone pain from metastatic disease. The aim of the study is to make Radium-
223 chloride available to symptomatic patients, while assessing its safety in clinical use.
A synopsis of the Radium-223 Early Access Program from clinicaltrials.gov is attached
as Appendix A.

Radium-223 chloride is a bone-seeking radiopharmaceutical used in the same manner as
Strontium-89 chloride (Metastron) and Samarium-153 lexidronam (Quadramet) for
palliative treatment of metastatic bone pain. Radium-223 chloride is the first commercial
nuclear medicine agent to exploit the advantages of alpha emission. Clinical trials in
Europe have been extremely promising. The agent gives highly effective palliation and
has few side effects. There is also evidence that Radium-223 treatment may increase
survival in some patients. As a result, there is considerable interest in the therapeutic
potential of Radium-223 chloride among health professionals and patient advocates. A
recent review article from Oncology and accompanying commentary papers are attached
as Appendices B-D.

Christiana Care has been approved by Bayer to participate in the Early Access Program
pending the fulfillment of threc prerequisites:

1. Amendment of our radioactive materials license to allow the use of Radium-223
Training for proper use and handling of the product

3. Calibration of the site dose calibrator(s) to ensure correct measurement of
Radium-223.
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Obviously, we must have approval to use Radium-223 before we can complete the other
two preparatory steps. Training materials will be provided by Bayer. Training will be
completed and documented for all Nuclear Medicine physician Authorized Users, the
Radiation Safety Officer, and all technologists who will participate in the trial. The three
physician Authorized Users who will administer the agent are Timothy Manzone, MD,
Hung Q. Dam, MD, and Erin E. Grady, MD.

Bayer will provide a detailed procedure for calibrating our dose calibrator(s) for the
accurate assay of Radium-223. A document from Bayer entitled “Ra-223 CHLORIDE
START-UP PACKAGE?” that describes the process for completing the three preparatory
steps that we will follow if approved is attached as Appendix E.

While Radium-223 is primarily an alpha emitter, it also emits usable gamma photons
detectable with standard nuclear medicine equipment. This means the doses are assayed
in a conventional nuclear medicine dose calibrator, and standard radiation detecting
equipment (well counter, survey meters) serves to monitor the facilities for ambient
radiation levels and any possible contamination associated with the use of this
radiopharmaceutical.

We understand that Radium-223 chloride will arrive at our facility in a calibrated stock
vial so that the individual patient dose may be drawn up after calculating for decay and
patient body size. Regardless of whether the agent is delivered in this manner or as a unit
dose, we will assay any dose in a properly calibrated dose calibrator before it is
administered to a patient to insure that the dose is in accordance with the written directive
and with the treatment plan for that patient. This is our standard protocol for all
radiopharmaceuticals, particularly for therapeutic agents.

We believe the medical use of Ra-223 fits well within the requirements of 35.300. As
already noted, despite being an alpha emitter, Radium-223 can be detected, assayed and
handled safely using standard nuclear medicine equipment and good nuclear medicine
practices for other approved therapeutic agents. From our perspective, there is nothing
unique about this trial that distinguishes it from others we currently have underway, or in
which we have participated in the past. We acknowledge that Ra-223, as an alpha
emitter, requires extreme care to ensure accurate dosing and avoid contamination, but we
are confident that our procedures, plus the checks and precautions required by the clinical
protocol and specialized training will ensure safe use of this agent.

Attached as Appendix F is a document provided to us by Bayer entitled
“INFORMATION PACKAGE FOR RADIUM-223 LICENSE APPLICATION” that
reviews the following subjects:

Introduction and Description of the Drug Product
Radiological Properties of Radium-223

Working with Radium-223

Measurement of Radium-223 Chloride

Training
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Dose Preparation and Administration

Radiation Safety/Instruction for Use

Packaging and Transport

Storage

Waste Disposal

Handling Precautions

Contamination Monitoring and Decontamination Procedure
Estimates of Radiation Doses to Medical Staff

Restrictions for Patients

We intend to use this document as our guide to the safe handling, administration, and
disposal of Radium-223 chloride and will follow the procedures described therein if an
amendment to allow use of this isotope is granted.

If you have any questions about this request, or need any further information, my contact
information is listed above. Please note that I will be away from the office May 22
through 29, 2012. During that time, please contact Dr. Timothy Manzone at either 302-
733-1530 or tmanzone{@christianacare.org if you need assistance.

Thank you very much for your consideration of this request.

Sincerely,

Q /) Jra—
" el s /
Safety Officer

JoSeph F. Solge, Jr., Radiatio

Approved by:

Patrick eyer, ScD, Senior Vice President, Cancer and Imaging Services

JFS/jfs

Cc: T. Manzone, MD
H. Dam, MD
E. Grady, MD
A. Gialloreto
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Radium-223 Chloride (Alpharadin) in Castration-Resistant (Hormone-
Refractory) Prostate Cancer Patients With Bone Metastases

Expanded access is currently available for this treatment.
Verified April 2012 by Bayer

First Received on January 20, 2012. Last Updated on April 12, 2012 History of Changes

Sponsor: | Bayer

Information provided by: | Bayer

ClinicalTrials.gov Identifier: | NCT01516762

» Purpose

This study is a prospective, interventional, open-label, multi-center early access program for the use
of Ra-223 Cl! in HRPC/CRPC patients diagnosed with symptomatic bone metastasis and to collect
additional short and long term safety data on the product.

Condition Intervention

Prostatic Neoplasms Drug: Radium-223 chloride (BAY88-8223)

Study Type: Expanded Access Whatis Expanded Access?

Official Title: Radium-223 Chloride (Alpharadin) in Castration-Resistant (Hormone-Refractory)
Prostate Cancer Patients With Bone Metastases

Resource links provided by NLM:
Drug Information available for: Chlorine
U.S. FDA Resources

Further study details as provided by Bayer:

Study Start Date: May 2012

Estimated Study Completion Date: June 2014

Estimated Primary Completion Date: June 2014 (Final data collection date for primary
outcome measture)

Intervention Details:

http://www.clinicaltrials.gov/ct2/show/study/NC101516762?view=record 05/16/2012
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Drug: Radium-223 chloride (BAY88-8223)

One injection to be administered every 4 weeks up to 6 injections. The
dose per injection is 50 kBg/kg body weight.

» Eligibility

Ages Eligible for Study: 18 Years and older
Genders Eligible for Study:  Male

Criteria
Inclusion Criteria:

e Age = 18 years
o Histologically or cytologically confirmed prostate cancer

o Patients diagnosed with symptomatic progressive bone predominant metastatic
castrate-resistant / hormone-refractory prostate cancer (CRPC/HRPC) with at least 2
skeletal metastases on bone scan with no lung, liver, and/or brain metastasis (lymph
node only metastasis is allowed)

o Symptomatic is defined as either regular (not occasional) use of analgesic
medication for cancer related bone pain (= level 1; WHO ladder for cancer pain),
or treatment with EBRT for bone pain (the EBRT should be within the last 12
weeks before randomization)

e Progressive disease is defined either by:

o The appearance of new bone lesions. If progression is based on new lesion(s)
on bone scan only without an increase in prostate specific antigen (PSA), PSA
values from 3 assessments within the last 6 months must be provided; OR

o In the absence of new bone lesions by 2 consecutive increases in serurn PSA
over previous reference value, which should rnot be more than 6 months before
screening, each measured at least 1 week apart with the last PSA 2 5 ng/mL

o No intention to use cytotoxic chemotherapy within the next 6 months
e Life expectancy = 6 months
o Eastern Cooperative Oncology Group (ECOG) Performance Status (PS) 0 - 2
o Adequate hematological, liver, and renal function
o Absolute neutrophil count (ANC) 2 1.5 x1079/L
o Platelet count 2 100 x10"9/L
o Hemoglobin 210.0 g/dL (100 g/L; 6.2 mmol/L)
o Total bilirubin level < 1.5 x institutional upper limit of normai (ULN)

o Aspartate aminotransferase (AST) and alanine aminotransferase (ALT) 2.5 x
ULN

o Creatinine < 1.5 x ULN
e Albumin > 25 g/L
Exclusion Criteria;

¢ Treatment with an investigational drug within previous 4 weeks, or planned during the
treatment period or follow-up

e Eligible for first course of docetaxel, i.e., patients who are fit enough, willing, and who
are located where treatment with docetaxel is available

¢ Treatment with cytotoxic chemotherapy within previous 4 weeks, or failure to recover

from AEs due to cytotoxic chemotherapy administered more than 4 weeks previous
(however, ongoing neuropathy is permitted)

http://www.clinicaltrials.gov/ct2/show/study/NCT01516762?view=record 05/16/2012
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Received previous radiotherapy to > 25% of bone marrow, including hemibody
radiation

Received systemic therapy with radionuclides (e.g., strontium-89, samarium-153,
rhenium-186, or rhenium-188, or radium-223 chloride) for the treatment of bony
metastases

Other malignancy treated within the last 3 years (except non melanoma skin cancer or
low-grade superficial bladder cancer)

Visceral metastases as assessed by abdominal or pelvic computed tomography (CT)
(or other imaging modality)

Presence of brain metastases
Lymphadenopathy exceeding 6 cm in short-axis diameter

Imminent or history of spinal cord compression based on clinical findings and/or
magnetic resonance imaging (MRI)

Any other serious illness or medical condition, such as but not limited to:

o Any infection >/= National Cancer Institute Common Terminology Criteria for
Adverse Events (NCI-CTCAE) version 4.03 Grade 2

o Cardiac failure New York Heart Association (NYHA) II} or IV
o Crohn's disease or ulcerative colitis
o Bone marrow dysplasia

Fecal incontinence

P Contacts and Locations

Please refer to this study by its ClinicalTrials.gov identifier: NCT01516762

Contacts

Contact: Bayer Clinical Trials Contact clinical-trials-contact@bayerhealthcare.com

Locations

United States, Arizona

Phoenix, Arizona, United States, 85013

United States, California

Laguna Hills, California, United States, 92653
Stanford, California, United States, 94305-5119

United States, Florida

Tampa, Florida, United States, 33612

United States, Louisiana

New Orleans, Louisiana, United States, 70112

United States, Massachusetts

Boston, Massachusetts, United States, 02215-5450

United States, Missouri

St. Louis, Missouri, United States, 63110

United States, Nevada

Las Vegas, Nevada, United States, 89169

http://www.clinicaltrials.gov/ct2/show/study/NCT015167627view=record 05/16/2012
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United States, Pennsylvania
Pittsburgh, Pennsylvania, United States, 15213

United States, South Carolina
Myrtle Beach, South Carolina, United States, 29572

United States, Texas
Houston, Texas, United States, 77030-4009
Houston, Texas, United States, 77030-4298

United States, West Virginia
Wheeling, West Virginia, United States, 26003

Sponsors and Collaborators
Bayer
Investigators
Study Director: Bayer Study Director Bayer

B More Information
Additiona! Information:

Click here and search for drug information provided by the FDA. s

Click here and search for information on any recalls, market or product safety alerts by the
FDA which might have occurred with this product. e,

No publications provided

Responsible Party: Therapeutic Area Head, Bayer Healthcare AG
ClinicalTrials.gov Identifierr NCT01516762 History of Changes
Other Study ID Numbers: 15995, 2011-004469-33

Study First Received: January 20, 2012
Last Updated: Aprit 12, 2012
Health Authority: United States: Food and Drug Administration
Keywords provided by Bayer:
Radium 223 Bone metastases
Alpharadin Castrate resistant prostate cancer
Prostate Cancer Hormone refractory prostate cancer
Additional relevant MeSH terms:
Neoplasms Genital Diseases, Male
Neoplasm Metastasis Prostatic Diseases
Prostatic Neoplasms Bone Diseases
Bone Neoplasms Musculoskeletal Diseases
Bone Marrow Diseases Hematologic Diseases
Neoplastic Processes Hormones
Pathologic Processes Hormones, Hormone Substitutes, and
Genital Neoplasms, Male Hormonre Antagonists
Urogenital Neoplasms Physiological Effects of Drugs
Neoplasms by Site Pharmacologic Actions

ClinicalTrials.gov processed this record on May 15, 2012
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Contact Help Desk
Lister Hill National Center for Biomedical Communications, UJ.S. National Library of Medicine,

Q;S.uaﬁgngjmstitutes of Health, U.S. Department of Health & Human Services,

USA . gov. Copyright, Privacy, Accessibility, Freedom of Information Act
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REVIEW ARTICLE

Alpha Particles as Radiopharmaceuticals in the
Treatment of Bone Metastases: Mechanism of

Action of Radium-223 Chloride (Alpharadin)
and Radiation

By Philippa J. Cheetham, MD!, Daniel P. Petrylak, MD! | Aprit 17, 2012

IHerbert Irving Comprehensive Cancer Center at Columbia University Medical Center, New York, New
York

ABSTRACT: Approximately 85% to 90% of men with castration-resistant prostate cancer
(CRPC) have radiological evidence of bone metastases. To date, however, therapies to manage
bone metastases have been primarily palliative. Among CRPC patients with bone metastases,
there is a significant unmet need for active antitumor treatment options that are highly efficacious
and have a favorable safety profile. This article will present current information about
alpha-pharmaceuticals, a new class of targeted cancer therapy for the treatment of patients with
CRPC and bone metastases. It will review preclinical and clinical studies of the experimental
radiopharmaceutical radium-223 chloride (Alpharadin), a first-in-class, highly targeted and
well-tolerated alpha-pharmaceutical under development to improve survival in patients with bone
metastases from advanced prostate cancer. Alpharadin kills cancer cells via alpha radiation from
the decay of radium-223, a calcium mimetic that naturally self-targets to bone metastases. The
mechanism of action of Alpharadin and specifics of administration, radiation protection, and
patient management will be discussed.

Introduction

Prostate cancer is the most common cancer among men living in the United States and Europe.[1,2] An
estimated 240,890 new cases of prostate cancer occurred in the US in 201 1-—making it the most
frequently diagnosed of all new cancers (25%), and about 33,720 men died from the disease.[3]
Currently, approximately 2 million American men are living with prostate cancer.[4] Management
considerations include individualizing therapy with clearly defined goals that focus on specific
treatments, adverse events (AEs), and quality of life (QoL).

http://www.cancernetwork.com/diaplay/article/10165/2058383 1


http://www.cancernetwork.com/display
http:clinic.81

ONCOLOGY. Vol. 26 No. 4 Aprit 17, 2012
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Radium-223 Physical Properties

Castration-resistant prostate cancer (CRPC) is an advanced form of prostate cancer characterized by
disease progression following surgical or pharmaceutical (androgen deprivation) castration. The process
by which prostate cancer cells become castrate-resistant is unclear, but it has been proposed that
androgen ablation provides a selective advantage to androgen-independent cells, which grow and
eventually repopulate the tumor.[5] Compared with castration-sensitive prostate cancer, the prognosis
for patients with CRPC is poor, and survival is reduced. Treatment options for metastases to bone have,
until very recently, been limited mainly to symptomatic relief of pain, which occurs more frequently in
progressive CRPC than in castration-sensitive discase.[6,7]

Bone metastases in CRPC

Bone metastases cause morbidity and mortality in a wide range of cancers, including CRPC, breast,
renal, lung, thyroid, and others. Approximately 85% to 90% of men with CRPC have radiological
evidence of bone metastases.[8- 0]

FIGURE 2
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Radium-223 Decay Chain

Bone metastases occur in almost all prostate cancer patients during the natural course of the disease,
typically appearing in the lumbar spine, vertebrae, and pelvis. Bone metastases have several clinical
consequences in patients with CRPC. Tn particular, metastatic bone may be more susceptible to

http://www.cancernetwork.com/display/article/10165/2058383 2
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pathologic fractures and spinal cord compression, and patients may require surgery or radiation therapy.
Skeletal-related events (SREs), including pathologic fracture, spinal cord compression, and the need for

bone surgery and/or radiation therapy to the bone, also present a significant challenge in the
management of prostate cancer.

Kaplan-Meier survival analyses of patients with prostate cancer who have no bone metastases vs one or
more bone metastases confirm that the development of bone metastases (and subsequent SREs)
negatively impacts the overall survival (OS) of these patients, compared with patients who do not
develop bone metastases.[11] Indeed, fewer than 50% of patients with CRPC and bone metastases are
alive 5 years after diagnosis.[12] Furthermore, bone metastases and SREs often result in bone pain that

1s a main cause of disability, and these can have a significant impact on QoL[13,14] and result in
increased treatment costs.[15]

The underlying mechanisms of bone metastases in patients with prostate cancer[16-19] inchude (1)
factors released by tumor cells that stimulate both osteoclast and osteoblast activity; (2) excessive new
bone formation occurring around tumor cell deposits, resulting in low bone strength and potential
vertebral collapse; and (3) osteoclastic and osteoblastic activity, releasing growth factors that stimulate
tumor cell growth, perpetuating the cycle of bone resorption and abnormal bone growth.

Current therapies for bone metastases

Currently, other therapies for bone metastases are considered to be primarily palliative and are mainly
used for symptom relief or to prevent serious complications, such as those caused by fractures,
hypercalcemia, and spinal cord compression.

Despite pain palliation, external beam radiation therapy (EBRT) and beta-emitting radiopharmaceuticals
have not demonstrated improved OS in patients with advanced prostate cancer. With EBRT, normal
cells and cancer cells receive the same amount of radiation within the target field. Beta-emitting

radiopharmaceuticals palliate pain, but they have not demonstrated a survival benefit. Agents such as 7Y
Sr have been associated with significant thrombocytopenia.[20] Bisphosphonates are used to reduce the
incidence of bone fractures and other SREs, but they do not have much effect on pain and do not affect
survival.[21,22] The new agent denosumab (Xgeva),[23] targeted to treat pain and SREs, has been
demonstrated to delay development of the first skeletal metastases by 4 months in initially nonmetastatic
patients.[24]

Chemotherapy in CRPC with bone metastases

Chemotherapy with docetaxel(Drug information on docetaxel) and prednisone(Drug information on
prednisone) improves survival in metastatic CPRC, compared with mitoxantrone(Drug information on
mitoxantrone) and prednisone. Cabazitaxel (Jevtana), a new chemotherapy agent, was recently approved
for second-line use in men with advanced hormone-refractory prostate cancer already treated with
docetaxel. Sipuleucel-T (Provenge), an autologous cellular immunotherapy, is now also approved by the
US Food and Drug Administration (FDA) for the treatment of metastatic CRPC.

Pain relief has been demonstrated in patients treated with docetaxel-based chemotherapy, and a pain
response has been correlated with an improved survival.[25] However, docetaxel chemotherapy may not
be appropriate for all patients, and it can be associated with significant neutropenia and asthenia. Thus, a
significant unmet medical need in the treatment of patients with CRPC and bone metastases is for active
antitumor treatment options that are highly efficacious and have a favorable safety profile.[10]

Alpha-Pharmaceuticals

http://www.cancernetwork.com/display/article/10165/2058383 3
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The rationale for use of alpha-pharmaceuticals in metastastic CRPC

Alpha-pharmaceuticals, radionuclides that emit alpha particles, are of increasing interest in CRPC.[26]
They represent a new class of targeted cancer therapy for patients with bone metastases. Targeted alpha

therapy has the potential to inhibit the growth of micrometastases by selectively killing cancer
cells.[27-29]

Alpha particles differ from beta particles in energy (MeV), tissue range, linear-energy transfer (LET),
and number of DNA hits needed to kill a cell.[30] Radionuclides of interest in alpha-radionuclide
therapy[31,32] include 225 Ac, 213Bj, 2! At, and 223Ra, or Alpharadin, Radium-223 is one of the most
promising candidates for high- LET alpha-particle irradiation of cancer cells on bone surfaces. Unlike
beta-emitting radiopharmaceuticals, alpha-pharmaceuticals deliver an intense and highly localized
radiation dose (with a range of 2 to 10 cell diameters) to bone surfaces.[30] Radium-223 and its
daughter radionuclides are thus much more potent, causing double-stranded DNA breaks leading to cell
death,[33] but with substantially less irradiation of healthy bone marrow than standard bone-seeking
beta-emitters. Thus, 223Ra does not require cells to cycle in order to achieve its antitumor effect. This

distinct advantage is of particular benefit in the treatment of prostate cancer, which has a low
proliferative rate.

Radium-223 is a first-in-class, highly targeted, alpha-pharmaceutical under clinical development to
improve survival in patients with bone metastases from advanced prostate cancer. Phase I and I efficacy

and safety trials are now complete for 223Ra, and a phase 11 trial in patients with CRPC and bone

metastases is under way. 2}3Bi and %2° Ac are both in preclinical development for use in prostate
cancer.[34-37]

Radionuclide sclection criteria

Treatment success depends on matching the physiologic characteristics of the target tissue to a specific
pharmaceutical carrier and optimal radionuclide.[38] Radium-223 is a natural bone-seeking
radionuclide. Using an alpha-pharmaceutical like 223Ra to treat bone metastases has the potential to
spare surrounding healthy bone tissue[30,39] and result in a highly tolerable side effect profile.[40]
Furthermore, any 22°Ra not taken up by the bone metastases is rapidly cleared to the gut and excreted,

Alpha-pharmaceuticals are easy to handle and do not require complex shielding during shipping or
administration.[39)

Alpharadin Mechanism of Action

FIGURE 3
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Bone-Targeted Localized Mechanism of Action of Pharmaceuticals

Alpharadin, radium-223 chloride (223R.aC12) in solution, is classified as an alpha-pharmaceutical or

alpha-particle-emitting nuclide.[39,41,42) Radium-223, an alkaline earth metal (Figure 1), is a calcium
mimetic and thus a natural bone-seeking agent.[41) Bone mineral hydroxyapatite, which forms 50% of
the bone matrix, is its target. Alpharadin has preferential uptake in areas of new bone formation,

http://www.cancernetwork.com/display/article/10165/2058383 4
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targeting tumor cells in close proximity to areas of new bone growth in and around metastases.[39,43]
Alpharadm forms complexes with hydroxyapatite, thus it subsequently gets incorporated into the bony
matrix. Alpharadin has a half-life of 11.4 days (Figure 2).[39]

The localized action of Alpharadin’s alpha emission (with a short path length only in the 40~ to 100-m
range in tissue) helps to preserve the surrounding healthy bone tissue and bone marrow([39] and limits
distribution of the agent to soft tissue, thus also minimizing the risk of systemic side effects (Figure 3).
Alpharadin thus has potentially better efficacy and tolerability when compared with beta-emitters.

Preclinical Studies of Alpharadin

Three key preclinical studies[30,39,44] with Alpharadin reveal its targeted mechanism of action in bone

anc! provide the efficacy and safety rationales for proceeding to clinical development and trials in
patients with CRPC and bone metastases.

The becquerel (Bq) is the International System of Units (SI)-derived unit of radioactivity. One Bq is
defined as the activity of a quantity of radioactive material in which one nucleus decays per second. A

measurement in becquerels is proportional to activity, so a more dangerous source of radiation gives a
higher reading.

FIGURE 4
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Effect of #23Ra in Prolonging Symptom-Free Survival of Rats

Henriksen et al addressed the therapeutic efficacy of alpharadin in the treatment of experimental skeletal
(human breast cancer) metastases in nude rats (Figure 4).[39] All of the tumor-bearing control animals
had to be sacrificed because of tumor-induced paralysis 20 to 30 days after injection with tumor cells,

whereas the rats treated with a dose of 10 kBq or higher of 223Ra had a significantly increased rate of
symptom-free survival (P < .05). A total of 36% of rats (5 of 14) treated with 11 kBq and 20% of rats (1
of 5) treated with 6 kBq were alive beyond the 50-day follow-up period.

Biodistribution studies, involving measurement of 222Ra in rat bone marrow samples after IV injection,
were also performed in this study. The investigators demonstrated that 223Ra was selectively

concentrated in bone as compared with soft tissues, after analysis of 223Ra levels in the femur vs in the
kidney, spleen, and bone marrow. No signs of bone marrow toxicity or body weight loss were observed
in the groups of treated animals.

The authors concluded that the significant antitumor effect of 223Ra at doses that do not induce
significant neutropenia or thrombocytopenia were linked to the intense and highly localized radiation

dose from alpha particles at the bone surfaces. The results of this study indicated that 223Ra should be
investigated further as a potential bone marrow—sparing treatment of skeletal metastases.

In a later study, Henriksen et al compared the bone-seeking properties of, and potential exposure of red
marrow to, 223Ra vs the beta-emitter 89Sr.[30] In this study, the biodistribution of both agents was

http://www.cancernetwork.com/display/article/10165/2058383 5
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assessed in mice. Tissue uptake was determined at various time intervals after [V administration of each
agent. Both 223Ra and 89Sr were found to be selectively concentrated on bone surfaces relative to soft
tissues. However, the measured bone uptake of 222Ra was higher than that of 89Sr. After 24 hours, the
percentage of injected dose of 223Ra per gram of femur tissue was 40.1 % 7.7. For 89Sr, the

corresponding value was 17.7 + 2.8. At 14 days, the values for 22°Ra and 3°Sr were 31.1 4 2.6 and 21.1
+ 2.7, respectively.

Furthermore, estimates of the dose to marrow cavities showed that the 22?Ra alpha-emitter might have a
marrow-sparing advantage, with substantially less irradiation of healthy bone marrow compared with
standard bone-seeking beta-emitters for targeting osteoid surfaces. This effect was substantiated from
data obtained from marrow-cavity spheres. For 223Ra, the estimated absorbed dose in a 250-pm
marrow-cavity sphere decreased steeply from approximately 65 Gy at 5 um from the surface to 0 Gy at
about 70 pm, the energy-range cutoff distance. For a 150-um sphere, the absorbed dose decreased
steeply with distance from 75 Gy at 3 pm to 0 Gy at 69 pm. For a 50-pun sphere, the absorbed dose
decreased from 97 Gy near the bone surface to about 60 Gy in the least exposed volume.

By comparison, only small changes in the absorbed dose from 893r, with increasing distance from the
surface, were observed from the dose calculations. The implications of this dosimetry are clearly

important to understanding the potential differences between 22*Ra and 89Sr with respect to marrow

toxicity, with short-range alpha-particles of #23Ra irradiating a significantly lower fraction of the
marrow volumes. At the same time, the bone surfaces received a therapeutically effective radiation dose.
The results of this study thus indicated that 2>3Ra was a promising candidate for high-LET
alpha-particle irradiation of cancer cells on bone surfaces, and together with its daughter radionuclides,
223Ra delivered an intense and highly localized radiation dose to the bone surfaces. That 223Ra has a

mar row-sparing advantage theoretically makes it a better isotope to combine with other cytotoxic
agents.

The third preclinical study, by Larsen et al, investigated adverse effects in mice receiving IV doses of

either 1250, 2500, or 3750 kBq/kg of dissolved 223Ra who were followed in the initial toxicity
phase.[44] This resulted in a dose-related minimal-to-moderate depletion of osteocytes and osteoblasts
in the bones. Furthermore, the investigators observed a dose-related minimal-to-marked depletion of the
bone marrow hematopoietic cells, and a minimal-to-slight extramedullary hematopoiesis in the spleen
and in the mandibular and mesenteric lymph nodes.

The LD50 (lethal dose that kills 50% of study animals) for acute texicity, defined as death within 4

weeks of receiving the substance, was not reached. This study demonstrated that high doses of 223Ra did
not completely inactivate the blood-producing cells. The relatively high tolerance to skeletal alpha doses
was probably caused by the surviving pockets of red bone marrow cells beyond the range of alpha
particles from the bone surfaces, and the recruitment of peripheral stem cells.

Administration and Radiation Protection

Administration

Alpharadin can be prepared and shipped ready for use anywhere in the world. The half-life of 23Ra
provides sufficient time for its preparation, distribution (including long-distance shipment),[39] and
administration to patients. In clinical trials, treatment is on an outpatient basis, administered by [V
injection once a month for 4 or 6 months.[40,43,45] No imaging dose or premedications are required.
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No compgu'ativc effectiveness trials have been conducted comparing the cost of treatment with
Alpharadin to that of other therapies.

Handling of alpharadin and radiation protection

The ultra-short penetration of alpha particles, the fact that alpha radiation is readily blocked (eg,bya
sheet of paper) along with the favorably low -irradiation, allow for ease of handling of alpharadin and
administration through simple plastic tubing. There is no requirement for complex shielding or handling
during shipping or administration, and no radiation protection procedures are required. Alpharadin
requires no additional specialized detection equipment. Standard equipment for contamination
monitoring can be used; no specialized alpha-monitoring equipment is required. For Alpharadin waste
disposal, radioactive waste should be stored for 4 months, then discarded as normal clinical waste.

In contrast, alpha-emitters are more toxic and mutagenic than beta-emitters in terms of effects on single
cells. The high-LET of alpha particles does, therefore, have the potential to induce development of
secondary hematologic or solid malignancies. It is possible to compensate for these adverse properties in
targeted therapy because of the potential to irradiate much smaller volumes of normal cells when
alpha-emitters are targeted against tumor cells. Furthermore, it is unlikely that isotope therapy will result
in significant increased rates of hematologic malignancies. This is because development of secondary
hematologic and solid cancers takes approximately 10 and 20 or more years, respectively, yet the
median survival time of patients with CRPC is short, ranging from 18 to 24 months.

Clinical Development of Alpharadin

Phase I studies

ATI-BC-1. The main goals of this phase I study, results of which were published in Clinical Cancer
Research in 2005, were to assess the safety and tolerability of 223Ra in patients with CRPC and patients
with breast cancer who had skeletal metastases.[45] In addition, pain palliation was evaluated. A total of
15 prostate cancer and 10 breast cancer patients were enrolled, each receiving a single IV injection of
223Ra. Groups of five patients were included at each of the dosages (46, 93, 163, 213, or 250 kBq/kg)
and followed for 8 weeks. Palliative response was evaluated according to the pain scale of the European
Organisation for Research and Treatment of Cancer (EORTC)QLQ C30 questionnaire at baseline and at
1, 4, and 8 weeks after injection. Weekly blood sampling during follow-up revealed mild and reversible
myelosuppression, with the nadir occurring 2 to 4 weeks after the injection. Importantly, for
thrombocytes only grade 1 toxicity was reported. Grade 3 neutropenia and leukopenia occurred in two
and three patients, respectively. Mild, transient diarrhea was observed in 10 of the 25 patients. Nausea
and vomiting were more frequently observed in the highest dosage group, due to nonspecific uptake of
223Ra by the gut. Serum alkaline phosphatase decreased, with nadir averages of 29.5% in females and
52.1% in males. Pain relief (defined as a decrease in pain score of > 10 on the EORTC QLQ-C 30
questionnaire) was reported by 52%, 60%, and 56% of the patients after 7 days, 4 weeks, and 8 weeks,
respectively. Radium-223 cleared rapidly from blood and was below 1% of initial level at 24 hours.
Post-treatment bone scans, which imaged the small gamma component in Alpharadin, showed
accumulation of 223Ra in the skeletal metastases. Elimination was mainly intestinal. Median survival

time was 20 months. The investigators concluded that 223Ra was well tolerated at therapeutically
relevant dosages. As a result of the findings in this study, phase II studies were initiated.

BC1-05. This open-label, phase I, dosimetry, biodistribution, and pharmacokinetics (PK) study assessed
Alpharadin in six patients with CRPC and bone metastases. Patients received two infusions of 223Raata
dose of 100 kBq/kg, 6 weeks apart. The trial revealed that 22*Ra was rapidly eliminated from blood and
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sequestered to bone/bone metastases (about 60% at 4 hr) and excreted into the small intestine. The
kidneys were spared, receiving only a low radiation dose with less than 5% urinary excretion and no
hepatobiliary excretion. The highest calculated absorbed doses were to osteogenic cells, red marrow,
and lower large intestine wall. Because of the very short range of alpha particles (2 to 10 cell diameters),

howevex", only a small volume of red marrow would have received a significant radiation dose, possibly
accounting for the favorable hematologic safety profile.

BC1-08. This open-label, phase I, dose-escalation study recruited 10 patients with progressive CRPC
and more than two bone metastases to assess safety, pharmacokinetics, biodistribution, radiation
dosimetry, and toxicity of Alpharadin. Patients received one treatment at the cohort-defined dose (50,
100, or 200 kBq/kg), followed by one optional treatment 6 weeks later at 50 kBg/kg. Total body
clearance was largely determined by transit through the gut. Radium-223 was seen in small bowel
within 10 minutes of dosing, with subsequent fecal transit to the colon. Six patients received a second
injection. Four patients did not receive a second dose due to disease progression (two patients), grade 3
anemia (one patient) and an unrelated AE (one patient). Drug-related AEs reported were one patient
with grade 3 anemia; one with grade 3 thrombocytopenia (> 7 days); and one with grade 3/4 neutropenia
(> 14 days), grade 3 diarrthea, and grade 3 nausea.

Phase II studies

BC1-02. This randomized, placebo-controlled, multicenter, phase II study of Alpharadin in patients with
CRPC and symptomalic bone metastases was published in Lancet Oncology in 2007.[40] Patients with

CRPC and bone pain needing EBRT were assigned to four IV injections of 22*Ra at 50 kBq/kg (33
patients) or placebo (31 patients), given every 4 weeks. Primary endpoints were change in bone alkaline
phosphatase (ALP) concentration and time to SREs. Secondary endpoints included toxic effects, time to
prostate-specific antigen (PSA) progression, and OS.

Median relative change in bone ALP during treatment was 65.6% and 9.3% in the 223Ra group and
placebo group, respectively (P < .0001). Hematologic toxic effects did not differ significantly between
the treatment and placebo groups. No patient discontinued 22>Ra because of treatment toxicity. Median
time to PSA progression was 26 weeks (16 to 39) vs 8 weeks (4 to 12; P =.048) for 223Ra vs placebo,
respectively. Median OS was 65.3 weeks for 223Ra and 46.4 weeks for placebo (P = .066, log rank). The

investigators concluded that 223Ra was well tolerated with minimum myelotoxicity, and had a
significant effect on bone ALP concentrations. There are, however, no data that evaluate long-term
administration of Alpharadin beyond what is demonstrated in the phase I studies.

BC1-03. This double-blind, dose-response, phase II, multicenter study (n= 100) of 23Ra reported on
the palliation of painful bone metastases in CRPC patients. It showed no evidence of a dose effect
following evaluation of median change in baseline from diary pain ratings (using visual analogue

scores) at 223Ra doses of 5, 25, 50, and 100 kBq/kg. Most AEs were gastrointestinal, including nausea,
vomiting, diarrhea, and constipation. Minor decreases in platelet counts, white blood cell (WBC) counts,
and neutrophils were reported in the 50 and 100 kBq/kg groups.

BC1-04. This double-blind, randomized, dose-finding, phase II study of Alpharadin for the treatment of
patients with CRPC and painful bone metastases randomized 75 patients (25 in each group) to receive a
dose of 25, 50, or 80 kBg/kg. Bone markers, PSA levels, safety, and survival data were assessed.
Change in PSA level over a 24-week period was found to be dose-dependent, The most common AEs
reported were gastrointestinal and musculoskeletal. Patients were not treated with antiemetics in this
study. Grade 3 or 4 thrombocytopenia occurred in two patients. No patients discontinued due to an AE.
Grade 3 or 4 neutropenia was not observed. These hematologic results could be based on discase
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burden, as patients with marrow invasion may be at higher risk for thrombocytopenia. The difference in
disease stage (typically very advanced in patients who have received strontium) is an important
difference between patients treated with Alpharadin and patients treated with strontium, and it may
account for some of the increased thrombocytopenia seen in the strontium patients. It is difficult to
quantify these differences when comparing studies, however, since they were separated by many years.

Summary of phase I and II clinical trials

Overall safety and tolerability were evaluated in 292 patients across all
phase [ and IT trials. Five trials were assessed: two phase I trials
(Alpbaradin n = 37) and three phase II trials (Alpharadin, n = 255;
placebo, n = 31). Alpharadin was administered (single or repeated
injections) at doses of 5 kBq/kg to 250 kBa/kg. Efficacy results were
shown to confer an OS benefit in patients with CRPC and
bone-predominant disease, as well as improvement in disease-related
biomarkers (bone and PSA), and in pain. Alpharadin was also found to
be safe and well tolerated. Of note, none of these studies demonstrated a
dose-limiting toxicity, implying that further dose escalation is possible.

Alpharadin also showed promising preliminary results in a phase [la
trial in patients with bone metastases from breast cancer no longer
responding to endocrine therapy. The data showed that Alpharadin
reduced the levels of bone alkaline phosphatase (bALP) and urine
N-telopeptide (uNTX), key markers of bone turnover associated with
bone metastases in breast cancer.

Phase III: the ALSYMPCA trial

Alpharadin successfully met the primary endpoint of OS in
ALSYMPCA (Alpharadin in Symptomatic Prostate Cancer Patients), a
double-blind, randomized, multicenter, phase 111 study of Alpharadin in
the treatment of bone metastases resulting from CRPC.

The 922-patient ALSYMPCA study was stopped early after a
preplanned efficacy interim analysis, following a recommendation from
an Independent Data Monitoring Committee, on the basis of achieving a
statistically significant improvement in OS (two-sided P value = .0022,
hazard ratio [HR] = 0.699; median OS, 14.0 months for Alpharadin vs
11.2 months for placebo). Earlier phase I results of the trial showed an
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increased survival time of 4.5 months, The lower figure of 2.8 months increased survival in phase [II is
probably a result of too short follow-up, because of the carly termination of the study. Survival time for
patients who were still alive could not be calculated. Algeta SAS of Norway and its partner Bayer
Healthcare are preparing to file regulatory submissions for Alpharadin in the US and Europe in mid

2012.

[t is difficult to compare the results of phase III studies that have evaluated samarium, strontium, and
Alpharadin, due to the different eras in which these trials were performed. Although the entry
hematologic parameters are similar in all studies, extent of disease in the bone marrow is difficult to
quantitate. The 895; studies by Porter et al[46] and the '33Sm studies by Sartor[47] were performed
before docetaxel-based chemotherapy was approved by the FDA for treatment of CRPC in 2004. A total

of 12% of patients in the 1338m study had received prior chemotherapy.[47]
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At Fhe time of the initial strontium studies, chemotherapy was not standard treatment, and the number of
patients treated with chemotherapy in the Porter et al study[46] was not reported. Entry criteria for

hematologic function in Porter et al study were a WBC count greater than 3.5 x 107 per liter and a

platelet count greater than 150 x 10 per liter.[46] There is no way to quantitate the amount of bone
marrow involvement in the strontium study or the ALSYMPCA study.

Ongoing trial NCT00699751

Other ongoing studies include Alpharadin in combination with docetaxel in patients with CRPC and
bone metastases as well as single-agent Alpharadin in patients with metastatic breast cancer and bone
metastases. Outcomes from clinical trials will provide insight into the effect of Alpharadin on OS, and
will reveal important biodistribution, dosimetry, and safety data.

Data from ongoing trials will continue to add to our knowledge atout the efficacy and safety of
Alpharadin in treating patients with CRPC and bone metastases. Currently in development are studies to
improve survival in patients with bone metastases from advanced prostate cancer and breast cancer.
Studies are also underway evaluating the potential for Alpharadin to be used in patients with other
cancers that have a propensity to metastasize to the bone (eg, lung).

Patient Management

A multidisciplinary team approach is used to administer Alpharadin to patients with CRPC and bone
metastases. The goal is for the urologist and medical oncologist to collaborate in determining patient
eligibility to receive Alpharadin, as well as in post-treatment follow-up. Once the patient is deemed
suitable for treatment, a radiation oncologist or nuclear medicine physician would administer the
Alpharadin infusion with careful assessment and monitoring for minimal expected toxicities. The ability
to administer concomitant or subsequent therapies is a crucial question that remains to be addressed,
particularly with recent approval of agents such as abiraterone (Zytiga), cabazitaxel, sipuleucel-T, and
the probable approval of MDV3100.

Summary and Conclusion

Alpha-pharmaceuticals deliver high-LET radiation to the target, with large amounts of energy per unit
track length and short ranges (< 100 m). Using alpha-pharmaceuticals to treat patients with CRPC and
bone metastases allows highly targeted, localized delivery of the radiation to the metastases.

Alpharadin is an alpha-emitter with a mechanism of action that has a potent and highly targeted
antitumor effect on bone metastases. It is a calcium mimetic that targets new bone growth in and around
metastages. It emits high-energy alpha particles that induce primarily nonreparable, double-stranded
DNA breaks in target cells. The short path length of the alpha particles keeps toxicity to adjacent healthy
tissue (particularly the bone marrow) at a minimum.

Preclinical studies with Alpharadin revealed important efficacy and safety data related to the compound
and provided the rationale for proceeding to clinical trials.

Clinical studies indicate that Alpharadin has a favorable safety profile and is efficacious in patients with
CRPC and bone metastases. The phase I1 BC1-02 (placebo-controlled) study[40] showed it had
statistically significant effects on bone markers, was associated with a decrease in PSA levels and
improvement of OS, had a highly tolerable safety profile (with fewer AEs/ serious AEs when compared
to placebo), and had no significant hematologic safety issues. Hematologic AEs were typically mild
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(Common Toxicity Criteria toxicity grades 1 and 2) and transient; no patient withdrew due to

hematologic toxicity. Treatment with Alpharadin up to 12 weeks is thus deemed safe and highly
efficacious.

Data from ongoing trials will continue to add to our knowledge regarding the efficacy and safety of
Alpharadin in treating patients with bone metastases. These include the ALSYMPCA double-blind,
randomized, multicenter, phase 111 study, which has a primary endpoint of OS; a trial of Alpharadin in
combination with docetaxel, which will assess safety and tolerability, as well as preliminary efficacy;

gnd a stgdy of Alpharadin (as a single agent) in patients with breast cancer and bone metastases, which
is focusing on its effect on bone markers.
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Figure 1: Radlum-223 Physical Propertles—Position of the alkallne earth metal, radium,
In the perlodic table. it has four natural Isotopes of atomic welght: 228, 226, 224, and 223.
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al. Cancer Res. 2002,[39] with permisslon from the American Assoclation for Cancer Research.
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Figure 4: Effact of 223Ra in Prolonging Sym ptom-Frae Survival of Rats—Effact of 22*Raln
prolonging symptom-free survlval of rats. Tumors were established In nude rats by Injectlon
of 10% MT-1 breast cancer cells In the left cardlac ventricula, Animals were treated 7 days
after tumor cell inoculation. Treatment groups recelved 6 or 11 kBq of 2#Ra administered by
tall veln Injection, whereas an{mals In the control group were injected with 5 mM socium
citrate solution. Figure from Henrlksen G et al. Cancer Res. 2002,[39] with permissien from
the Amerlcan Assaclation for Cancer Research,
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Radium-223: Down to the Bone, and Less Is
More

By Albert J. Chang, MD!, Mack Roach I1I, MD? | April 17, 2012
lDepartment of Radiation Oncology, Washington University School of Medicine, St. Louis, Missouri
2Department of Radiation Oncology, University of California, San Francisco, California

In this issue of ONCOLOGY, Chectham and Petrylak deliver an in-depth review of radium-223 (3%3Ra,
Alpharadin) for the treatment of bone metastases in patients with castrate-resistant prostate cancer. This

article emphasizes that 223Ra, the first-in-class agent of alpha-emitting radiopharmaceuticals, is a potent

agent that delivers highly targeted radiation to sites of bony metastases. A calcium mimetic, 2Rais
preferentially taken up in areas of new bone formation in close proximity to regions of metastases. With

the alpha-emitting properties of 22*Ra, a highly localized density of ionizing radiation is delivered to
nearby tumor cells, causing a significant amount of irreparable double-stranded DNA damage. This
DNA damage triggers tumor cell death. Because of the short range of penetration of alpha particles, the
bone marrow is relatively spared, resulting in a high therapeutic index.

The authors discuss the preliminary results of a recent phase III ALSYMPCA trial that demonstrated a

30% reduction in the risk of death with 223Ra treatment. This trial was stopped carly after a preplanned
interim analysis demonstrated a statistically significant improvement in overall survival, even though
some 40% of these patients had 20 or more bone metastases.[1] This exciting finding also confirms the
findings of a small phase I randomized trial of biologic agents and radiopharmaceuticals targeting bone,
which suggested that such an approach might result in a survival benefit.[2,3] These preliminary results
of the ALSYMPCA study[1] suggest that 23Ra will be a powerful weapon in our armamentarium for
treatment of bone metastases in castrate-resistant prostate cancer.

Prostate cancer is a bone-trophic disease. Approximately 25% of patients with prostate cancer develop
bone metastases, which can cause severe morbidity from pain, fracture, cord compression, and marrow
suppression.[4] The associated morbidity affects the quality of life and is the primary cause of death in
most patients. While many therapies for prostate cancer are designed to target and treat all sites of
disease, their effectiveness may be suboptimal for bone disease. Docetaxel(Drug information on
docetaxel) has been established as first-line therapy for treatment of castrate-resistant prostate cancer.
However, only half of patients respond to docetaxel treatment, with the majority dying of metastatic
prostate cancer (median survival, 19 months).[5-7] Moreover, patients receiving docetaxel therapy need
to have a high performance status; toxicity is significant, with a high incidence of grade 3/4 neutropenia,
fatigue, nausea, diarrhea, and neuropathy.(5,7]
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Radiopharmaceuticals targeting bony sites of disease are effective treatments for bone metastases and
have fewer side effects than conventional cytotoxic therapies such as docetaxel. The US Food and Drug
Administration (FDA)-approved beta-emitters, samarium-153 EDTMP (153Sm, Quadramet) and
strontium-89 (3%Sr, Metastron), palliate metastatic bone pain with responses ranging from 55% to
80%.[8-10] However, the durability of response is limited (2 to 17 weeks). Also, bone marrow
suppression, primarily in the form of thrombocytopenia and leukopenia, is a common side effect, due to
the long range of beta emission. Although a recent study demonstrated that repeat administration of 153
Sm may be feasible, platelet and white blood cell counts dropped progressively with each treatment and
did not return to baseline.[11] In contrast, the range of alpha decay with 22*Ra therapy is much shorter
( IOQ m), resulting in minimal myelotoxicity. In a phase II study and in the phase IIl ALSYMPCA trial,
no significant difference in myelosuppression was observed compared with the placebo-control arm,
while treatment of bony metastases was effective. Because 22>Ra has a minimal effect on bone marrow

suppression, serial administrations of 223Ra are likely to be feasible and may improve the durability of
response.[12]

The limited toxicity of 223Ra potentially allows it to be used with other treatment modalities to provide
an additive or even synergistic effect. In patients with metastatic prostate cancer, approximately 25% to
30% develop disease outside the bone. Because >*3Ra is selectively taken up in bone, its use for
treatment of soft tissue lesions is limited. In patients with both soft tissue and bony disease, a
combination approach of cytotoxic chemotherapy and 223Ra will likely be more effective than either
therapy alone. Cytotoxic chemotherapies such as cisplatin(Drug information on cisplatin) and docetaxel
may be utilized to treat the soft tissue metastases, while 23Ra is used to target bony sites of disease. In
addition, these cytotoxic agents may radiosensitize bony lesions to make 223Ra therapy more effective.
Already, phase II studies evaluating the combination of cytotoxic agents with 89Sr and 1538 have

suggested feasibility and efficacy.[2,3] The feasibility efficacy of combination therapy with %2>Ra and
cytotoxic agents will need to be evaluated in future studies.

Patients with metastatic prostate cancer often present with a large, dominant lesion affecting
weight-bearing bones or causing significant cord compression, along with multiple small metastatic
bony lesions. A limitation of 22>Ra for treatment of large lesions is the limited range of the alpha
particle emission. An effective treatment for this population of patients may be the combination of
external beam therapy to eradicate the dominant lesion(s), while the sinaller bony lesions and
micrometastatic disease can be targeted with 223Ra. Interestingly, patients who receive a single dose of
external beam fractionation often require retreatment for recurrent or residual pain.[13-15] The radiation

from 223Ra can also act as a “boost” treatment to supplement the external beam radiotherapy.

With the currently available therapies, resistance often develops. For systemic agents, this may occur
due to continued signaling from the androgen receptor, repair mechanisms, activation of growth and
survival pathways, or interactions with the microenvironment. With external beam radiotherapy and the
beta-emitters, single-strand DNA breaks are produced. Decreased radiation sensitivity can occur if cells
adapt to repair these breaks efficiently. Radium-223 is potentially less prone to the development of
resistance than the conventional systemic agents or beta-emitting radionuclides. As mentioned

previously, the mechanism of action of 223Ra is through alpha emission, which leads to dense, localized
packets of ionizing radiation resulting in irreparable DNA double-strand breaks.

Radium-223 is a promising agent that represents a new class of alpha pharmaceuticals that gets down to
the site of bony metastases. The limited side-effect profile potentially allows for repeat administration of

http://www.cancernetwork. com/display/article/10165/2058389 2


http://www.cancernetwork.com/d1splay/article/10165/?.OS8389

ONCOLOGY. Vol. 26 No. 4 April 17, 2012

223 . o . . . N . . .

23Ra to increase durability of pain control, and for its use in combination with novel biologic and
ch'emotherapeuti‘c agents. [t will be interesting to see how these combination therapies with 223Ra can be
tailored for specific disease presentations and for targeting the pathways involved in disease
progression. As the authors point out, only time and more studies will clarify its role compared with

other exciting agents such as MDV3100, abiraterone (Zytiga), cabazitaxel (Jevtana), and sipuleucel-T
(Provenge).

Financial Disclosure: The authors have no significant financial interest or other relationship with the
manufacturers of any products or providers of any service mentioned in this article.
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An Alpha Edge?

By Edward B. Silberstein, MA, MD, FACNM! | April 17, 2012
lUniversity of Cincinnati Medical Center, Cincinnati, Ohio

Dr. Cheetham and Dr. Petrylak have provided a most helpful review of the available data on use of
radium-223 dichloride (223RaC12), known as Alpharadin, in the treatment of osteoblastic metastatic

prostate carcinoma. A technigue for separating the daughter 23R a from the parent 227 Ac has been
developed at the Department of Energy Hanford Site, Office of National Isotope Programs.[1,2]
Alpharadin appears to be the first bone-seeking radiopharmaceutical to prolong the life span; the

beta-emitting bone seekers (rhenium-186 HEDP [!86Re-HEDP), rhenium-188 HEDP [!38Re-HEDP),
samarium-153 lexidronam [153St1u-lexidronam], and strontium-89 chloride [898rC12] do not.[3]

Life prolongation by Alpharadin is presumably due to the greater local cytocidal capability of its
alpha-particle emission. The alpha particle is a helium nucleus containing two protons and two neutrons;
it carries a 2+ charge, and it has about 7300 times the mass of a beta particle or electron (carrying a 1
charge). The size of the alpha particle, its charge (leading to interactions with nearby electrons), and its
low velocity limit the distance it can travel before transferring all of its energy to nearby molecules. This
conceptualization is called the linear energy transfer, or LET, and focuses on the rate of energy transfer
by a particle to its surroundings, measured in keV/pm of track length. For the alpha particle, the LET is
high, since the track length is quite short, averaging 0.05 to 0.10 mm or about 5 to 10 cell diameters. In
some experimental systems, the alpha particle produces as mmch as 20 times as much biological damage
as an equivalent radiation exposure from an electron or beta particle, and thus has a relative biological

effectiveness (RBE) of 20.[4] Because of the conservation of momentum, the recoil of the 223Ra
daughter 21%Rn, as it emits that alpha particle, may well raise the RBE to an even greater degree.

However, the mean beta-particle pathways in tissue from 186Re (1.1 mm), '88Re (2.7 to 3.1 mm), 133Sm

(0.6 mm), and 39Sr (2.4 mm) are much longer than that of the alpha particle of 223Ra. This theoretically
results in lesser degrees of biological damage at the site of emission around the osteoblastic metastasis
than that produced by the alpha particle, but much greater damage (eg, myelosuppression) within a few
millimeters (far beyond the path length of the alpha particle). The alpha-emitter should yield more local
damage to osteoblastic metastases at the 223Ra deposition site and therefore more tumoricidal effect in
this system per unit of radiation emitted. Alpharadin can, however, cause grade 3 and 4 neutropenia and
leukopenia, directly related to the administered activity,[5] because marrow and its stem cells reproduce
and mature around bony trabeculae, where osteoblastic activity, and hence radiotracer deposition, is
relatively high. Furthermore, the bone-seeking beta-emitters also have tumoricidal effects, resulting in a
significant fall in the level of serum tumor markers, eg, prostate-specific antigen (PSA) and markers of
bone metabolism.[6]
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Gastrointestinal side effects are virtually unknown with the beta-emitting radiotracers, of which only 89
Sr is a calcium analog like 23Ra. Calcium is excreted in the intestine and resorption is under hormonal
control. The calcium analog 2%*Ra is cleared by the intestine as well,[7] and the effect of short-ranged

223Ra alpha emissions on intestinal mucosa probably explain the nausea, vomiting, and diarrhea not
observed with the bone-seeking beta-emitters. Radiation-induced nausea and vomiting begin when the

intestine receives a dose of 1 to 2 Gy, and intestinal damage is so severe at doses exceeding 12 Gy that
death is inevitable.[8]

A randomized trial of Alpharadin has shown a survival advantage for this radiopharmaceutical of 19
weeks (4.4 months) over placebo in a phase Il study employing four IV injections of 50 kBg/kg every 4
weeks.[9] In a 2011 study presented but not yet published (as of early 2012), however, the survival
advantage was only 2.8 months.[10] Cheetham and Petrylak conjecture that this survival increment of
2.8 months might actually have been greater because the study was stopped early; perhaps with more
time to observe patients in the latter study, this survival advantage might have decreased even more
from the earlier observation of 4.4 months. Favoring a true effect of Alpharadin is the delay in the time

to first skeletal-related events of 5.2 months in the group receiving 223Ra.

The crucial double-blind randomized study would assess Alpharadin vs one of the beta-emitting bone
seekers in this group of prostate cancer patients with bone metastases, to determine if there is any
significant difference between the alpha- and beta-emitting radiopharmaceuticals in altering survival or
the degree of pain relief. This will be expensive. Few, if any, randomized double-blind studies have
even been perforimed comparing the several beta-emitting bone-seeking radiotracers because of the high
cost and apparent unwillingness of manufacturers to fund these trials.

The beta-emitting radiotracers alluded to above have been used primarily to alleviate bone pain. The
European Organisation for Research and Treatment of Cancer (EORTC) QLQ C30 questionnaire was
the instrument employed by the Alpharadin researchers to study bone pain.[5] However, this 30-item
tool has only two questions in which the word “pain” appears, many more concerning activities of daily
life (ADL), and none mentioning changes in analgesic medication. The group from University Hospital
Utrecht have introduced a valuable scale to measure effects of therapy on bone pain, combining the
interactive triad of (1) the level of pain with (2) changes in ADL and (3) alterations of analgesic drug
dose, all of which must be considered before assuming that observed changes in pain perception are
caused by the analgesic therapy under study.[11] While these three dimensions of measuring responses
to pain reduction by Alpharadin are recognized in a very recent report from the Karolinska Group, in
which up to 71% pain reduction was noted at the highest dosage employed, 100 kBq/kg,[12] it is not
clear from the available abstract how the interactions of this pain triad were analyzed.

One would hope that survival data from at least one more phase III or phase I'V clinical trial will
convincingly show a prolongation of survival due to treatment with Alpharadin. This will not be
inexpensive therapy. The charge to the patient for beta-emitter therapy of bone pain in one large
American teaching hospital is between $8,000 and $15,000.

The authors are to be congratulated for summarizing the available data so well.

Financial Disclosure: The author has no significant financial interest or other relationship with the
manufacturers of any products or providers of any service mentioned in this article.
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Ra-223 Chloride EAP Start-up Package

APPENDIX E

To: Radium-223 Chloride EAP Study Sites
From: Bayer Technical Team

Subject: Important Technical Prerequisites

Before use of Radium-223 Chioride (Ra-223), there are three important
prerequisites that need to be in place:

a. Modification of the site radiation license to include use of Ra-223 (where
applicable according to local regulations)

b. Training for proper use and handling of the product

c. Calibration of the site dose calibrator to measure Ra-223 accurately

Completion of the above prerequisites is the responsibility of each site, and is
required to be completed prior to the site initiation visit, and enroliment of patients
into the study.

1. Radium-223 Radiation License

Before handling Ra-223, your medical facility may require the addition of Ra-
223 to your radioactivity license. This process typically involves an application to
the relevant radiation regulatory authority for your region/ country.

A document containing typical information needed for the Ra-223 license
application is included in this site Start-Up Package. Bayer technical staff will be
available to assist you with obtaining further information needed for the site Ra-
223 license application. Questions or issues can be addressed via email to
radium.account@bayer.com. Emails /questions will be reviewed daily and
addressed within 24 hours if possible.

Once your site has been licensed to handle and administer Radium-223
Chloride, an electronic {e.q. PDF) copy of the license should be sent to
Covance at the email address Bayer15995-16216@covance.com. You should
send the electronic version of the license to Covance as soon as it is available —
it will be required before your site can be approved for the site initiation visit and
begin enrolling patients.

2. Radiation Safety /Drug Handling Training.
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Each site must have appropriate training in the safe handling and use of the Ra-
223 product prior to participation in the study. As an initial step, your site will be
contacted by the Bayer Technical Team to discuss an appropriate training plan,
usually within one week of receiving this letter. This initial discussion about the
training should include the site Radiation Safety/Nuclear Medicine Officer, or a
similar staff member who has detailed knowledge of the radiation safety practices
at the site. The Bayer Technical Team will contact the person designated from
your site as noted on the eSurvey

Once a training plan is outlined, training forms will be sent to your site, and the
training will be conducted. All persons handling the product are required to be
trained, and the training should be documented on either the training form (for
initial trainings) or in the study training log (for subsequent trainings). Electronic
copies (e.g. PDF) of the completed training forms should be returned to
Covance (email address Bayer15995-16216@covance.com).

You should send the electronic version of the training forms to Covance as soon
as completed — they will be required before the site can be approved for the site
initiation visit and to begin enrolling patients.

Technical questions or issues can be addressed via email to
radium.account@bayer.com. Emails /questions will be reviewed daily and
addressed within 24 hours if possible.

3. Dose Calibrator Calibration.

Calibration of the dose calibrator is important for obtaining accurate readings of
Ra-223 radioactivity. Prior to doing the dose calibrator calibration, the Ra-223
license and the training prerequisites must be completed.

The first step of the calibration process involves obtaining a Ra-223 reference
standard. The standard is ordered through the same online ordering system
(Interactive Voice Response System /interactive Web Response System; IVRS
/IWRS) that is used for ordering patient treatment doses (how to order a dose will
be described in the training program). The reference standard comprises a vial
containing a known amount (accurately measured) of Ra-223. The vial will be
shipped to your site along with an information sheet detailing the radioactivity
amount and reference date of the standard.

Your site will be provided with detailed instructions for the calibration procedure,
along with calibration forms. This calibration procedure involves first a decay
correction calculation to determine the expected activity in the vial.
Subsequently, the reference standard is put into the dose calibrator well and the
dial setting is adjusted until the radioactivity reading matches the known activity
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of the reference sample. Once the dial setting is determined, it is used for all
subsequent radioactivity measurements of Ra-223.

Electronic copies (e.g. PDF) of the completed calibration forms should be
returned to Covance (email address Bayer15995-16216@covance.com). You
should send the electronic version of the completed calibration forms to Covance
as soon as completed — they will be required before the site can be approved for
the site initiation visit and begin enrolling patients.

Technical questions or issues can be addressed via email to
radium.account@bayer.com.
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1. INTRODUCTION

Radium-223 chloride is a novel a-emitting pharmaceutical for treatment of patients with late-
stage castration-resistant prostate cancer with bone mectastases. The drug is currently
investigational and offered to patients under an IND. Bayer is currently in the process of
initiating an Early Access Program (EAP) clinical study for radium-223 chloride, which is a
study aimed at making the drug available to patients until it is commercially available.

2. THE DRUG PRODUCT

The drug product is a ready-to-use, sterile, aqueous solution of radium-223 chloride
(*¥*RaCly) for intravenous injection. The product has a pII of 6.0-8.0. The product is clear and
colorless, and is supplied in glass vials, closed with rubber stoppers and aluminum crimp
seals. Facilities will receive either a product vial and will draw out the appropriate dose
themselves, or they may also receive a ready-to-inject syringe from an external
radiopharmacy containing thc already appropriate patient-specific dose.

The volume per vial is approximately 6 ml, corresponding to 6 MBq (0.16 mCi) and a
radioactive concentration of 1000 kBq/mL (/- 5 %) (0.03 mCi/mL) on calibration day.

The drug product has a shelf life of 28 days (4 weeks) from production day with ambient
storage conditions, and it is typically pre-calibrated for 14 days prior to use. It is
manufactured by the contract manufacturer: Institute for Energy Technology (IFE), Isotope
laboratories, Kjeller, Norway.

3. RADIOLOGICAL PROPERTIES OF RADIUM-223

Radium-223 is predominantly an a-emitier with a physical half-life of 11.4 days. Figure !
outlincs the decay chain of radium-223 indicating all associated o~ and B-radiation emissions.

Some photons (x and yrays) are also produced during the decay of radium-223, and the most
sipgnificant emissions are given in Table 1.
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Nuclide Encrgy Intensity
R (keV) % per decay
11.43d Ry 11.7 22.90
R4 23.9 747
n *BRa 45.8 12.70
556 Mey Ra 55.8 18.50
*Ra 811 15.20
. Ra 83.8 25.10
s 92" Ry 94.9 11.50
s Ra 136.2 3.36
“BRa 1442 3.27
o WRa 154.2 5.70
675 Mev Ra 1711 9.29
v BRa 269.5 13.90
9Rn 271.2 10.80
13pg Mipg m
““Ra 3239 3.99
178 ms - 516ms 20g; st 13.00
o "Rn 401.8 6.59
mgj 1 P 404.9 378
| il 214m "™ 1w py, £32.0 3.52
py Lz wpy Table 1 .
6.1m cor x B stable The most prominent photon emissions from the
" ) 495 ke, decay chain of #°Ra. Only emissions with an
intensity of 3 % or more have been included. It
207 should be noted that 2'*Po has no listed photon

4.77m emissions y-rays, while 2'Tl and *''Po have only
low intensity photon emissions
Figure 1
Radium-223 decay chain with daughter nuclides and half-lives.
The most prominent n-energy is listed
for the a-emitters, and the average -energy is listed for the B-emitters.

The total energy emitted by radium-223 and its daughter nuclides when one radium-223
atom decays is 28.2 MeV. The percent of energy emitted as alpha particles is 95.3 %, the

percent of energy emitted as beta particles is 3.6 %, and the percent emitted as photons is
1.1 %.

4. WORKING WITH RADIUM-223

Written information about the drug product and instructions about handling, injection of
radioactive material and disposal of any radioactive waste that may be generated will be
included in the pharmacy manual provided to study personnel. General handling instructions
for radium-223 chloride are described below.

Before use of radium-223, dose calibrators will be calibrated for accurate measurement of Ra-
223 activity, and site staff are trained on proper use and handling of the product.

4.1 MEASUREMENT OF RADIUM-223 CHLORIDE

The y-emissions from the radioactive decay of radium-223 and its daughters allow for
measurement and detection of the product activity with standard instruments, such as dose
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calibrators and contamination monitors. Calibration of the dose calibrator is important for
obtaining accurate readings of radium-223 chloride radioactivity.

For calibration of the dose calibrator(s), cach facility will receive a radium-223 calibration
source with certified activity at reference date together with a standard procedure.

The radium-223 calibration sources will be prepared by IFE, and will be traceable to the
National Institute of Standards and Technology (NIST) through participation in the
Measuremen! Assurance Program.

4.2 TRAINING

Each site participating in the EAP study will have appropriate training in the safe handling
and use of the radium-223 chloride product. As an initial step, the sites will be contacted by
Bayer technical staff to discuss an appropriate training plan.

Various training materials regarding radiation safety, and proper handling of the product will
be made available,

Bayer technical staff will coordinate training with each site, and will be available as needed to
conduct training and give direct Q&A feedback either by teleconference or in person.

Training forms will be sent to the sites. All persons handling the product will be required to
complete training and sign training forms. Electronic copies (in PDF format) of the cornpleted
training forms will be sent to Bayer technical staff to get approval to proceed with the study.

5. DOSE PREPARATION AND ADMINISTRATION

Radium-223 chloride is a ready-to-use product, but for the vialed product a particular dose
needs to be drawn up specifically for each patient.

As an initial step, the injection volume needs to be calculated. The desired therapeutic dose of
radioactivity for Radium-223 Chloride is S0 kBq per kg of patient body weight. Hernce, the
dose volume varies according to the body weight of the patient. In addition, the dose volume
may need adjustment according to the radioactivity concentration of the product on the day of
injection. Although the radioactivity concentration is set at 1000 kBg/mL on the calibration
date, a correction is needed to account for decay of the radioactivity if the product is not used
on the calibration date.

A table with decay correction factors (DK) according to physical decay of the product and
corresponding to respective time zones will be provided with each vial.

The total amount to be administered to a patient should be calculated as follows:

Body weight (kg) X dose (kBa/kg b.w.)
DK factor x 1000 kBq/ml.

Volume to be administered (ml.) =
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After calculating the appropriate volume needed for the patient-specific treatment dosage, that
volume is drawn up from thc vial into a syringe. The total radioactivity in the syringe is
assayed in the dose calibrator before and after injection and recorded.

6. RADIATION SAFETY /INSTRUCTION FOR USE

Written information about the drug product and instructions about handling and injection of
radioactive material will be included in the pharmacy manual provided to study personnel.

6.1 PACKAGING AND TRANSPORT

The shipment of radium-223 chloride arrives in a box packed in styrofoam, with the
individual glass vials held in lead containers sealed in metal cans, as shown in Figure 2.
The type I glass 20 mL vial is closed with a grey chloroburyl rubber stopper and a center-hole
aluminum scal. The transport package is a “Type A” package. It has been tested and will be
shipped in accordance with International Regulations for Transportation of Dangerous Goods.
The transport category is “Radioactive Class 7 YELLOW I1”.

The lead containers are needed to shield against the low levels of y-radiation associated with
the decay of radium-223.

Figure 2: Packaging material for the Uarly Access Program

Later in the EAP study, commercial packaging will be implemented, which includes a special
10 mL vial encased in plastic that ensures no leakage or radioactive contamination if the vial
is broken. In addition, a special plastic-coated lead container will replace the lcad container
and the metal can (Figure 3).

Figure 3: Packaging material for commercial supply
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Besides the vial, included with the shipment are shipping documents, a certificate of analysis,

a table for decay correction of radium-223 chloride, and an extra copy of the lead container
label.

No radioactive materials will be shipped until Bayer has received documentation from any
given facility indicating that it has obtained the appropriate required regulatory approval for
the medical use of radium-223 chloridc.

6.2 STORAGE

Radium-223 chloride is easy to store. The formulation is stable in the vial, with an expected
shelf-life of 28 days, and can be stored at room temperature, requiring no temperature
adjustments or refrigeration.

The drug product vials should be stored in the lead container supplied. As it is a
radiopharmaceutical, storage should be in accordance with local regulations for storage of
radioactivity.

6.3 WASTE DISPOSAL

After administration, the materials used in connection with the preparation and administration
are to be treated as radioactive waste and should be disposed of in accordance with local
regulations and hospital procedures for the handling and disposal of radioactive material.
The same applies to remaining drug solutions and unused patient vials.

Radium-223 has a physical half-life of 11.4 days. Hence, it can be disposed of in a suitable
clinical waste stream after an appropriate amount of time (decay-in-storage).

6.4 HANDLING PRECAUTIONS
During preparation and administration, the following guidelines apply.
If prefilled syringes are used the instructions should be adjusted accordingly.

* As for all radiopharmaceuticals, the drug product should be handled by individuals
who are qualified by training and experience in the safc handling of radionuclides. The
hospital facilities must be licensed by the rclevant regulatory agencies for the medical
use of radium-223.

» Personnel should usc appropriate protective clothing and equipment during dose
preparation and administration to prevent contamination by the radioactive solution
and reduce radiation exposure. The person preparing the syringe should wear a
laboratory coat, gloves and eye protection during syringe filling to prevent
contamination of skin and eyes. The persons administering the drug product to the
patient should wear a laboratory coat and medical gloves.

e The areas beneath the dose preparation and administration sites should be protected
with bench lincr sheets.
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* The vials are supplied within a lead container and should be stored in the container in
a secure facility at ambient temperature.

e Use appropriatc shielding materials (e.g. syringe shiclds) to reduce the exposure
during dose preparation and administration in accordance with your local regulations.

e DPractice other ALARA radiation safety principles, i.e. minimize the time of exposure
think of measures to hold distance from radioactive sources, e.g. use tongs to pick up
the unshielded vial

e Appropriate syringe sizes should be chosen to ensure the accurate drawn volume of
the specified patient dose.

¢ The person authorized to administer the drug should insert the intravenous cannula for
injection. I[ntravenous access should be secured by flushing with saline prior to
injection of study drug in order to minimize the risk of extravasal administration. The
syringe containing the study drug is fitted directly 1o a two/three way adapter.

¢ The drug product is administered as a slow intravenous injection.

* After administration, the cannula should be flushed with saline to ensure that all study
drug has been administered to the patient.

¢ After administration, the materials used to prepare and administer the drug are treated
as short-lived radioactive waste, dccayed-in-storage and then disposed of in
accordance with the facility’s standard operating procedures.

6.5 CONTAMINATION MONITORING AND
DECONTAMINATION PROCEDURE

Because of the presence of low levels of y-radiation during the decay of radium-223, monitoring
for contamination can be conveniently done using the standard y-radiation detector probes
typically found in the nuclear medicine departments of hospitals. Furthermore wipe tests can be
done as for other y-emitting radioisotopes, with detection of activity using standard counting
instruments (e.g. y-well counters or survey meters) using standard detection windows.

Radium will not be strongly absorbed onto work surfaces or floors; a complexing agent such
as 0.01 M ethylenc-diamine-tetraacetic acid (EDTA) solution will allow complete removal of

radium-223. In case of contact with skin or eyes, the affccted area should immediately be
thoroughly rinsed with water.

However, as the drug is supplied ready-to-use, the probability of contaminating drug
preparation areas is low.
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6.6 ESTIMATES OF RADIATION DOSES TO MEDICAL STAFF

Due to the unique properties of a-emitting pharmaceuticals, the expected doses are lower than
those from common radiopharmaceuticals.

The drug product is supplied in glass vials and the o«-emissions are absorbed by the vial.
Some - and y-emissions are also produced and these arc responsible for the measured
external dose rates. Dose rates relevant for the handling of glass vials, are given in Table 2.
These dose rates are also applicable for the handling of syringes. Hence, the radiation dose to
the worker can be estimated from Table 2 by taking the handling time into account. Typically,
both the preparation of the syringe and the administration of the injection will take less than
five minutes. Therefore, for example, the expected hand dose for preparing a typical treatment
activity of 3.5 MBq would be < 30 uSv (3.0 mrem).

It should be emphasized that the dose rates can be reduced considerably by using shielded
syringes.

Table 2: Dose rates from glass vials/syringes without shielding (measured values*)

Dose rates Dose rates
Distance from vialisyringe [mrem/h per MBq] [uSv/h per MBq]
one meter < 0.01 <0.1
ten centimeters <0.5 <5
on the surface <10 <100

*For radium-223 exposure rate constant see David S. Smith & Michael G. Stabin, Health Physics Society, 2012

6.7 RESTRICTIONS FOR PATIENTS

Unlike some other radiopharmaceuticals used for radionuclide therapy, e.g. I-131, there are
minimal restrictions on family contact after administration of radium-223 chloride. Adequate
information on basic hygiene measures will be given to the patient. The range of a-particles
in human tissue is < 0.1 mm. Once injected, both a- and B-particles are stopped by the
patient’s tissue. Due to attenuation in the patient’s body mass, the y-radiation outside the
patient’s body is extremcly low.

Since patients injected with radium-223 chloride have negligible radiation dose rates external
1o their bodies, they are immcdiately relcasable. For exarnple, the average paticnt receiving
3.5 MBq (95 nCi) would have a dose rate at | m < 0.35 uSv/h (0.035 mrem/h).

Although it is unlikely that the amount of radiation emanating from a treated patient would be
sufficient to trigger an airport security alarm, patients will be made aware of this possibility,
and given a treatment card that confirms that they have been treated with a radioactive
product.
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