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Abstract: The fundamental principles of internal targetechalpherapy for cancer were established many
decades ago. The high linear energy transfer (L& Blpha radiation to the targeted cancer cellsesau
double strand breaks in DNA. At the same time sth@rt range of alpha- radiation spares adjacemhalor
tissues. This targeted approach complements caowahexternal beam radiotherapy and chemotherapy.
Such therapies fail on several fronts, such as tdatontrol of some primary cancers (eg glioblastom
multiforme) and inhibition of the development ofHal metastatic cancer after successful treatmiethieo
primary cancer.

This review charts the developing role of systehigh LET in internal radiation therapy. Targetedha
therapy is a rapidly advancing experimental therti@t holds promise to deliver high cytotoxicity to
targeted cancer cells. Initially thought to beitaded for leukaemia and micrometastases, thenews
evidence that solid tumours can also be regressed.

Alpha therapy may be molecular or physiologicaltintargeting. Alpha emitting radioisotopes such as
Bi-212, Bi-213, At-211 and Ac-225 are used to lab®bnoclonal antibodies or proteins that target
specific cancer cells. Alternatively, radium-233used for palliative therapy of breast and prostate
cancers because of its bone seeking properties.

In this review, preclinical studies and clinicalats of alpha therapy are discussed for leukaemia,
lymphoma, melanoma, glioblastoma multiforme, boretastases, ovarian cancer, pancreatic cancer and
other cancers.
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1 Introduction

This review covers the development of internalhhigeT radiotherapy from an Australian
perspective; more complete bibliographies are alitgl elsewhere (Elggvist 2011). Targeted
alpha therapy for cancer has progressed from darlyitro studies, through in vivo
experiments to phase 1 and 2 clinical trials.

Our initial studies were related to the productiand testing of the alpha emitting
radioisotope, Th-149. Other research groups useddbelerator produced At-211. However,
the?*Ac:?3Bi generator has become the workhorse for the ogaisearch.

Targeted Alpha Therapy (TAT) incorporates the esakerlements of immunotherapy of
cancer; a targeting molecule that fixes to memblanad molecules on the surface of cancer
cells and a radioisotope label that emits toxihalpadiation that deposits a large fraction of
energy into the targeted cell. There has been adgteate of in vitro and in vivo alpha
publications over the last 25 years, which cleadynonstrated the potential superiority of
this therapeutic approach. One paper that stands/asl the in vivo mouse study (Bloomer
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1984) for mice with peritoneal ascites, which shdwwat while alpha radiation could lead to
regression of the ascites, beta radiation could not

This and other papers were the foundations foreatensive alpha research program, which
first began with Tb-149, the only lanthanide witlsignificant alpha decay branching ratio
(Allen 1996). At the same time, Memorial Sloan leetig Cancer Center was already well
down the track with the Ac:Bi generator, which h@msformed the practicality of TAT. Tb-
152 was later produced at the ISOLDE facility atRDE and Tb-149 at the Tandem
accelerator at ANU (Allen 2000) and later in clalicquantities at the 1GeV CERN
accelerator (Beyer 2002). However, Tb-149 failece tpracticality test for clinical
applications; ie it could not be readily availabtehe clinical level.

The use of gamma emitting radioisotopes for imagisgwell established in Nuclear
Medicine. Radioisotopes such as I-131, I-123, Gaf6205 and especially Tc-99m are used
to label targeting vectors to allow the pharmacekas of radio-conjugates to be determined
in human patients via single photon emission coemptbvmography (SPECT). Positron
emission tomography (PET) is developing rapidlyaasmportant diagnostic tool, with F-18
labeled FDG being the main workhorse with PET imggmachines. While most Nuclear
Medicine procedures relate to imaging, a small propn uses 1-131, Lu-176 and Y-90 for
therapy of cancer. However, the therapeutic efficaicbeta emitting radioisotopes has been
found to be limited and applications are more ss&fte in the palliative setting. In recent
years, alpha emitting radioisotopes have been mspdase 1 and 2 clinical trials for various
cancers. Results generally indicate substantiataey well below or at the maximum
tolerance dose. It is these studies that are reddvere.

A number of Symposia on alpha emitting radionudidetherapy have been held, the most
recent being at Berlin (TAT 2011). The principlasdgractices of targeted alpha therapy
(TAT) have been reported (Allen 1999 & 2006) andshrecently and completely in special

issues of Current Pharmaceuticals (Elgqgvist 20It¢ detailed development of the Bismuth
alpha emitting radioisotopes for therapy has begrewed by (Hassfjell 2001).

2 InVitroand In Vivo Studies

The Australian program was based on Bi-213, whglkeluted from the Ac-225 generator
(Finn 1997). The short half life of Bi-213, 46 mprecludes consideration of long biological
life times. Stable alpha-conjugates were synthdsiseour laboratory by labeling chelated
monoclonal antibodies with Bi-213 to form the alpiranuno-conjugates (AIC). These were
tested in vitro and in vivo for melanoma (Allen 2®0 Rizvi 2000), leukaemia (Rizvi 2002),
colorectal (Rizvi 2001), prostate (Li 2004a,b), naa (Song 2006) and pancreatic cancers
(Qu 2005a,b).

The short range of alpha particles, and the shait life of useful alpha emitting

radioisotopes are the arguments against TAT beingll eeffective in regressing tumours
(Allen 1999a). Consequently, our studies relatedhto destruction of isolated cancer cells
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and cell clusters and the inhibition of tumour gtlowTo this end we developed the 2 day
model in mice, where treatment followed 2 days fostulation of cancer cells. Mice were
then followed until tumours reached ~1 %nin all cases, complete inhibition of tumour
development was achieved with 75-100i local subcutaneous (sc) injection (ie in the sam
location as the cell inoculation). Higher activitizvere required for systemic (tail vein or
intraperitoneal) injection of the AIC. However, ieficy decreases for longer growth times
and larger tumours, but can be partially offsetryltiple dosing.

Intralesional alpha therapy was performed on hummatanoma xenografts in nude mice
(Allen, 2001b) and showed complete tumour regressier 4-8 weeks. Intralesional TAT of
melanoma with 30QiCi gave complete regression of melanoma xenograftside mice, but
was far less successful in breast and prostateursnd@hese results paved the way for the
intralesional phase 1 clinical trial (Allen 2006¥herein the mouse host for the human
melanoma was simply exchanged for a human host.

Acute activity tolerances are in the region of Z48Ci/kg for systemic intraperitoneal (ip)
injections. However, long term toxicity (~6 monihsmice) in the form of delayed radiation
nephrosis, reduces the MTD to ~9 mCi/kg in mice laeidveen 3 and 9 mCi/kg in rabbits.

While kinetics and bio-distributions will depend tme type of vector used, the melanoma
trial provided the basic data to determine speafgan doses for comparison with threshold
dose levels and the probability of induced secondancer. These data are of considerable
value in ensuring patient safety in further systephase 1 clinical trials.

PAI2 — uPAR alpha therapy

The PAI2-uPAR targeting system has several impbodrnantages. First, PAI2 is a human
protein, rather than a murine antibody, so overognproblems of immune response. Second,
it is a much smaller targeting molecule so can pates tissue more efficiently leading to
faster targeting, which is important considering #inort half life of the alpha conjugate (47
mins). Finally, pre-clinical studies of over-exgsen show that uPA is highly expressed in
around 75% of pancreatic adenocarcinomas, usingumoinstochemical staining, while
expression of uPA mRNA in normal pancreas is onBbt ®&f that for pancreatic
adenocarcinoma (Nielson 2005, Xue 2008, Qu 2009)us, although there is frequently a
high production of uPAR, which predicts poor sualj\but when present, this is countered
by a high production of its inhibitor PAI2 improvedrvival results. Therefore the provision
of exogenous PAI2 would not be expected to adweidébct survival.

The human recombinant PAI2 protein was successtediied in breast (Allen 2003), ovarian

(Qu 2005, Song 2006,8), prostate (Li 2002) and mmatic (Qu 2005a) cancers. These
conjugates are highly selective of and cytotoxitaigeted cancer cells. In vitro cytotoxicity

of alpha-conjugates is very much greater than betgugates, non-specific alpha-conjugates
and free alpha isotope. The lethal pathway for aliierapy is predominantly apoptosis (Li

2004a).
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Preclinical results shown in Figure 1 demonstram@mete inhibition of tumour growth at 4
mCi/kg dose at 2 days post-inoculation for local sdministration and 9 mCi/kg dose for
systemic administration (Qu 2005). All treated gr®showed responses varying from almost
complete inhibition to delayed tumour growth congghmith controls. However, the low
MW of PAI2 means that renal filtration will lead telayed radiation nephrosis (Allen
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Figure 1: Therapeutic Efficacy: The effect of a single irpreritoneal injection of*“Bi-PAI2 on
subcutaneous CFPAC-1 human pancreatic cancer xat®gr nude mice. Single i.p injections of 111,
222, 333 MBg/kg ofBi-PAI2; 333 MBq/kg of**®Bi-BSA (non-targeted hot control) and PAI-2 with no
alpha conjugate (cold control) were given two dagst-inoculation

2011a).

It is expected that a clinical trial for stage INangreatic cancer patients who have either
completed or declined standard systemic therapmddisoon show efficacy because of the
poor prognosis. Any delay in progression of thecas® would be of clear benefit to the
patient. Systemic targeted alpha therapy has ttenpal to regress pancreatic cancers and to
eliminate micrometastases. It is expected that Would be indicated for the control of
pancreatic cancer after resection of the primamnowr, when complete cell kill of
micrometastases could be achieved, leading tomditiin of clinical disease.

C595 anti-mucin alpha therapy

C595 is an 1gG3, murine monoclonal antibody raisgainst the protein of human
urinary epithelial mucin (MUC1). MUC1 is found toe bfrequently upregulated and
abnormally glycosylated in a number of common nmaitcies, including breast, bladder,
colon, ovarian, prostate and gastric cancer. Camsswciated MUCL is struc y different
to normal MUCL1 in that the former has shorter aeslsldense O-glycai: uiidins, which
exposes novel regions of the protein core.

The expression of tumor-associated antigen mudifHlC-1) on breast, prostate, ovarian

and pancreatic cancer cell lines, in cell clusinsl animal xenografts was detected by
indirect immmuno-staining. Monoclonal antibodiesAbs) C595 (test) and A2 (non-specific
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control) were labeled with®*3Bi using the chelator CHX-A" to form the alpha-
immunoconjugate (AIC).

Preclinical results show inhibition of tumour gréwand regression of cell clusters. Over
90% of primary prostate, pancreatic and ovarianotun® expressed MUC1 while 95% of
normal tissues did not (Qu 2004, Li 2004a, Song8B0QAllen 2011a). Further, MUC1
expression was found on the surface of cancerlioe. The lethal pathway in akh vitro
studies after TAT was found to be predominantlyapgptosis.

3 Clinical Trials

A great deal of preclinical work paved the way the advance to clinical trials in recent
years. The Sloan Kettering Memorial Cancer Centas ked the way, first with the
application of Bi-213 immunotherapy and later wifftt-225. Other laboratories have
concentrated on Bi-212 and At-211. The advantafiéiseoBi radioisotopes are that they can
be generated from long lived parents, Ac-225 wibhdland Th-228 with 1.91 y half lives,
which can be imported from overseas. The Ac-Bi gatoe has an additional advantage in
that it decays in house and does not need long waste disposal. At-211, with a 7 h half
life, needs to be used at or near the productien si

While the half lives of Bi-213 (47 minutes) and &i2 (61 minutes) are rather short, there is
sufficient time for synthesis of the alpha-immuraugates, and for vascular distribution
throughout the body. However, there is inadequate for infusion into tumours, which can
take 24-48 hours. This is one reason for the deveémt of the Ac-225 alpha-conjugate, as
the 10 d half life allows plenty of time for infusi through the target tumours. On the other
hand, the short range of the alpha products regjardigh degree of homogeneity if all
tumour cells are to be neutralised.

Targeting vectors must be specific for the canteilse treated. As such, a number of vectors
are being used or are to be introduced into thaccliThe following monoclonal antibodies
(MADb) are in use: humanised HuM195 targets acoyelogenous leukaemia; the murine
9.2.27 targets the MCSP antigen on melanoma cells GBM cells; the anti-CD20 for
lymphoma; MX35 F(ab’)2 for ovarian cancer; and theanan-mouse chimeric anti-tenascin
81C6 for GBM. In the case of bone cancer, Rat@s a natural affinity for bone. Other
proposed vectors are PAI2 against uPA, which ilyi@éxpressed by many cancers at their
most malignant stage, and C595 a murine MAB ag&ifi$€C-1, also of generic nature. The
polysaccharide capsule binding MAb 18 B7 is propdse fungal infection.

Seven clinical trials were reported at the Berli&TTsymposium (TAT, 2011). Bi-213 was
used for studies in acute myelogenous leukaemial(Akhelanoma and lymphoma; Ac225
for AML; Ra-223 for bone cancer and At-211 for GBd ovarian cancer. The Phase 1 Bi-
213 trial for AML has been completed and the curteal is phase 2 with chemotherapy pre-
treatment. The intralesional melanoma trial with2BB has also been completed, being
followed by a systemic trial with the same alphajagate. The following sections review the
results of past and current clinical trials, anel dhvjectives of proposed trials.
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Current and completed clinical trials are as fokow
» Completed Phase | study for acute myeloid leukadAiidl) (Jurcic, 2002)
* Ongoing phase Il study for post-chemotherapy of AMiwrcic, 2011)
* Ongoing phase | study with Ac-225 (Jurcic, 2011)
» Completed phase 1 trial for intralesional melangAiken, 2006)
* Phase 1 trial of systemic melanoma (Raja,2007;nA2@08, 2011b),
* Completed phase 1 trial of Glioblastoma (Zalut§05),
* Competed pilot trial of GBM (Cordier, 2010)
* Completed trial of Ra-223 for bone metastases $Niis2005),
* Phase 1 for lymphoma (Miederer, 2003).
* Phase 1 trial in GEP-NET (Kratochwil, 2011).

While solid tumours have never been envisaged itahéel targets for TAT, in contrast with
liquid cancers and micrometastases (Allen, 1998aye 4 advanced cancer patients are used
in phase 1 trials for toxicity studies.

The intralesional melanoma trial and our curresteayic melanoma trial use the 9.2.29 mab
to target the melanoma-associated chondroitin teulfaroteoglycan (MCSP) receptor
expressed by lesions of more than 90% of melanatiarjs. This antigen is the same as the
HMWMAA and thought to be identical with the NG2 nme anitgen. The antibody is
covalently coupled to the cDTPA chelator, and labtelvith the Bi-213 alpha emitting
radioisotope. The objective of these phase 1 timath stage 4 melanoma patients was to
determine the safety of the AIC, and so far congpidms of any type or level have not been
observed up to 25 mCi. However, unexpected tumegnessions have been observed at quite
low doses, such that a new concept was introduzedlain the clinical responses observed
after systemic alpha therapy, called tumour anteuéar alpha therapy (TAVAT) (Allen
2007). Leaky neogenic capillaries allow extra-véacdiffusion of the AIC to target antigens
on contiguous pericytes and cancer cells. Alphassiom Kills the capillary endothelial cells,
shutting down the capillaries with subsequent stiown of the tumour.

Acute myelogenous leukaemia (AML)

The feasibility, safety and anti-leukaemic activiti/the AIC, ?**Bi-CHX-A"-HUM195 was
demonstrated in stage 4 subjects with AML (Jurd©2). 18 patients with relapsed and
refractory acute myelogenous leukaemia or chronyelmonocytic leukaemia were treated
with 10.36 to 37 MBqg/kg of AIC. No significant eamedullary cytotoxicity was observed,
but all 17 evaluable subjects developed myelsugmeswith 22 d median recovery time.
The AIC localised rapidly within 10 minutes and weetained in areas of leukaemic
involvement, including the bone marrow, liver, aaplleen, as shown in Figure 2 below.

Absorbed dose ratios for these sites compared noaidissue were 1000 times greater than
for beta-emitting conjugates. 93% of subjects erpeed reductions in circulating blasts,
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and 78% had reductions in bone marrow blasts. Titss alpha therapy trial in humans
showed that the approach was safe, feasible ama@atius.
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Figure 2: Uptake of the AIC as a function of time in bonerroa
and liver. Saturation occurs within 10 minutes gofction.

AML phase 1&2

The phase 1 study reported in section 3.1 showatl vinile massive cell kill could be
achieved with TAT, the tumour load (~1 kg) was tiao high for control to be achieved. A
phase 1/2 trial was implemented that uses partygb-ieduction with cytarabine (200
mg/nf/day for 5 days) followed by 0.5 to 1.25 mCi/kgAifC. The MTD was 1 mCi/kg, the
dose limiting toxicity being myelosupression. 6 2§ subjects (24%) responded at >=1.0
mCi/kg, with 2 CRs lasting 9 and 12 months, 2 CRgtihg 2 and 5 months, and 2 PRs
lasting 4 and 7 months (TAT 2011).

Intralesional metastatic melanoma

The aim was to develop and implement intralesidaajeted alpha therapy (ITAT) for
metastatic melanoma, being the first part of a Enwgto establish a new systemic therapy.
The benign targeting vector 9.2.27 was labeled wilfBi to form the alpha-
immunoconjugate ?**Bi-cDTPA-9.2.27 (AIC), which is highly cytotoxic totargeted
melanoma cells (Allen 2001).

The safety and efficacy of intralesional AIC inipats with metastatic skin melanoma was
investigated in 16 melanoma patients, all with meitaas that were positive to the
monoclonal antibody 9.2.27 (Allen 2005). AIC do$esn 50 to 450uCi were injected into
lesions of different sizes, causing massive tunoalirdeath as observed by the presence of
tumour debris. The AIC was very effective in deling a high dose to the tumour while
sparing other tissues. There were no significaangks in blood proteins and electrolytes.
There was no evidence of a human-antimouse-antilbedgtion. Evidence of significant
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decline in serum marker melanoma-inhibitory-acgiyprotein (MIA) at 2 weeks post-TAT
was observed.

Intralesional TAT for melanoma in human patientssvi@und to be safe and efficacious to
1350 uCi (Allen, 2006). Tumours were resected we8ks post-ITAT, to show massive cell
debris in the injected volume, but no effect inraated tumour or in the antibody only
treated tumour in the same patient. Tumour to kidaetivity ratios were ~3000. MIA,
apoptosis and ki67 proliferation marker testsradicated that TAT is a promising therapy for
the control of inoperable secondary melanoma omany ocular melanoma. As such,
intralesional TAT is indicated for uveal melanonmal &rain metastases.

Bone metastases from breast and prostate cancenaseg 1 trial

?2Ra is a bone seeking alpha emitter with potentialpilliating breast and prostate cancer
metastatic to the bone. A phase 1 trial has begorted for 15 hormone refractory prostate
cancer patients and 10 breast cancer patientsjthlinetastatic bone disease (Nilsson 2005).
Activities of 50 to 250 kBg/kg were well tolerate@{25 subjects experienced grade 3
leucopenia; there was no grade 2+ thrombocytopanthno dose limiting toxicity. 10/25

subjects suffered diarrhoea. Evidence of effica@g viound with substantial reductions in
serum alkaline phosphatase (ALP) and improved gaiitrol, but was not dose dependent.

Bone metastases from prostate cancers- phase dltri

A randomised, double blind , placebo controlled]troentre phase Il study investigated the
effect of multiple doses of Ra-223 in subject wsfmptomatic hormone-refractory prostate
cancer (Nilsson 2007). Efficacy endpoints were tlegluction in bone-specific ALP
concentration and time to occurrence of skeletaked events (SRE).

Patients due to receive external beam radiothefapyain relief were randomly assigned to
4 monthly Ra-223 injections or saline injectiomsparallel with external beam radiotherapy.
Subjects were monitored for survival and long teaxicity out to 24 months. Confirmed
PSA response was defined as a 50% reduction froselibe; PSA progression a 25%
increase from the nadir and 50% increase for thvatle a confirmed PSA response. 64
patients were recruited into the trial, 33 beingigised to XBRT plus Ra-223. Baseline
values for both groups were not significantly diffiet, nor were adverse events. However,
the Ra-223 group had significant reductions infiakk markers, ie bone-ALP, total-ALP,
PINP, CTX-1 and ICTP. Significant differences weteserved with changes in PSA from
baseline to 4 weeks, PSA decreasing by 24% in 223 group and increasing by 45% in
the placebo group. Median time to progression oA R8d survival was 26 weeks and 65
weeks for Ra-223, compared with 8 weeks and 46 svewkplacebo (P=0.04 and 0.07).

Ra-223 was fast tracked by the FDA and is now itfs¢ &lpha therapy to be approved for
clinical application, specifically for palliatiorf bone metastases from prostate cancer.
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Glioblastoma Multiforme (GBM)

The first clinical application of At-211 in humamsvolved the injection into the resection
cavity of escalating doses tAt-human antimouse chimeric anti-tenascin MAb 81CB6.
(Zalutsky, 2005). Injected activities ranged fronn2l0 mCi, but the MTD was not reached.
However, 6 of 17 subjects experienced grade 2 nexicity at 6 weeks, which fully resolved
in all but one case. Radionecrosis was not obseflied median delivered dose was 2800
Gy, giving a median survival for GBM subjects (NFlef 52 weeks and 116 weeks for
anaplastic oligodendroglioma (N=3). These resultsngare favourably with 36 weeks
median survival after diagnosis for standard theraRegional administration of''At-
ch81C6 was found to be feasible, safe and efficacio

Glioma

Critically located gliomas represent a challengingubgroup of intrinsic brain
neoplasms because radical treatment and preserwatioeurological function are contrary
goals. The successful targeting of gliomas withallgcinjected *°Y-DOTAGA-substance P
was not indicated for critically located tumourdhexre the mean beta range of 5 mm may
seriously damage adjacent brain aré&®i emits alpha radiation with a mean range of 81
um and may have a more favourable toxicity proffféve patients with critically located
gliomas (WHO grades I-1V) were locally injectedtivf**Bi-DOTA-substance P in a pilot
study (Cordier 2010).

Targeted radio-peptide therapy usfiigBi-DOTA-substance P was found to be feasible and
tolerated without additional neurological defi¢o local or systemic toxicity was
observed**Bi-DOTA-substance P showed high retention at thgetssite. MR imaging was
suggestive of radiation induced necrosis and destiarcof the tumours, which

was validated by subsequent resection. This studyiged proof of concept that targeted
local radiotherapy usingBi-DOTA-substance P is feasible and may represeimmovative
and effective treatment for critically located glias. Primarily non-operable gliomas may
become resectable with this treatment, possiblyavipg prognosis.

Lymphoma

12 subjects with relapsed or refractory non-Hodghymphoma (NHL) have been treated so
far with 28, 33, 39 and 44 MBqg/kg Gf°Bi-anti-CD20, without evidence of short term
toxicity. Delayed toxicity was experienced by 5 jgas with myelosuppression and one
subject with fever. The dose limiting organ is bamarrow, which received 3.3 to 7.2
mGy/MBq (Schmidt, 2004).

Ovarian Cancer

Thea-emitter®*'At labeled to a monoclonal antibody has proven aafteffective in treating
microscopic ovarian cancer in the abdominal cawitynice (Andersson 2009). Women in
complete clinical remission after second-line chédrampy for recurrent ovarian carcinoma
were enrolled in a phase | study. The aim was terdene the pharmacokinetics for
assessing absorbed dose to normal tissues andigareg toxicity.
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Nine patients underwent laparoscopy 2-5 d befoeetlierapy; a peritoneal catheter was
inserted, and the abdominal cavity was inspectedxtdude the presence of macroscopic
tumor growth or major adhesions At was labeled to MX35 F(db using the reagent-
succinimidyl-3-(trimethylstannyl)-benzoate. Patemtere infused witf*At-MX35 F(ab),
(22.4-101 MBqg/L) in dialysis solution via the penkal catheter. Samples of blood, urine,
and peritoneal fluid were collected at 1-48 h. Hehogy, renal and thyroid function were
followed for a median of 23 months.

In terms of the initial activity concentration (IGj the infused solution, the decay-corrected
activity concentration decreased with time in tleeitpneal fluid to 50% IC at 24 h, increased
in serum to 6% IC at 45 h, and increased in theoilyto 127% + 63% IC at 20 h without
blocking and less than 20% IC with blocking. Noestbrgan uptakes could be detected. The
estimated absorbed dose to the peritoneum was A8.® mGy/(MBg/L), to red bone
marrow it was 0.14 + 0.04 mGy/(MBg/L), to the unpaladder wall it was 0.77 + 0.19
mGy/(MBq/L), to the unblocked thyroid it was 24.711.1 mGy/(MBqg/L), and to the blocked
thyroid it was 1.4 £ 1.6 mGy/(MBg/L) (mean + SD)oMdverse effects were observed.
Intraperitoneal administration df'At-MX35 F(ab), could achieve therapeutic absorbed
doses in microscopic tumor clusters without siguaifit toxicity.

4 Systemic therapy for metastatic melanoma

The aim of this Australian study was to asses<ityxand response of systemic alpha therapy
for metastatic melanoma using the alpha-immunoagaipf**Bi-cDTPA-9.2.27 (Raja, 2007).
Tools used to investigate the responses were, gddystamination, imaging of tumours,
pathology comparisons over 12 weeks, GFR, CT coisqnas and changes in tumour marker
over 8 weeks. Responses are based on RECIST ariteri

40 patients with stage IV melanoma/ in-transit etsis were treated with activities of 55-947
MBq. Using RECIST criteria 50% of subjects expecinh stable disease and 12% showed partial
response. One patient showed near complete res@dtesea 5 mCi IV injection of the AIC
(20/21 lesions completely disappeared, see Figuen@ was retreated at 12 months because of
an excellent response to the initial treatment. tAeppatient showed response in his tumour on
mandible and reduction in lung lesions. 30% ofegal experienced progressive disease over 8
weeks, and all subjects eventually progressed acclmbed to the disease.

The tumour marker melanoma inhibitory activity @iat (MIA) reduced over 8 weeks in most

patients. However, there was a disparity of dosé wasponders. Toxicity at any level was not
observed over the range of administered activities.
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The observation of responses without any toxiainigigates that targeted alpha therapy has the
potential to be a safe and effective therapeutipr@xh for metastatic melanoma.

Figure 3: 20 of 21 melanomas completely
regressed after systemic TAT. The initial
sizes of the larger tumours are shown as blue
rings. Post-TAT tumour beds revealed a
complete absence of viable melanoma cells.

The observation of efficacy at quite low doses skadwhat this trial, while adequate

as phase 1, was inadequate to investigate thelyimdefactors that were contributing

to the unexpected efficacy. As such, the trial weaminated in June 2007 without reaching the
MTD and a new trial was designed to provide moteaitil information.

Improvements to the trial

The earlier trial used the cDTPA chelator to lihle tantibody and radioisotope, as this was
the only commercially available chelator at thatdi As delayed radiation nephrosis is the
main concern, CHX-A", being more stable, is expédtereduce the renal uptake of free Bi-
213 and so increase the maximum tolerance dose¢h&orkidneys. Further, commercial
production of CHX-A" is now available (MacrocyclitsSA).

The monoclonal antibody 9.2.27 targets the MCSRjantand if expression is low, antigens
can be more readily saturated and blocked by ulémbantibody, thus limiting tumour
regression. One way around this problem is to as®dhe specific activity (SA) of the AIC.
The AIC is usually prepared by minimizing the frealio-isotope in the labeling process.
However, our objective is to minimize the unlabelentibody fraction. This then leads to a
higher SA, less blocking of target antigens, andareffective therapy. Further, the higher
specific activity will reduce the amount of antilyothjected, even at higher activities,
therefore reducing the HAMA effect.

Dose limiting toxicity will be defined in terms oénal function; GFR Gradel (normalized for
age) or Grade 2 serum creatinine. GFR will be mreakat 0, 26, 52 and 78 weeks. If there is
>25% decline GFR will be repeated in one monthvienification. Serum creatinine will be
measured at each visit.

A single administration of AIC was given in thestirtrial, (if needed 2-3 injections on the
same day to achieve the required injected activityith the higher activities, a fractionated
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dose regime will be more practical, and may giverioned efficacy as tumours capillaries
may be damaged, resulting in increased permeahlitthe AIC. Daily fractionation over 4-
5 days would not be of concern for immune respgH#eMA) as the time period is too short
for the generation of an immune response (7-14 Pays

Blocks of previous biopsies will be obtained witletconsent of the patient to assess the
expression of the targeted antigen MCSP. Tumowdyionay be taken to observe the effect
of the therapy.

Biological dosimetry will be obtained by observatiof radiation damage to peripheral
blood lymphocytes (Song 2007a). Radiation caussfottmation of micronuclei
in lymphocytes, which can be counted before anel iftatment with blood samples.

5 Discussion

Alpha therapy for AML is very effective in reducirtige AML cancer cell load. When used
with prior chemotherapy at the MTD level, some imignt complete and partial responses
are observed.

Patient data for NHL are not as encouraging, and iot yet clear if responses will be
observed at the MTD.

In the case of intralesional TAT, quite low injetttactivities (< 0.5 mCi) can bring about
tumour regression. Even with systemic therapy, emwtrary to expectations, melanomas
have been completely regressed without recurreitbesystemic administration of < 10 mCi
of AIC. There is no evidence of any adverse evaptt 25 mCi. The ability to regress solid
tumours was unexpected, and is explained by turantikvascular alpha therapy (TAVAT),
as hypothesised by Allen et al (2007). The diffasod AIC by leaky tumour capillaries into
the peri-capillary space allows the antigens ofgyes and contiguous cancer cells to be
targeted, from which alpha rays can kill endothal@ls, leading to closure of the capillaries.
If enough capillaries are closed down, then thedwmmay regress. The variable tumour
capillary permeability is expected to be the majetermining factor in TAVAT.

Monte Carlo calculations of the microdosimetry (Hga 2011) show that TAVAT is
theoretically possible in terms of Bi-213 concetitrias and the probability of alpha crossings
of the endothelial cell nucleus.

Intra-cavity administration of the AIC for GBM shewimproved survival of 52 weeks
without serious adverse events. This approach hgiest promise for improving prognosis
of this fatal disease.

Palliative therapy with Ra-223 appears promisingbi@ast and prostate cancer metastatic to

the bone. When used as therapy adjunctive to eltbeam radiotherapy, marked reductions
in PSA are seen for prostate cancer.
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Intraperitoneal administration of the AIC for ovaricancer may also be effective, and so far
has not induced any adverse events.

A number of preclinical studies should lead to redwical trials. Among these is the use of
PAI2 as a targeting vector for pancreatic cance&in® a small molecule (MW=47 kD),
alpha-PAI2 may more easily diffuse through tumoaypiltary fenestrations to target cancer
cells, and set up a TAVAT effect. On the down sgléhe higher renal uptake arising from
the lower MW. PAI2 targets UPA, a generic recepmapressed by many cancers. Also
generic in nature is the MUC-1 receptor, targetgthie MAb c595.

TAT could have application for the control of mibral disease and for AIDS. The potential
role of alpha therapy has been explored for fundmlease, the human pathogens
Cryptococcus neoformans and Histoplasma capsulatund, pneumococcal infection and
viral disease (Dadachova 2006).

Of some concern is the impact of second cancersingrfrom point mutations from
stochastic radiation damage to chromosomes andreataadiation damage repair. The high
radiation weighting factor for alpha particles,fR0) could limit the application of TAT to
end stage cancers. The mutagenic potentiaf'®i conjugated to a human melanoma
antigen-specific antibody (9.2.27) was examinedgsnin vivo transgenic mouse model
containing multiple copies oflacZ target gene in every cell, allowing the quantifiza and
comparison of mutagenesis in different organs @All2009). The mutant frequency and
mutant spectra were analysed for the brain, sp@enkidneys. The brain and spleen did not
show significant increases in induced mutation dmtpies compared to spontaneous
background levels or changes in mutant spectraethiesults being independent of p53
status. However, elevated mutation frequencies erdistent size change mutations were
observed in the kidneys, but were not significdd.05). The effect of p53 status was also
evident, as p53 heterozygotes displayed higher troatdrequencies than their wild-type
counterparts, suggesting a reduction in the p5& geay lead to an increased susceptibility to
mutagenesis These effects were time dependent kawels returned to those of the controls
at 4 weeks post-irradiation, albeit with a predaaninresidue of size mutations. However,
these mutations were observed at activities verghmhigher than those expected for the
therapy of human patients. As such, the inductioseoondary cancer with ti€Bi-cDTPA-
9.2.27 alpha immunoconjugate is not expected @ $ignificant problem in the clinic.

The objectives in the application of targeted alfitexapy (TAT) for cancer therapy relate to
the elimination of isolated cancer cells, cell tdus and tumours. Requirements for isolated
cancer cells are good cellular targeting, high gjeactivity and very short range to spare
normal tissue. The regression of cell clustersthe peri-vascular space requires high
capillary permeability and short range cross fileeveas for developed tumours, good bio-
availability and anti-capillary activity are essaht{Allen 2011c).
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Of the current sources of alpha radiation, the Ag&herator is the most practical, bringing
therapy to Nuclear Medicine with the same pradtigads the Mo:Tc generator has for
imaging.

6 Conclusions

Alpha therapy is still a work in progress, but grgains are being made in translating from
preclinical studies to clinical trials. Ideally s to leukaemia, alpha therapy is
demonstrating efficacy, but at the MTD. GBM resut@sm intra-cavity administration are
very promising, with 52 week median survival. Hoeevthe promise of targeted alpha
therapy is greatly extended by the development AVAT for solid tumours. Metastatic
melanoma results show surprising tumour regressabraoses very much below the MTD,
and if further research is successful, could chahgerognosis for end-stage cancers. More
studies are needed in the fields of dose normalizatreal time microdosimetry and
biological dosimetry for deterministic and stochasffects.
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