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Abstract
Despite recent advances, advanced prostate cancer is suboptimally responsive to current
chemotherapeutic agents. Radiolabeled monoclonal antibody therapy that targets prostate specific
membrane antigen (PSMA) shows promise and is an area of active investigation. J591 is a
deimmunized IgG monoclonal antibody developed to target the extracellular domain of PSMA.
Preclinical and early phase clinical studies utilizing radiolabeled J591 have demonstrated efficacy
in targeting tumor cells and decreasing levels of PSA. Radiolabeled J591 is well-tolerated, non-
immunogenic, and can be administered in multiple doses. The dose limiting toxicity is reversible
myelosuppression with little non-hematologic toxicity. Future studies will include approaches to
optimize patient selection and incorporate novel strategies to improve the success of anti-PSMA
radioimmunotherapy.

Keywords
prostate cancer; prostate specific membrane antigen; radioimmunotherapy; monoclonal antibodies

Introduction
Prostate cancer is the most commonly diagnosed cancer among men in the Western world,
accounting for 25% of all new cases of cancer and 14% of deaths from cancer. There was an
estimated 186,320 new cases and 28,660 deaths from prostate cancer in 2008.1 Although
many patients present with localized or indolent disease and eventually die of other causes,2,
3 there is still a significant proportion of patients that present or eventually progress to
advanced metastatic disease, for which no curative treatment exists. First line therapy for
advanced prostate cancer is androgen deprivation with a mean duration of response of 12-18
months.4 Following progression, chemotherapy offers a quality of life as well as
progression-free and overall survival benefit, although responses are transient and there is no
proven therapy that improves survival beyond initial chemotherapy.5-8

Because metastatic prostate cancer is suboptimally responsive to conventional
chemotherapy, novel molecularly targeted therapies are urgently needed. Monoclonal
antibodies (mAbs) have been successful in proving therapeutic efficacy in a variety of solid
and hematologic malignancies, and antibodies targeting CD20, ErbB2, CD33, CD52, EGFR,
and VEGF are currently in clinical practice. Monoclonal antibodies have the benefits of
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being “natural” proteins that possess exquisite specificity and high affinity for their
molecular target. In their native naked form, mAbs possess the ability to initiate
immunological effects, block receptors, or sequester ligands. Another area of investigation is
the use of tumor-targeted mAb as vehicles to deliver highly cytotoxic radionuclides, drugs,
or toxins to the desired cell population.9, 10

Because of their success in other cancer types or in targeting prostate cancer in pre-clinical
models, several mAbs have been studied in clinical trials in men with prostate cancer.
Prostate cancer represents an ideal target for mAb therapy for numerous reasons, including
the pattern of spread (bone marrow and lymph nodes, sites that typically receive high levels
of circulating antibody), and the small volume of disease that is ideally suited for antibody
delivery and antigen access. Prostate cancer is also radiation sensitive, rendering it an
excellent target for radiolabeled mAb therapy. A surrogate marker such as PSA allows rapid
clinical evaluation of potential therapeutic efficacy.

Prostate Specific Membrane Antigen
Prostate- specific membrane antigen (PSMA) is a prototypical cell-surface marker of
prostate cancer. It is an integral, type II membrane protein with abundant and nearly
universal expression on prostate epithelial cells, and is strongly upregulated in prostate
carcinoma.11-16 In contrast to other well known prostate-restricted molecules that are
secretory proteins (PSA, prostatic acid phosphatase), PSMA is an integral cell-surface
membrane protein that is not secreted. This makes PSMA an ideal target for mAb therapy.

Pathology studies indicate that PSMA is expressed by virtually all prostate cancers.17
Although first thought to be entirely prostate-specific,11-13 subsequent studies
demonstrated that PSMA is also expressed by cells of the small intestine, proximal renal
tubules and salivary glands.15 However, the level of expression in non-prostate tissues is
100-1000-fold less than in prostate tissue,16 and the site of PSMA expression in normal
cells (brush border/luminal location) are not typically exposed to circulating Ab. PSMA has
also been found to be expressed by vascular endothelial cells of various other solid tumors,
leading to the speculation that anti-PSMA antibodies may have the potential to specifically
target not just prostate cancer but all solid tumors using a vascular targeting approach.

The physiologic function of PSMA in prostate tumor biology is currently unknown. PSMA
expression increases progressively in higher grade cancers, metastatic disease and hormone-
refractory prostate cancer,13, 14, 18, 19 suggesting that PSMA has a functional role in
prostate cancer progression.

The first antibody to PSMA that was developed in 1998 was capromab (7E11/CYT-356), a
murine IgG1 produced from hybridoma. The use of this mAb validated PSMA as an in vivo
target for imaging,20, 21 although clinical treatment studies have been disappointing.22, 23
Capromab binds to an intracellular epitope of PSMA, requiring internalization or exposure
of the internal domain of PSMA externally, and therefore preferentially binds apoptotic or
necrosing cells.24, 25 As a result, capromab cannot bind viable cells and may therefore not
be of therapeutic benefit.11, 26 Recognition of these features led to the development of
other mAbs (J591, J415, J533 and E99) which target the external domain of PSMA, giving
easier and more rapid access to the antigen. This led to enhanced imaging and therapeutic
potential.26, 27 These PSMA specific antibodies could also be labeled with various
isotopes, such as 131Iodine, 177Lutetium, 90Yttrium, for use as an in vivo target for imaging.
20, 21 Radioisotope labeled antibodies can also be used as a systemic treatment, emitting α
or β particles, and delivering radiation to tumor cells.
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Radiolabeled J591: Preclinical and Phase I Trials
Murine mAb J591 (muJ591) was chosen for clinical development as it had been extensively
studied in preclinical models, demonstrating that it effectively targets PSMA expressed on
LNCaP cells.26 J591 has an affinity of 1 nm which has been shown to be an optimal affinity
in therapeutic models. Lower affinity provides suboptimal binding, while higher affinity
interferes with antibody penetration into tumor masses.28

Testing J591 radiolabeled with various isotopes has been performed utilizing an animal
model of prostate cancer in which athymic mice were implanted subcutaneously with
PSMA-expressing LNCaP cells. After allowing the tumors to reach a diameter of 7-10 mm,
the animals were treated with J591 radiolabeled with different isotopes, including 131Iodine
(131I-muJ591), 177Lutetium (177Lu-muJ591) and 90Yttrium (90Y-muJ591). These studies
showed that 90Y and 177Lu provide better dosimetry due to their longer intracellular half-
lives and radioiodine's relatively rapid clearance. Anti-tumor responses were seen with all
radionuclides with an apparent dose response relationship. Higher cumulative doses of
either 90Y or 177Lu could be delivered using fractionated dosing (multiple sub-maximum-
tolerated doses (MTD) rather than a single MTD dose). Median survival of the animals
improved by 300% for fractionated 90Y-muJ591 therapy (150 days vs. 52 days (control).
With fractionated dose 177Lu-muJ591, >80% of the mice were cured.29 A major limitation
of using a mouse mAb in patients was the development of a human anti-mouse antibody
(HAMA) response that precluded repetitive dosing. Therefore, mAb muJ591 was de-
immunized by using a next generation approach to humanization developed by Biovation,
Ltd. (Aberdeen, UK) into a humanized form (J591).30 The F(ab) region of muJ591 was
sequenced, immunoglobulin sequence motifs recognizable by human B and/or T cells were
identified and then replaced by human homologous sequences.

Initial phase I studies were performed using J591 trace-labeled with 111In using a DOTA
chelate. They showed that repetitive dosing was well tolerated with total doses of up to 500
mg/m2 without the development of a human anti-humanized (de-immunized) antibody
(HAHA) response.31, 32 No dose limiting toxicity (DLT) occurred and the MTD was not
reached. After the first dose, total body gamma camera images were obtained within one
hour post-infusion (day 0) and on 3 more occasions over the following week. Excellent
tumor targeting could be detected at all dose levels of mAb. No mAb targeting to non-
prostate cancer sites was observed. As seen in other trials using radiometals, the liver was
the primary site of excretion. Percent injected dose in the liver diminished with increasing
dose of antibody, and higher doses were associated with longer plasma clearance times.
33-35

Two independent phase I clinical trials were subsequently performed using 90Y or 177Lu
linked via a DOTA chelate to J591 in patients with castrate resistant prostate cancer.36, 37
The primary objectives of these trials were to define the MTDs of the isotopes as well as to
further define dosimetry, PK, and HAHA of the radiolabeled mAb conjugates. Anti-tumor
responses were assessed as a secondary endpoint. The design and entry criteria of the 2 trials
were identical. Eligible patients had a prior histologic diagnosis of prostate cancer and
evidence of progressing recurrent or metastatic disease. As prior studies had demonstrated
that all prostate cancers were PSMA-positive,17 no prospective determination of PSMA
expression was done. Patients were required to have an absolute neutrophil count (ANC) ≥
2.0 × 109/L, platelet count ≥ 150 × 109/L. Prior radiation therapy encompassing > 25% of
the skeleton or prior treatment with 89Strontium or 153Samarium was not permitted. Other
standard laboratory exclusion criteria applied as well.36, 37 Dose limiting toxicity in the 2
trials was defined as: hematologic toxicity consisting of severe thrombocytopenia (platelet <
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10 × 109/L) and/or grade 4 neutropenia (ANC < 0.5 × 109) for greater than 5 days; and other
toxicity consisting of grade ≥ 3 non-hematologic toxicity attributable to radiolabeled J591.

Patients enrolled in the 90Y-J591 phase I trial36 received an initial dose of 111In-J591 (20
mg, 5mCi) for pharmacokinetic and biodistribution determinations, followed one-week later,
with a dose of 90Y-J591. The dose schedule was selected to allow multiple imaging sessions
prior to 111In decay as well as clearance of the J591 from the initial dose prior to delivering
the 2nd dose. The 90Y dose was selected based on prior published experience with other
antibodies. The first dose utilized 4-5 mCi of 111In and allowed imaging for approximately
one week. Twenty-nine subjects were entered at the following dose levels: 5, 10, 15, 17.5
and 20 mCi/m2. Patients were eligible for up to three re-treatments if platelet and neutrophil
recovery were satisfactory. Four patients were re-treated. Dose-limiting toxicity was seen at
20 mCi/m2 with two patients experiencing thrombocytopenia with non-life threatening
bleeding episodes requiring platelet transfusions. The 17.5 mCi/m2 dose level was
determined to be the maximum tolerated dose. No re-treated patients experienced dose
limiting toxicity. Non-hematologic toxicity was not dose limiting. Among the 29 patients
receiving 111In-DOTA-J591, 19 patients had bone lesions and 13 patients had soft tissue
lesions. Seventeen of 19 (89%) patients with bone lesions and 9 of 13 (69%) with soft tissue
lesions were accurately targeted resulting in an overall targeting sensitivity of 26 of 32
(81%). Two patients treated at the 20 mCi/m2 dose level exhibited 85% and 70% declines in
PSA lasting 8 and 8.6 months prior to returning to pre-treatment values. In addition, these
two patients had objective measurable disease responses with 90% and 40% decrease in the
size of pelvic and retroperitoneal lymphadenopathy. Both patients were castrate-resistant
with lymph node-only disease and had not received prior chemotherapy. The second patient
was re-treated with 90Y-J591 on day 119. An additional 6 patients experienced PSA
stabilization by week 12.

Thirty five patients were enrolled in the 177Lu-J591 phase I trial.37 Patients received J591
radiolabeled with doses of 177Lu ranging from 10 mCi/m2 - 75 mCi/m2. Several patients
were retreated. Of the 3 patients at the 75 mCi/m2 dose level, one experienced dose-limiting
(grade 4) thrombocytopenia was and one experienced dose-limiting neutropenia of 6 days
duration. At the prior dose level of 70 mCi/m2, 6 patients were entered. Two patients had
transient grade 4 neutropenia not meeting the definition of DLT; 1 of these patients had
grade 4 thrombocytopenia. As there was only 1 DLT in these 6 patients, the 70 mCi/m2 dose
level was determined to be the MTD. Re-treatment was allowed after hematologic recovery.
Repeat dosing at 45 to 60 mCi/m2 6 to12 weeks after the initial dose resulted in dose-
limiting myelosuppression; up to 3 doses of 30 mCi/m2 could be safely administered.
Clearly identified sites of metastatic disease were successfully imaged by 177Lu-J591
scintigraphy in 100% of patients (Figure 1). All 35 patients in this trial had rising PSA
values including 7 patients with measurable disease. None of these 7 patients had an
objective tumor response, nor a ≥ 50% PSA decline. Based on PSA criteria, 14 patients
demonstrated progressive disease (PSA increase of ≥ 25%) after treatment while 21 of 35
patients had evidence of biologic activity. Four patients had ≥ 50% PSA declines lasting 3+
to 8 months, and 16 patients had PSA stabilization (< 25% increase from baseline) lasting at
least 28 days. The median duration of PSA stabilization was 60 days with a range of 28 to
601 days. No HAHA responses were detected.

Choice of radionuclide
For targeted radionuclide therapy, monoclonal antibodies and peptides can be labeled
efficiently with several radionuclides emitting beta particles (Table 1). The higher beta
energy particles of 90Y may be good for bulky tumors, but it may not be necessary or even
sub-optimal, for small tumors and especially bone or bone marrow metastases. The
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relatively low energy beta particles of 131I are ideal, but in vivo dehalogenation of
radioiodinated molecules is a major disadvantage for internalizing antibody and peptide
molecules. In contrast, 177Lu has a low energy beta particle with only 0.2-0.3 mm range and
delivers much lower radiation dose to bone marrow compared to 90Y. In addition, due to a
longer physical half-life (compared to 90Y), the tumor residence times are higher. As a
result, higher activities (more mCi amounts) of 177Lu labeled agents can be administered
with comparatively less radiation dose to marrow. In addition to the favorable properties
described above, 177Lu has gamma emission, enabling imaging to be performed using the
treatment dose (as opposed to using 111In followed by 90Y in the aforementioned phase I
trial). Based on planned future directions (see below), 177Lu has been chosen for further
development. However, because of the physical properties of 177Lu, one should note that
treatment of bulky metastatic castration-resistant prostate cancer (CRPC) is likely a
suboptimal patient population in which to test the true antitumor efficacy of 177Lu-J591
based RIT.

Phase II trial of 177Lu -J591 for metastatic CRPC
Based upon the phase I results described above,37 a phase II trial was initiated at two
centers and has now completed enrollment.38 Subjects with progressive metastatic castrate
resistant prostate cancer received one dose of 177Lu -J591 in two-cohorts. The MTD of the
phase I study37 was 70 mCi/m2. However, based upon restrictions imposed by the FDA, the
initial cohort of patients on this phase II trial was treated with 65 mCi/m2. Cohort 1 (65mCi/
m2) enrolled 15 pts; Cohort 2 enrolled (70mCi/m2) 17 pts. The primary endpoint was PSA
and/or measurable disease response; the secondary endpoint was toxicity. A 177Lu-J591
imaging study was performed to confirm tumor targeting. In this study, the median age was
71 years (range 51 – 88), median baseline PSA 77.92 ng/mL (range 3.31 – 2184.6). All
patients underwent planar 177Lu-J591 scans after treatment. Excellent targeting of known
sites of prostate cancer metastases was observed in 30/32 (94%) of patients.
Thrombocytopenia was the most common severe hematologic toxicity. No significant drug-
related non-hematologic toxicity occurred. PSA declines were observed in more patients
receiving the dose of 70 mCi/m2 (71%) compared to 65 mCi/m2 (46%).

In summary, three trials provide support that radiolabeled J591 is well-tolerated and non-
immunogenic. Radiolabeled J591 effectively targets prostate cancer metastases with
sensitivity and specificity and produces PSA declines. Both 177Lu-J591 and 90Y-J591 are
dose limited by myelosuppression with little non-hematologic toxicity. Patients with
metastatic CRPC tolerate anti-PSMA RIT either prior to or after chemotherapy and no long-
term effects on bone marrow function have been seen.

Future Directions
The current focus of research with anti-PSMA-based RIT is to develop strategies to improve
efficacy.

Improving Patient Selection
Because PSMA expression has been described in virtually all studies evaluating expression
in prostate cancer tissue, no selection for PSMA expression has been performed to date. It is
unknown if levels of expression are associated with response to anti-PSMA based therapy In
a retrospective post-hoc analysis of patients treated with 177Lu-J591, the quality of imaging
as determined by visual scale and semi-quantitative tumor targeting index values (177Lu
tumor counts corrected for background/total body counts) correlated with PSA decline.39
This observation is being further studied prospectively in ongoing trials. If the intensity of
radiolabeled J591 imaging predicts future response, studies examining the ability to pre-
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select appropriate patients with an imaging study to enrich the target population will
proceed. In addition, studies examining PSMA expression in circulating tumor cells are
ongoing.

Dose Fractionation
In radiotherapy, the anti-tumor response is primarily due to induction of apoptosis.40-43
However, the degree of anti-tumor response following the administration of radiolabeled
mAbs depends on several variables, including total (cumulative) radiation dose to the tumor,
dose-rate, and tumor radiosensitivity. Single-agent radioimmunotherapy (RIT), although
useful for slowing solid tumor growth, has not been effective in completely eliminating
large, aggressive tumors. These tumors often have p53 mutations, and are less susceptible to
apoptosis which is the proposed mechanism of cell death from low dose-rate radiation.44
Therefore, strategies are being developed to optimize dosimetry to the bone marrow and
tumor by dose-fractionation and/or combining RIT with chemotherapy. In addition, studies
to optimize patient selection are underway.

Bone marrow is the dose-limiting organ in radioimmunotherapy in the absence of marrow
reconstitution. Dose-fractionation is a practical strategy to decrease the dose to bone marrow
while increasing the cumulative radiation dose to the tumor at an optimal dose-rate.43, 45,
46 Dose fractionation may take advantage of the difference between early-responding and
late-responding tissue. The radiation effect on early-responding tissue can be reduced by
prolonging the treatment time and dose fractionation. The radiation effect on late-responding
tissues will not be changed significantly if the total dose is not changed.43, 46 Preclinical
data have shown that dose fractionation or multiple low dose treatments can decrease
toxicity while increasing the efficacy.41, 47, 48 Similarly, there is some clinical evidence
that bone marrow toxicity can be reduced with some modest increase in the cumulative
maximum tolerated dose.49-51

To test these concepts using J591, a phase I dose escalation study sponsored by the
Department of Defense has begun for men with progressive metastatic castrate resistant
prostate cancer.52 Cohorts of 3-6 pts with progressive metastatic castrate resistant prostate
cancer receive 2 doses of 177Lu -J591 2 weeks apart: Cohort 1 (20 mCi/m2 ×2), dose
escalation 5 mCi/m2 per dose per cohort. The primary endpoint is to determine dose-limiting
toxicity (DLT) and the cumulative maximum tolerated dose (MTD) of fractionated 177Lu -
J591 RIT with pharmacokinetics and dosimetry and secondary endpoints of efficacy. Dose
limiting toxicity is defined as severe thrombocytopenia (platelet count < 15 or need for > 3
platelet transfusions in 30 days), grade 4 neutropenia, febrile neutropenia, or grade > 2 non-
hematologic toxicity. Initial results appear encouraging with no DLT observed past cohort 4
and PSA declines achieved in subjects at doses above the initial cohort.

Chemo-Radioimmunotherapy
Although there is clear efficacy of anti-PSMA-based RIT in the treatment of metastatic
CRPC, the results are limited. All men treated to date with mature follow up have
progressed clinically. Following progression on primary hormonal therapy, chemotherapy
offers a quality of life as well as survival benefit, although responses are transient and there
is no proven therapy beyond initial chemotherapy.7, 8 The combination of taxane
chemotherapy with radiotherapy has been used in several diseases because of the
radiosensitizing effects of taxane-based chemotherapy.53-55 The combination of taxane
chemotherapy with radioimmunotherapy has also been studied in pre-clinical and early
clinical studies.56-58 In addition to favorable results from fractionated radioimmunotherapy,
and the radiosensitizing effects of taxane-based chemotherapy, it is hypothesized that the
additional debulking by chemotherapy will overcome some of the limits imposed by the
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physical characteristics of 177Lu. Based upon these data, a phase I trial of docetaxel and
prednisone with escalating doses of fractionated 177Lu-J591 will begin accrual in 2009.

Salvage Radioimmunotherapy
In the current era, the majority of relapses after local therapy are initially “biochemical”
only, i.e. a rising PSA despite no evidence of cancer on imaging.59, 60 This clinical
scenario affects approximately 50,000 men per year in the United States alone. Although
there is no proven overall survival benefit in a prospective randomized trial, radiotherapy to
the prostatic fossa as a salvage regimen can lead to long-term disease-free survival in
selected individuals.61-64 Unfortunately, most subsequently suffer systemic progression
because of subclinical micrometastatic disease outside of the radiation field.

Based on the demonstrated ability of J591-based therapy to successfully target known sites
of disease and the clinical efficacy in the advanced setting, it is now under investigation in
the salvage setting. “Targeted radiotherapy” in the form of radioimmunotherapy is an
attractive option with the possibility of a more effective therapy in the minimal disease
(biochemical only) setting. The most studied form of radiommunotherapy to date targets the
CD20 antigen (131Itositumomab and 90Y ibritumomab tiuxetan) in non-Hodgkin lymphoma.
While approved in the relapsed setting, it appears that these therapies have their greatest
impact in the minimal disease setting65-70

Based upon acceptable toxicity and demonstrated anti-tumor activity, a multicenter
randomized phase II trial in castrate non-metastatic biochemically progressive disease will
begin accrual in 2009. The primary objective of this trial is to prevent or delay
radiographically evident metastatic disease. Subjects with biochemically progressive
prostate cancer after local therapy and initial hormonal therapy (testosterone level < 50) at
high risk for early development of metastatic disease (short PSA doubling time or elevated
absolute PSA)71 will be included. Subjects will receive ketoconazole and hydrocortisone
and be randomized to a single infusion of 177Lu-J591 or a single infusion of trace-
labeled 111In-J591 (i.e. placebo). Radiolabeled J591 imaging will also be performed in all
patients as this group of patients have no evidence of metastatic prostate cancer on
traditional imaging modalities (bone scan and CT/MRI). The utility of radiolabeled J591
imaging to identify occult sites of disease will be explored.

Conclusion
Prostate specific membrane antigen is the most highly-established prostate cell-surface
antigen known. Radioimmunotherapeutic approaches targeting PSMA are well-tolerated and
demonstrate anti-tumor activity. Clinical trials are underway to further improve upon
efficacy and patient selection.

Acknowledgments
Sources of Support: Prostate Cancer Foundation, Department of Defense (PC040566), National Institutes of Health
(ULI RR024996, 1-KL2-RR024997-01), David H. Koch Foundation

References
1. Jemal A, Siegel R, Ward E, et al. Cancer statistics, 2008. CA Cancer J Clin. 2008; 58:71–96. serial

online. [PubMed: 18287387]
2. Albertsen PC, Hanley JA, Gleason DF, Barry MJ. Competing risk analysis of men aged 55 to 74

years at diagnosis managed conservatively for clinically localized prostate cancer. JAMA. 1998;
280:975–980. [PubMed: 9749479]

Tagawa et al. Page 7

Cancer. Author manuscript; available in PMC 2011 February 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

UH & EURATOM Ex. 2033-007 
Fusion v. Universität Heidelberg, et al. 

IPR2023-00551



3. Albertsen PC, Hanley JA, Fine J. 20-year outcomes following conservative management of
clinically localized prostate cancer. JAMA. 2005; 293:2095–2101. [PubMed: 15870412]

4. Scher, HI.; Leibel, SA.; Fuks, Z.; Cordon-Cardo, C.; Scardino, PT. Cancers of the prostate. 7th.
DeVita, VT., Jr; Hellman, S.; Rosenberg, SA., editors. Philadelphia, PA: Lippincott Williams &
Wilkins; 2005.

5. Tannock I, Osoba D, Stockler M, et al. Chemotherapy with mitoxantrone plus prednisone or
prednisone alone for symptomatic hormone-resistant prostate cancer: A canadian randomized trial
with palliative end points. J Clin Oncol. 1996; 14:1756–1764. [PubMed: 8656243]

6. Kantoff PW, Halabi S, Conaway M, et al. Hydrocortisone with or without mitoxantrone in men with
hormone-refractory prostate cancer: Results of the cancer and leukemia group B 9182 study. J Clin
Oncol. 1999; 17:2506. [PubMed: 10561316]

7. Petrylak DP, Tangen CM, Hussain MH, et al. Docetaxel and estramustine compared with
mitoxantrone and prednisone for advanced refractory prostate cancer. N Engl J Med. 2004;
351:1513–1520. [PubMed: 15470214]

8. Tannock IF, de Wit R, Berry WR, et al. Docetaxel plus prednisone or mitoxantrone plus prednisone
for advanced prostate cancer. N Engl J Med. 2004; 351:1502–1512. [PubMed: 15470213]

9. Imai KT, Akinori. Comparing antibody and small-molecule therapies for cancer. Nature reviews
Cancer. 2006; 6:714.

10. Allen TM. Ligand-targeted therapeutics in anticancer therapy. Nature reviews Cancer. 2002; 2:750.
11. Horoszewicz JS, Kawinski E, Murphy GP. Monoclonal antibodies to a new antigenic marker in

epithelial prostatic cells and serum of prostatic cancer patients. Anticancer Res. 1987; 7:927–935.
[PubMed: 2449118]

12. Israeli RS, Powell CT, Fair WR, Heston WD. Molecular cloning of a complementary DNA
encoding a prostate-specific membrane antigen. Cancer Res. 1993; 53:227–230. [PubMed:
8417812]

13. Israeli RS, Powell CT, Corr JG, Fair WR, Heston WD. Expression of the prostate-specific
membrane antigen. Cancer Res. 1994; 54:1807–1811. [PubMed: 7511053]

14. Wright GL, Haley C, Beckett ML, Schellhammer PF. Expression of prostate-specific membrane
antigen in normal, benign, and malignant prostate tissues. Urologic Oncology: Seminars and
Original Investigations. 1995/0; 1:18–28.

15. Troyer JK, Beckett ML, Wright GL Jr. Detection and characterization of the prostate-specific
membrane antigen (PSMA) in tissue extracts and body fluids. Int J Cancer. 1995; 62:552–558.
[PubMed: 7665226]

16. Sokoloff RL, Norton KC, Gasior CL, Marker KM, Grauer LS. A dual-monoclonal sandwich assay
for prostate-specific membrane antigen: Levels in tissues, seminal fluid and urine. Prostate. 2000;
43:150–157. [PubMed: 10754531]

17. Bostwick DG, Pacelli A, Blute M, Roche P, Murphy GP. Prostate specific membrane antigen
expression in prostatic intraepithelial neoplasia and adenocarcinoma: A study of 184 cases.
Cancer. 1998; 82:2256–2261. [PubMed: 9610707]

18. Wright GL Jr, Grob BM, Haley C, et al. Upregulation of prostate-specific membrane antigen after
androgen-deprivation therapy. Urology. 1996; 48:326–334. [PubMed: 8753752]

19. Sweat SD, Pacelli A, Murphy GP, Bostwick DG. Prostate-specific membrane antigen expression is
greatest in prostate adenocarcinoma and lymph node metastases. Urology. 1998; 52:637–640.
[PubMed: 9763084]

20. Kahn D, Williams RD, Manyak MJ, et al. 111Indium-capromab pendetide in the evaluation of
patients with residual or recurrent prostate cancer after radical prostatectomy. the ProstaScint
study group. J Urol. 1998; 159:2041–2046. [PubMed: 9598514]

21. Kahn D, Williams RD, Haseman MK, Reed NL, Miller SJ, Gerstbrein J.
Radioimmunoscintigraphy with in-111-labeled capromab pendetide predicts prostate cancer
response to salvage radiotherapy after failed radical prostatectomy. J Clin Oncol. 1998; 16:284–
289. [PubMed: 9440754]

22. Kahn D, Austin JC, Maguire RT, Miller SJ, Gerstbrein J, Williams RD. A phase II study of [90Y]
yttrium-capromab pendetide in the treatment of men with prostate cancer recurrence following
radical prostatectomy. Cancer Biother Radiopharm. 1999; 14:99–111. [PubMed: 10850293]

Tagawa et al. Page 8

Cancer. Author manuscript; available in PMC 2011 February 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

UH & EURATOM Ex. 2033-008 
Fusion v. Universität Heidelberg, et al. 

IPR2023-00551



23. Deb N, Goris M, Trisler K, et al. Treatment of hormone-refractory prostate cancer with 90Y-
CYT-356 monoclonal antibody. Clin Cancer Res. 1996; 2:1289–1297. [PubMed: 9816299]

24. Troyer JK, Feng Q, Beckett ML, Wright GL. Biochemical characterization and mapping of the
7E11-C5.3 epitope of the prostate-specific membrane antigen. Urologic Oncology: Seminars and
Original Investigations. 1995/0; 1:29–37.

25. Troyer JK, Beckett ML, Wright GL Jr. Location of prostate-specific membrane antigen in the
LNCaP prostate carcinoma cell line. Prostate. 1997; 30:232–242. [PubMed: 9111600]

26. Liu H, Moy P, Kim S, et al. Monoclonal antibodies to the extracellular domain of prostate-specific
membrane antigen also react with tumor vascular endothelium. Cancer Res. 1997; 57:3629–3634.
[PubMed: 9288760]

27. Liu H, Rajasekaran AK, Moy P, et al. Constitutive and antibody-induced internalization of
prostate-specific membrane antigen. Cancer Res. 1998; 58:4055–4060. [PubMed: 9751609]

28. Adams GP, Schier R, McCall AM, Simmons HH, Horak EM, Alpaugh RK, Marks JD, Weiner
LM. High affinity restricts the localization and tumor penetration of single-chain fv antibody
molecules. Cancer research. 2001; 61:4750. [PubMed: 11406547]

29. Smith-Jones PM, Vallabhajosula S, Navarro V, Bastidas D, Goldsmith SJ, Bander NH.
Radiolabeled monoclonal antibodies specific to the extracellular domain of prostate-specific
membrane antigen: Preclinical studies in nude mice bearing LNCaP human prostate tumor. J Nucl
Med. 2003; 44:610–617. [PubMed: 12679407]

30. Bander NH, Nanus DM, Milowsky MI, Kostakoglu L, Vallabahajosula S, Goldsmith SJ. Targeted
systemic therapy of prostate cancer with a monoclonal antibody to prostate-specific membrane
antigen. Semin Oncol. 2003; 30:667–676. [PubMed: 14571414]

31. Bander NH, Nanus D, Bremer S, et al. Phase I clinical trial targeting a monoclonal antibody (mAb)
to the extracellular domain of prostate specific membrane antigen (PSMAext) in patients with
hormone-independent prostate cancer. Proc Am Soc Clin Oncol. 2000; 19 Abstr 1872.

32. Bander NH, Nanus D, Goldstein S, et al. Phase I trial of humanized monoclonal antibody (mAb) to
prostate specific membrane Antigen/Extracellular domain (PSMAext). Proc Am Soc Clin Oncol.
2001; 20 Abst 722.

33. Vallabhajosula S, Goldsmith SJ, Hamacher KA, et al. Prediction of myelotoxicity based on bone
marrow radiation-absorbed dose: Radioimmunotherapy studies using 90Y- and 177Lu-labeled
J591 antibodies specific for prostate-specific membrane antigen. J Nucl Med. 2005; 46:850–858.
[PubMed: 15872360]

34. Vallabhajosula S, Goldsmith SJ, Kostakoglu L, Milowsky MI, Nanus DM, Bander NH.
Radioimmunotherapy of prostate cancer using 90Y- and 177Lu-labeled J591 monoclonal
antibodies: Effect of multiple treatments on myelotoxicity. Clin Cancer Res. 2005; 11:7195s–
7200s. [PubMed: 16203821]

35. Vallabhajosula S, Kuji I, Hamacher KA, et al. Pharmacokinetics and biodistribution of 111In- and
177Lu-labeled J591 antibody specific for prostate-specific membrane antigen: Prediction of 90Y-
J591 radiation dosimetry based on 111In or 177Lu? J Nucl Med. 2005; 46:634–641. [PubMed:
15809486]

36. Milowsky MI, Nanus DM, Kostakoglu L, Vallabhajosula S, Goldsmith SJ, Bander NH. Phase I
trial of yttrium-90-labeled anti-prostate-specific membrane antigen monoclonal antibody J591 for
androgen-independent prostate cancer.see comment. J Clin Oncol. 2004; 22:2522–2531. [PubMed:
15173215]

37. Bander NH, Milowsky MI, Nanus DM, Kostakoglu L, Vallabhajosula S, Goldsmith SJ. Phase I
trial of 177lutetium-labeled J591, a monoclonal antibody to prostate-specific membrane antigen, in
patients with androgen-independent prostate cancer. J Clin Oncol. 2005; 23:4591–4601. [PubMed:
15837970]

38. Tagawa ST, Milowsky MI, Morris M, et al. Phase II trial of 177Lutetium radiolabeled anti-
prostate-specific membrane antigen (PSMA) monoclonal antibody J591 (177Lu-J591) in patients
(pts) with metastatic castrate-resistant prostate cancer (metCRPC). J Clin Oncol. 2008; 26:284s.
Abst 5140.

Tagawa et al. Page 9

Cancer. Author manuscript; available in PMC 2011 February 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

UH & EURATOM Ex. 2033-009 
Fusion v. Universität Heidelberg, et al. 

IPR2023-00551



39. Hynecek R, Goldsmith SJ, Vallabahajosula S, Nanus D, Tagawa ST, Bander NH. 177Lu-J591
monoclonal antibody (lu-J591) therapy in metastatic castrate resistant prostate cancer (metCRPC):
Correlation of antibody-tumor targeting and treatment response. J Nucl Med. 2008; 49:144P.

40. Meyn RE. Apoptosis and response to radiation: Implications for radiation therapy. Oncology
(Williston Park). 1997; 11:349. discussion 356, 361, 365. [PubMed: 9109128]

41. Kroger LA, DeNardo GL, Gumerlock PH, et al. Apoptosis-related gene and protein expression in
human lymphoma xenografts (raji) after low dose rate radiation using 67Cu-2IT-BAT-lym-1
radioimmunotherapy. Cancer Biother Radiopharm. 2001; 16:213–225. [PubMed: 11471486]

42. Mirzaie-Joniani H, Eriksson D, Sheikholvaezin A, et al. Apoptosis induced by low-dose and low-
dose-rate radiation. Cancer. 2002; 94:1210–1214. [PubMed: 11877747]

43. DeNardo GL, Schlom J, Buchsbaum DJ, et al. Rationales, evidence, and design considerations for
fractionated radioimmunotherapy. Cancer. 2002; 94:1332–1348. [PubMed: 11877764]

44. Burke PA, DeNardo SJ, Miers LA, Kukis DL, DeNardo GL. Combined modality
radioimmunotherapy. promise and peril. Cancer. 2002; 94:1320–1331. [PubMed: 11877763]

45. O'Donoghue JA, Sgouros G, Divgi CR, Humm JL. Single-dose versus fractionated
radioimmunotherapy: Model comparisons for uniform tumor dosimetry. J Nucl Med. 2000;
41:538–547. [PubMed: 10716330]

46. Shen S, Duan J, Meredith RF, et al. Model prediction of treatment planning for dose-fractionated
radioimmunotherapy. Cancer. 2002; 94:1264–1269. [PubMed: 11877755]

47. Vriesendorp HM, Shao Y, Blum JE, Quadri SM, Williams JR. Fractionated intravenous
administration of 90Y-labeled B72.3 GYK-DTPA immunoconjugate in beagle dogs. Nucl Med
Biol. 1993; 20:571–578. [PubMed: 8358342]

48. Buchsbaum D, Khazaeli MB, Liu T, et al. Fractionated radioimmunotherapy of human colon
carcinoma xenografts with 131I-labeled monoclonal antibody CC49. Cancer Res. 1995; 55:5881s–
5887s. [PubMed: 7493364]

49. DeNardo GL, DeNardo SJ, Lamborn KR, et al. Low-dose, fractionated radioimmunotherapy for B-
cell malignancies using 131I-lym-1 antibody. Cancer Biother Radiopharm. 1998; 13:239–254.
[PubMed: 10850360]

50. Steffens MG, Boerman OC, Oyen WJ, et al. Intratumoral distribution of two consecutive injections
of chimeric antibody G250 in primary renal cell carcinoma: Implications for fractionated dose
radioimmunotherapy. Cancer Res. 1999; 59:1615–1619. [PubMed: 10197637]

51. Hindorf C, Linden O, Stenberg L, Tennvall J, Strand SE. Change in tumor-absorbed dose due to
decrease in mass during fractionated radioimmunotherapy in lymphoma patients. Clin Cancer Res.
2003; 9:4003S–6S. [PubMed: 14506200]

52. Tagawa ST, Vallabahajosula S, Goldsmith SJ, et al. Abst 172. Phase I trial of fractionated-dose
177Lutetium radiolabeled anti-prostate-specific membrane antigen (PSMA) monoclonal antibody
J591 (177Lu-J591) in patients with metastatic castrate-resistant prostate cancer. Proceedings of the
2009 Genitourinary Cancers Symposium. 2009

53. Choy H, Rodriguez FF, Koester S, Hilsenbeck S, Von Hoff DD. Investigation of taxol as a
potential radiation sensitizer. Cancer. 1993; 71:3774–3778. [PubMed: 8098270]

54. Tishler RB, Schiff PB, Geard CR, Hall EJ. Taxol: A novel radiation sensitizer. Int J Radiat Oncol
Biol Phys. 1992; 22:613–617. [PubMed: 1346533]

55. Hennequin C, Giocanti N, Favaudon V. Interaction of ionizing radiation with paclitaxel (taxol) and
docetaxel (taxotere) in HeLa and SQ20B cells. Cancer Res. 1996; 56:1842–1850. [PubMed:
8620502]

56. O'Donnell RT, DeNardo SJ, Miers LA, et al. Combined modality radioimmunotherapy for human
prostate cancer xenografts with taxanes and 90yttrium-DOTA-peptide-ChL6. Prostate. 2002;
50:27–37. [PubMed: 11757033]

57. Richman CM, Denardo SJ, O'Donnell RT, et al. High-dose radioimmunotherapy combined with
fixed, low-dose paclitaxel in metastatic prostate and breast cancer by using a MUC-1 monoclonal
antibody, m170, linked to indium-111/yttrium-90 via a cathepsin cleavable linker with
cyclosporine to prevent human anti-mouse antibody. Clin Cancer Res. 2005; 11:5920–5927.
[PubMed: 16115934]

Tagawa et al. Page 10

Cancer. Author manuscript; available in PMC 2011 February 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

UH & EURATOM Ex. 2033-0010 
Fusion v. Universität Heidelberg, et al. 

IPR2023-00551



58. Kelly MP, Lee FT, Smyth FE, Brechbiel MW, Scott AM. Enhanced efficacy of 90Y-radiolabeled
anti-lewis Y humanized monoclonal antibody hu3S193 and paclitaxel combined-modality
radioimmunotherapy in a breast cancer model. J Nucl Med. 2006; 47:716–725. [PubMed:
16595507]

59. Moul JW. Prostate specific antigen only progression of prostate cancer. J Urol. 2000; 163:1632–
1642. [PubMed: 10799151]

60. Scher HI, Eisenberger M, D'Amico AV, et al. Eligibility and outcomes reporting guidelines for
clinical trials for patients in the state of a rising prostate-specific antigen: Recommendations from
the prostate-specific antigen working group. J Clin Oncol. 2004; 22:537–556. [PubMed:
14752077]

61. Pazona JF, Han M, Hawkins SA, Roehl KA, Catalona WJ. Salvage radiation therapy for prostate
specific antigen progression following radical prostatectomy: 10-year outcome estimates. J Urol.
2005; 174:1282–1286. [PubMed: 16145393]

62. Buskirk SJ, Pisansky TM, Schild SE, et al. Salvage radiotherapy for isolated prostate specific
antigen increase after radical prostatectomy: Evaluation of prognostic factors and creation of a
prognostic scoring system. J Urol. 2006; 176:985–990. [PubMed: 16890677]

63. Stephenson AJ, Shariat SF, Zelefsky MJ, et al. Salvage radiotherapy for recurrent prostate cancer
after radical prostatectomy. JAMA. 2004; 291:1325–1332. [PubMed: 15026399]

64. Ward JF, Zincke H, Bergstralh EJ, Slezak JM, Blute ML. Prostate specific antigen doubling time
subsequent to radical prostatectomy as a prognosticator of outcome following salvage
radiotherapy. J Urol. 2004; 172:2244–2248. [PubMed: 15538240]

65. Kaminski M, Estes J, Zasadny K, et al. Radioimmunotherapy with iodine 131I tositumomab for
relapsed or refractory B-cell non-hodgkin lymphoma: Updated results and long-term follow-up of
the university of michigan experience. Blood. 2000; 96:1259–1266. [PubMed: 10942366]

66. Kaminski MS, Zelenetz AD, Press OW, et al. Pivotal study of iodine I 131 tositumomab for
chemotherapy-refractory low-grade or transformed low-grade B-cell non-hodgkin's lymphomas. J
Clin Oncol. 2001; 19:3918–3928. [PubMed: 11579112]

67. Press OW, Unger JM, Braziel RM, et al. A phase 2 trial of CHOP chemotherapy followed by
tositumomab/iodine I 131 tositumomab for previously untreated follicular non-hodgkin
lymphoma: Southwest oncology group protocol S9911. Blood. 2003; 102:1606–1612. [PubMed:
12738671]

68. Kaminski MS, Tuck M, Estes J, et al. 131I-tositumomab therapy as initial treatment for follicular
lymphoma. N Engl J Med. 2005; 352:441–449. [PubMed: 15689582]

69. Leonard JP, Coleman M, Kostakoglu L, et al. Abbreviated chemotherapy with fludarabine
followed by tositumomab and iodine I 131 tositumomab for untreated follicular lymphoma. J Clin
Oncol. 2005; 23:5696–5704. [PubMed: 16110029]

70. Press OW, Unger JM, Braziel RM, et al. Phase II trial of CHOP chemotherapy followed by
tositumomab/iodine I-131 tositumomab for previously untreated follicular non-hodgkin's
lymphoma: Five-year follow-up of southwest oncology group protocol S9911. J Clin Oncol. 2006;
24:4143–4149. [PubMed: 16896003]

71. Smith MR, Kabbinavar F, Saad F, et al. Natural history of rising serum prostate-specific antigen in
men with castrate nonmetastatic prostate cancer. J Clin Oncol. 2005; 23:2918–2925. [PubMed:
15860850]

Tagawa et al. Page 11

Cancer. Author manuscript; available in PMC 2011 February 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

UH & EURATOM Ex. 2033-0011 
Fusion v. Universität Heidelberg, et al. 

IPR2023-00551



Figure 1.
Left panels: Anterior (A) and posterior (B) 99mTc-MDP bone scan images of pre-treatment
bony metastases. Right panels: Anterior (C) and posterior (D) total body images obtained
via dual head gamma camera of sites of uptake 7 days after 177Lu-J591 administration.
Note 177Lu-J591 is cleared via the liver.
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Table 1

Beta Emitting Radionuclides For Therapy

131I 90Y 177Lu

Physical half-life (days) 8.05 2.67 6.7

β- particles (MeV)

 Max 0.61 2.280 0.497

 Average 0.20 0.935 0.149

Range in tissue (mm)

 Max 2.4 12.0 2.20

 Average 0.4 2.7 0.25

Gamma emission (MeV) 0.364 (81%) None 0.113 (7%)

0.208 (11%)

Equilibrium Dose Constant (rad.g/hr)

 β- radiation 0.389 1.9886 0.314

 gamma 0.815 No 0.075

131I: 131Iodine; 90Y: 90Yttrium; 177Lu: 177lutetium
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