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Abstract

Background—This study investigated the biodistribution and therapeutic efficacy of Lutetium-177
(177 Lu) radiolabeled anti-Lewis Y monoclonal antibody hu3S193 radioimmunotherapy (RIT) in mice
bearing prostate cancer xenografts. The ability of Epidermal Growth Factor Receptor (EGFR)
tyrosine kinase inhibitor AG1478 and docetaxel chemotherapy to enhance the efficacy of RIT was
also assessed in vivo.

Methods—The in vitro cytotoxicity of 177Lu labeled hu3S193 on LeY positive DU145 prostate
cancer cells was assessed using proliferation assays, with induction of apoptosis measured by ELISA.
The in vivo biodistribution and tumor localization of 177LLu-hu3S193 was assessed in mice bearing
established DU145 tumor xenografts. The efficacy and maximum tolerated dose of 177Lu-hu3S193
RIT in vivo was determined by a dose escalation study. EGFR inhibitor AG1478 or docetaxel
chemotherapy was administered at sub-therapeutic doses in conjunction with RIT in vivo.

Results—177LLu-hu3S193 mediated significant induction of cytotoxicity and apoptosis in vitro. In
vivo analysis of 177LLu-hu3S193 biodistribution demonstrated specific targeting of DU145 prostate
cancer xenografts, with maximal tumor uptake of 33.2 + 3.9 %ID/g observed at 120 hr post injection.
In RIT studies, 177Lu-hu3S193 caused specific and dose-dependent inhibition of prostate cancer
tumor growth. A maximum tolerated dose of 350uCi was determined for 177Lu-hu3S193.
Combination of 177LLu-hu3S193 RIT with EGFR inhibitor AG1478 or docetaxel chemotherapy both
significantly improved efficacy.

Conclusions—177Lu-hu3S193 RIT is effective as a single agent in the treatment of LeY positive
prostate cancer models. The enhancement of RIT by AG1478 or docetaxel indicates the promise of
combined modality strategies.
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Introduction

The targeting of radioisotopes to tumor sites using monoclonal antibodies (mAbs)
(Radioimmunotherapy, RIT) is a promising therapeutic approach, as the targeted radiation is
able to kill cancer cells specifically and consistently (1-3). Prostate cancer is particularly
suitable to RIT due to metastases to bone marrow and lymph nodes that are accessible to high
levels of circulating mAbs, and also due to the typically small volume of disease that allows
maximal tumor penetration of radiolabeled antibodies (4,5). Therapeutic efficacy has been
observed in Phase I clinical trials of radiolabeled anti-prostate specific membrane antigen
(PSMA) mAb J591, warranting the investigation of RIT in the treatment of prostate cancer
(6,7).

As it has become apparent that RIT is most suited to treatment of low tumor burden, the
selection of radioisotopes has become an important consideration, where physical properties
such as path length, emission energy and physical half-life must correlate with a particular
tumor size (8). The lanthanide radiometal 177Lu (Enax = 496keV) has been identified as having
favorable characteristics for use in RIT including a 2mm path length suitable for treatment of
micrometastases and small tumors <1cm while limiting irradiation of normal tissues (9).

Radioimmunotherapy of solid tumors has not had the same clinical success as achieved in
hematological neoplasms, owing to the relative radioresistance of solid tumors, and an inability
to deliver sufficient dose to tumor without substantial bone marrow toxicity (5,8,10). The
challenges of solid tumor RIT in producing clinical responses has driven the investigation of
various methods aimed at increasing the therapeutic efficacy of RIT including the combination
of RIT with agents aiming to enhance radiosensitivity (8,11). Experience in external beam
radiotherapy has identified a number of molecules and cellular pathways involved in mediating
the cellular response to radiation including p53, EGFR, PI3K and Ras (12). The
pharmacological modulation of these pathways has been identified as a method of increasing
the efficacy of radiation therapies such as RIT (13).

The Epidermal Growth Factor Receptor (EGFR) and associated downstream signaling
molecules have been identified as direct mediators of increased cellular resistance to radiation,
with the mechanism suggested to include radiation induced ligand release and receptor
signaling, resulting in the activation of transcription factors involved in enhanced tumor
survival and DNA repair (14,15). Various strategies to abrogate EGFR mediated proliferation,
survival and resistance in tumors have been investigated, including the blocking of ligand
binding and receptor activation using anti-EGFR mAbs, and through the use of small molecular
weight EGFR tyrosine kinase inhibitors (TKI) (16-18). Previous studies have explored the
combination of EGFR inhibitors with radiotherapy and demonstrated enhancement of
radiotherapy (19).

In addition to targeted molecular therapies, standard cytotoxic drugs have been investigated
for their ability to enhance tumor response to radiation. These include taxanes such as
docetaxel, for which the key mechanism of action involves microtubular stabilization resulting
in mitotic block at the radiosensitive G2/M phase of the cell cycle (20,21). Synergistic
enhancement of radiotherapy following combination with taxanes has been observed in
prostate cancer using both external beam radiotherapy and RIT (22-24).

The unique specificity of the hu3$193 mAb for the LeY antigen makes it an attractive candidate
for the delivery of radiation to LeY positive tumors. Significant expression of LeY has been

observed on prostate cancer cells lines including the androgen independent lines DU145 and
PC3 and the androgen dependent line LNCaP (25,26). Clinically, various studies have reported
extensive expression of LeY in prostate tumor tissues, such as Martensson et. al. who observed
extensive staining in 26 of 30 tumors (27). Further, highest expression of LeY in prostate cancer
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has been associated with poorly differentiated tumors and metastases (26). This widespread
expression of LeY on prostate tumors and their metastases provides a solid rationale for the
targeting of this tumor type with anti-LeY mAb hu3S193.

We have previously explored the use of 90Y-labeled hu3S193 in combination with paclitaxel
and EGFR inhibition (28,29), however 20Y is not well suited to small volume disease due to
the relatively long path-length of the emitted p-particles. Moreover, the utility of RIT with
hu3S193 in prostate cancer where small volume disease is often clinically relevant has not
previously been explored. This study is the first to assess the properties of hu3S193 radiolabeled
with 177Lu, which may be better suited for RIT of small volume prostate cancer. Additionally,
the mechanism of 177Lu-hu3S193 cytotoxicity was examined in this study through in-vitro
analyses. The greatest potential for RIT lies in its combination with other therapeutic modalities
(30). Subsequently, 177Lu-hu3S193 combined modality RIT (CMRIT) with either AG1478
(an EGFR TKI) or docetaxel was also explored.

Materials and Methods

Cell lines

The androgen independent DU145 prostate carcinoma cell line was obtained from American
Type Culture Collection (ATCC, Manassas VA, USA). The colon carcinoma cell line SW1222
was obtained from the New York Branch of the Ludwig Institute for Cancer Research, New
York NY, USA. Cells were grown in RPMI 1640 media supplemented with 10% v/v Fetal Calf
Serum (CSL Ltd, Vic, Australia) 5% wi/v Penicillin/Streptomycin (Penicillin G 5000 Units/
mL/Streptomycin Sulphate 5000ug/mL, CSL, Parkville, Australia) and 5% L-Glutamine
(200mM stock, JRH Biosciences, Lenexa KS, USA).

Antibody and radiolabelling

Humanized 35193 (hu3S193), a CDR grafted IgG1 antibody specific for the LeY antigen
(31), and isotype control huA33 (32) were produced by the Biological Production Facility,
Ludwig Institute for Cancer Research (Melbourne, Australia). Lutetium-177 (/7Lu) was
obtained from Perkin-Elmer (Perkin Elmer Life and Analytical Sciences, Wellesley MA,
USA). Radiolabeling of hu3S193 and huA33 mAbs with radioisotopes was achieved using the
bifunctional metal ion chelate C-functionalized trans-cyclohexyl-
diethylenetriaminepentaacetic acid (CHX-A"-DTPA) (33) using a modification of a procedure
previously published (34).

Immunoreactivity and affinity

Determination of the radiolabeled hu3S193 immunoreactivity was performed according to the
‘Lindmo’ cell binding assay, using LeY positive MCF-7 cells as previously described (35). The
affinity constant (K,) and the approximate number of antigen binding sites per cell were
determined by Scatchard analysis (35)

Proliferation assay

Cells were plated at a density of 2 x 103 cells/well in TC Microwell 96 well plates (Nalge
Nunclon, Denmark) by adding 0.1mL of a 2 x 10% cells/mL solution in to the appropriate wells,
and then allowed to adhere overnight. The following day, cells were treated with 177Lu-
hu3s193 or control 177LLu-huA33 at 5, 10, 20 and 40uCi/well. Corresponding control wells
were treated with media alone, and unlabeled hu3S193 equal in concentration (~10ug/well) to
radiolabeled mAb. After incubation of 120 hours, cell viability was determined using [3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium]
(MTS, Cell Titre Aqueous One Solution Promega, Madison WI, USA) in the colorimetric
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proliferation assay according to the manufacturer’s protocol. 20uL of MTS reagent was added
to control and treatment wells, incubated at 37°C for 2 hours and absorbance read at 490nm.
The absolute absorbances for each group were determined by subtracting the background
absorbance and the mean and standard deviation was determined for each treatment group.

Apoptosis cell death ELISA

Apoptosis resulting from treatment with 177Lu radiolabeled hu3S193 was assessed using the
Cell Death Detection ELISAPLUS (Roche Diagnostics, Castle Hill, NSW, Australia), a
quantitative sandwich ELISA, according to the manufacturer’s protocol. DU145 cells were
prepared as for MTS cytotoxicity assay, and treated with radiolabeled hu3S193 for 120 hr.

Animal models and xenograft establishment

Tumor xenografts were established in male BALB/c nude (nu/nu) mice of 3 to 4 weeks of age,
obtained from the Animal Resource Centre, Western Australia and maintained in autoclaved
microisolator boxes housed in a positive pressure isolation unit (Techniplast Gazzada, Varese,
Italy) for the duration of animal studies.

For the establishment of DU145 prostate xenografts, 10 x 106 cells were resuspended in
75uL media, and mixed with 75uL Matrigel Basement Membrane (BD Biosciences, Bedford
MA, USA) (ratio 1:1) at 4°C before s.c. injection into the left inguinal line of the BALB/c nude
mice. In the biodistribution studies, LeY-negative SW1222 colon carcinoma control tumors
were established on the flank opposite the DU145 tumors by s.c. injection of 10 x 10 SW1222
cells in 150uL RPMI. Tumor growth was regularly measured using digital calipers and the
formula; Tumor Volume (TV) = (Length x Width2)/2 of the tumor, where length was the
longest axis and width the measurement at right angles to length (35). TV was expressed in
mm?3. All animal studies were approved by the Austin Health Animal Ethics Committee.

Biodistribution Study

The biodistribution of the 177Lu radiolabeled hu3S193 was assessed in mice bearing
established DU145 xenografts (mean TV = 211.6 + 56.6mm3). Mice were injected

with 177Lu-hu3S193 (10ug protein, 14.8uCi activity) in 100uL saline by tail vein injection. At
10 min, 4, 24, 48, 72, 120, 168, 216 and 288 hr after post injection, groups of 5 mice were
euthanized by Isofluorane anesthesia and then immediately bled via cardiac puncture. Tumors
and normal tissues (liver, spleen, kidney, muscle, skin, bone, lung, heart, stomach, brain, small
bowel and tail) were then resected and placed in individual y-counter tubes. The activity of all
samples were then counted on a dual gamma scintillation counter (Cobra Il Auto Gamma;
Packard Instruments), and the percent injected dose per gram (%1D/g) calculated. Results were
expressed as Mean + SD for each time point, and used in the calculation of tumor:blood (T:B)
ratios.

Pharmacokinetic analysis

The pharmacokinetics of 177LLu-hu3S193 was calculated using the serum clearance data from
the biodistribution study. A two compartment iv-bolus model with 1 order elimination was
fitted to the data using the WinNonLin curve fitting program (WinNonLin Pro Node 5.0.1,
Pharsight Co., Mountain View CA, USA).

Gamma Camera Imaging

Whole body imaging of mice was performed to identify in vivo localization of 1/7Lu-hu35193.
Mice were anesthetized with a mixture of 20mg/kg Xylazine/100mg/kg Ketamine, (10uL/g)
by intraperitoneal injection, and placed under a Philips Axis gamma camera (Phillips Medical
Systems, North Ryde NSW, Australia). Images of 20,000 counts were acquired at each time
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point, using a 128 x 128 matrix, and a zoom of 2. A standard equivalent to 10% injected dose
was included in the field of view.

1771 u-hu3s193 dose titration studies

The therapeutic efficacy of 177Lu-CHX-A"-DTPA-hu3S193 alone was assessed in mice
bearing established DU145 xenografts in order to determine the Maximal Tolerated Dose
(MTD) of 77Lu-hu3S193. Mice (n = 6, TV = 123.2 + 35.3mm?3) received a single dose

of 77Lu-hu3S193 (180ug protein) at doses of 100, 200, 350 and 500uCi. Separate groups
received saline vehicle or 180ug unlabeled hu3S193 as controls in equivalent volumes to the
radiolabeled antibodies.

177Lu-hu3S193 and AG1478 combined modality study

EGFR TKI AG1478 was combined with 177Lu-hu3S193 RIT to assess enhanced efficacy of
RIT by EGFR inhibition. Mice (n = 6, TV = 144.8 + 21.0mm3) were injected with a single
dose 25, 50, 100 or 200uCi 177Lu-hu3S193 (80ug protein), or equivalent doses of huA33
isotype control mAD by tail vein injection, 10 days after establishment of DU145 xenografts.
In combined modality groups, 400ug AG1478 was injected intraperitoneally for 5 consecutive
days in a 7 day period, repeated over 2 weeks. The first dose was given 4 hr after injection
of 77Lu-hu3S193. A dose of 400ug AG1478 has previously been determined to be sub-
therapeutic in treatment of established xenografts, and therefore AG1478 was administered at
this dose in combined modality groups (36). A group of mice received AG1478 alone to assess
its therapeutic efficacy as a single agent.

Ki-67 Immuno-staining

Proliferation in xenografts was assessed by staining sections for the proliferation antigen Ki-67.
Sections were incubated with rabbit anti-human Ki-67 monoclonal antibody (NeoMarkers,
Fremont CA, USA) for 30 min at room temperature and processed further as described by
Perera et. al (37). The percentage of Ki-67 positive nuclei in tumor sections was estimated by
acquiring 10 high powered (400x) fields from each tumor section examined in each treatment
group using Leica IM50 image acquisition software (\Version 4.0, Leica Microsystems Imaging
Solutions Ltd., Cambridge UK). Each image was then assessed for relative Ki-67 staining
intensity from 3+ (very strong) to 1+ (weak) using the Leica QWin image analysis program
(Version 3.1.0, Leica Microsystems Imaging Solutions Ltd., Cambridge UK). The total area
of each section staining positive for Ki-67 was calculated, and a score with a maximum of 300
constructed. Mean scores for each treatment group were then collated for comparison.

Western Blotting

The levels of phosphorylated and total EGFR expressed in tumors were assessed by Western
Blotting. Xenografts homogenates were prepared as detailed in Perera et. al (37). Xenograft
samples were loaded into NuPage 4-12% Bis-Tris gels (Invitrogen™ Life Technologies,
Mulgrave, Australia) and separated by SDS-PAGE at 120V for 90 min. Proteins were then
transferred onto polyvinylidne difluoride (PVDF) Immobilon-P transfer membrane (Millipore
Corporation, Bedford MA, USA), and subsequently blocked in 5% v/v HSA/PBS for 15 min
at RT. Membranes were probed with goat anti-phosphotyrosine 1173 EGFR mAb (Santa Cruz
biotechnology, Santa Cruz CA, USA) or murine anti-EGFR 528 mAb, and appropriate
secondary anti-goat HRP conjugated antibody (Sigma Chemical Co., St Louis MO, USA) or
anti-mouse HRP conjugated antibody (Chemicon International, Temecula CA, USA). The
specific protein bands were visualized using enhanced chemiluminescence (ECL reagent, GE
Healthcare Biosciences, Uppsala, Sweden), and exposure to Curix Ortho HT-G X-ray film
(AGFA-Gevaert Ltd, Burwood, Australia).
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177 u-hu3s193 and docetaxel combined modality study

The enhancement of 177Lu-hu3S193 by combination with docetaxel chemotherapy was
assessed in a CMRIT study, as docetaxel has previously been shown to enhance the anti-tumor
efficacy of 90Y-DOTA-ChL6 RIT (23). This study was conducted in conjunction with

the 177Lu-hu3S193 MTD dose study, with RIT alone groups serving as comparisons to groups
receiving combined treatment. A single dose of 600ug docetaxel administered 24 hr after RIT
was chosen as this dose and schedule had previously demonstrated significant efficacy (23).
Groups of mice (n =6, TV = 123.2 + 35.3mm?) received single doses of 17LLu-hu3S193 RIT
at 100, 200 or 350uCi followed by 600ug docetaxel (Taxotere®, Sanofi Aventis, Macquarie
Park, Australia) injected i.p. 24 hr after injection of 177Lu-hu3S193. A further control group
received 600ng docetaxel alone to allow comparison to CMRIT groups.

Statistical analysis and tumor response

Results

Statistical analysis of therapy studies were carried out using Prism (Version 4.0 GraphPad
Software Inc.). Unpaired two-tailed t tests were performed on mean (+ SD) TVs at the
termination of the PBS control group and at later time points where indicated. Animal survival
was assessed by the Kaplan—Meier method and statistical analysis performed by Log-Rank
testing using Prism. Significance was set at the 95% level, with results declared statistically
significant if P < 0.05. In mice where a decrease of at least 50% in TV was observed for at
least 7 days, a Partial Response (PR) was recorded. In mice where a complete regression was
recorded for a 7 day period (i.e. TV reduction = 100%), a Complete Response (CR) was
recorded (28).

Immunoreactivity and affinity analysis of 177Lu-hu3S193

The immunoreactivity of 177Lu-hu3S193 for binding to DU145 was 50.4% as determined by
the Lindmo assay. Binding affinity association constant (K;) and the number of antigen binding
sites per cell of 1/7Lu-hu35193 was determined by Scatchard analysis. The K, for DU145 was
0.6 x 10’ M1 and the number of binding sites per cell was 1.9 x 109.

177u-hu3s193 radioimmunotherapy induces cytotoxicity and apoptosis in vitro

The cytotoxicity of 177LLu-hu3S193 RIT was determined using the MTS proliferation assay
following 120 hr incubation. A moderate and dose-dependent decrease in cell viability was
observed following treatment of DU145 cells with 177Lu-hu3S193 (Fig. 1A). Significant
inhibition of cell proliferation relative to untreated controls was apparent, and most evident
following treatment of DU145 with 40uCi/well 177Lu-hu3S193 (P < 0.0001). Some
cytotoxicity was evident following 40uCi/well 177Lu-huA33 although it was significantly less
than achieved with the equivalent dose of 177Lu-hu3S193 (P = 0.007).

The induction of apoptosis following 120 hr 177LLu-hu3S193 was also assessed in vitro. As
observed in for the proliferation assay, 177Lu-hu3S193 caused a moderate and dose dependent
increase in apoptosis, which was most significant at the 40uCi/well dose (P < 0.0001) relative
to unlabeled hu3S193 treated cells (Fig 1B).

Biodistribution of 177Lu-hu3S193 in vivo

The biodistribution of 177 Lu-hu3S5193 was assessed in DU145 xenografted BALB/c nude mice
over 288 hr. Maximal tumor uptake of 177Lu-hu3S193 in DU145 xenografts was 33.2 + 3.9 %
ID/g at 120 hr pi (Fig. 2A). Maximal tumor uptake in control LeY negative SW1222 tumors at
this time was 4.6 + 0.4 %ID/g, indicating specificity of DU145 uptake. Blood clearance

of 177LLu-hu3S193 occurred at moderate rate, with pharmacokinetic analysis determining
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TY%0 0f 3.4 £ 0.6 hr, a terminal T%p of 211.9 + 24.5 hr and a clearance rate of 16.9 £ 1.43 mL/
hr. Normal tissue accumulation of 177LLu-hu3S193 was negligible, with values lower than 10%
ID/g in all tissues except blood at the time corresponding to maximal tumor uptake. Tumor
targeting by 177Lu-hu3S193 was confirmed by gamma camera imaging in mice. As seen in
Fig. 2B, clear localization of 177LLu-hu3S193 to DU145 tumors was observed.

177Lu-hu3S193 radioimmunotherapy inhibits the growth of DU145 xenografts

The MTD of 177LLu-hu3S193 was determined in male BALB/c nude mice, with a single tail
vein injection of radioconjugate given 12 days after establishment of tumor where mean DU145
TV was 123.2 + 35.3mm3. Doses of 100, 200, 350 and 500uCi of 177Lu-hu3S193 were
administered. The growth curves and Kaplan-Meier survival plots are shown in Fig. 3A and
3B respectively. Significant radiotoxicity was apparent in mice which received doses

of 177Lu-hu3S193 above 350uCi, with severe weight loss (>15%) and hemorrhagic rash
observed in 4/6 mice receiving 500uCi 177Lu-hu3S193. At doses at or below 350uCi 177Lu-
hu3S193, only mild (~10%) transient weight loss was observed, and no other deaths occurred.
The MTD of 177Lu-hu3S193 in this study was deemed to be 350uCi.

Rapid tumor growth was observed in mice treated with saline placebo or 180ug of hu3S193,
and all mice had been euthanized by Day 36 and 43 respectively due to excessive TV. In mice
receiving 177Lu-hu3S193 alone, clear dose-dependent delay of tumor growth was apparent,
with tumors treated with 350uCi significantly (P = 0.0002) smaller than those treated with
100pCi as determined at Day 36 of the study. Moderate retardation of DU145 tumor growth
was observed following 100uCi 177Lu-hu3S193, although all tumors continued to grow, and
mice were euthanized between Day 72 and 92 of the study. A 49 day survival advantage
following 100uCi 177Lu-hu3S193 relative to unlabeled hu3S193 was apparent (P = 0.0007).
Tumors in mice treated with higher doses of 200 and 350uCi 177Lu-hu3S193 demonstrated
further slower growth, and were significantly smaller than those in unlabeled hu3S193 treated
mice (P < 0.0001 for both 200 and 350u.Ci). Mice treated with 200uCi or 350uCi 177Lu-
hu3S193 survived until Day 133 and Day 150 of the study respectively, representing significant
increases in survival compared to control mice (P = 0.0007 for both 200 and 350uCi). A PR
was observed in 2/6 mice treated with 350uCi 177Lu-hu3S193, although no responses were
observed at the lower doses.

177.u-hu3S193 and AG1478 have additive effects on established DU145 xenografts

Results of the 177Lu-hu3S193 and AG1478 CMRIT study are shown in Fig. 4. Unlabeled
hu3S193 (80ug) did not demonstrate inhibition of tumor growth. Treatment with 25 and
50uCi 177LLu-hu3S193 did not significantly inhibit tumor growth, although marked suppression
of tumor growth was observed in tumors treated with 100 (P = 0.002) and 200uCi (P <
0.0001) 177Lu-hu3S193 relative to unlabeled hu3S193 treated tumors. No inhibition of tumor
growth was observed at any dose of isotype control 177Lu-huA33. The 400ug dose of AG1478
did not cause any significant delay of DU145 tumor growth alone. CMRIT with AG1478
enhanced the efficacy of 177LLu-hu3S193 at each of the doses investigated. Tumors in CMRIT
groups at doses of 25, 50, 100 and 200uCi were all significantly smaller than tumors in the
equivalent 177LLu-hu3S193 groups (P = 0.0056, P = 0.0001, P = 0.0002, P = 0.0067 respectively
at Day 32) (Fig. 4A-D). A PR was observed in two animals that received 200uCi 177Lu-
hu3S193 and AG1478. Enhancement of efficacy was maintained, with tumors in CMRIT
groups at doses of 100 and 200uCi significantly smaller than tumors treated with 177 Lu-
hu3S193 alone at day 50 of the study (P = 0.0026 and P = 0.019 respectively).

Combination of AG1478 with 177Lu-hu3S193 was also observed to prolong the relative

survival of these mice significantly compared to 177LLu-hu3S193 alone at the 25 and 50uCi
dose (25uCi; P = 0.001, 50uCi; P = 0.0012, Fig. 4F). No signs of acute toxicity were evident,
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although mice treated with AG1478 alone did demonstrate ~10% weight loss. However this
weight loss was transient and combination of AG1478 with 177Lu-hu3S193 did not lead to
heightened toxicities, as mice treated with combined agents survived until the completion of
the study.

AG1478 inhibits EGFR phosphorylation and decreases proliferation in vivo

The effect of treatments on DU145 tumor proliferation was assessed by determining the
expression of the Ki-67 proliferation marker in tumors following completion of treatment on
Day 14 (Fig. 5A). 200uCi 177Lu-hu3S193 and 400ug AG1478 alone were both observed to
cause asignificant (P <0.0001) decrease in expression of Ki-67 relative to that in tumors treated
with 80ug hu3S193. However, the greatest decrease in Ki-67 was observed in tumors following
CMRIT treatment, with a mean composite score of 40.55 + 22.55 relative to the mean score
of 214.83 + 45.27 for unlabeled hu3S193. Ki-67 expression of CMRIT treated tumors was also
significantly (P < 0.0001) reduced compared to the mean scores of either respective single
treatment

The ability of AG1478 to inhibit EGFR phosphorylation in vivo was assessed by western
blotting DU145 tumor homogenates using the same tumors used in analysis of Ki-67 expression
(Fig. 5B). Whereas significant expression of phosphorylated EGFR was evident in tumors
treated with 200uCi 177Lu-hu3S193, it is completely abolished in tumors treated with
200uCi 177Lu-hu3S193 in combination with AG1478.

Docetaxel enhances the 177/Lu-hu3S193induced regression of established DU145 xenografts

The ability of docetaxel to enhance the efficacy of 17Lu RIT was assessed at the 177Lu-
hu3S193 dose levels of 100, 200 and 350uCi (Fig. 6). When administered as a single agent,
docetaxel caused moderate retardation of DU145 tumor growth, with significant difference in
tumor volume (P = 0.001) compared to saline control at Day 36. Additionally, docetaxel
treatment increased survival of mice to 57 Days relative to the 36 Day survival of saline treated
mice. Mice treated with 100uCi 177Lu-hu3S193 and docetaxel survived until the end of the
study, with significantly improved survival over mice treated with RIT alone (P = 0.0006) or
docetaxel alone (P = 0.0008).

At the higher doses of 177Lu-hu3S193 RIT, more profound efficacy was apparent following
CMRIT, with 83.3% (5/6) mice treated with 200uCi 177LLu-hu35193 and docetaxel having a
PR at Day 36 of the study. Additionally, survival of these mice was superior to docetaxel alone
(P = 0.0008), although not to RIT alone as these mice also survived to Day 113. The greatest
efficacy of CMRIT was observed at the 350uCi dose, indicating a dose-dependent response.
At this dose 50% of mice had a PR to combined treatment, and 50% achieved a CR, with two
of these maintained for the duration of the study to day 150. Significant reduction in tumor
volume compared to RIT alone (P = 0.0039), and increase in survival relative to docetaxel
alone (P = 0.0008) was observed.

Discussion

Radioimmunotherapy offers a therapeutic strategy for the selective delivery of radiation to
tumors, while limiting the systemic effects of radiation on normal tissues (30). The
radioisotope 17Lu has been identified as a promising alternative to established p-emitters such
as 1311 and 20y, with physical properties amenable to RIT of small lesions where clinical
efficacy of RIT is most likely (5,38,39). The limited efficacy of RIT in the treatment of solid
tumors has lead to the investigation of various methods for improving the therapeutic efficacy
of RIT (8). Combined modality RIT, where the mAb targeted radiation is combined with a
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disparate therapeutic that aims to enhance the radiation induced tumor killing, is currently
under investigation using a number of agents (21,28,29).

The effects of 177LLu-hu3S193 upon in vitro cytotoxicity and induction of apoptosis in DU145
was examined in order to assess the efficacy of RIT prior to in vivo studies. Dose-dependent
cytotoxicity was apparent. Cytotoxicity was dependent upon 177Lu as unlabeled hu3S193
failed to elicit any effect. However, the antibody dose levels used in these studies was low, and
the lack of efficacy here does not reflect the cytotoxic properties of unlabeled hu3S193 that
have been observed due to potent complement-dependent and antibody-dependent cellular
cytotoxicity activity (31). Non-specific “cross-fire” irradiation, where cells may be irradiated
by an adjacent unbound radioconjugate, most likely explains the limited cytotoxicity observed
following higher doses of 177LLu-huA33. The specificity of 17/Lu-hu3S193 is apparent by the
consistently more potent cytotoxicity observed relative to the equivalent radiation dose

of 177Lu-huA33.

177_y-hu3S193 was observed to mediate significant (P < 0.0001) apoptosis of DU145 cells,
indicating apoptosis is at least partly responsible for the observed cytotoxicity. These results
support the view that the induction of apoptosis following accumulation of irreversible indirect
DNA damage is the principal mechanism of cell death following p-particle emitter irradiation
(40).

The localization of 177LLu-hu3S193 to tumors was assessed in vivo by biodistribution studies.
Maximal tumor uptake was generally comparable to hu3S193 uptake previously observed
following radiolabeling with either 1311, 1111n or 90Y in MCF-7 breast or A431 squamous
cancer xenograft models (28,29,35). Uptake of 1/7Lu-hu3S193 was relatively homogenous in
LeY positive areas of tumors as assessed by immunohistochemistry and autoradiography (data
not shown), and combined with gamma camera imaging, indicate that 177LLu-hu3S193 is able
to successfully target and irradiate LeY positive tumors. Hu3S193 has been assessed in phase
I/l trials in patients with LeY expressing tumors, and has demonstrated excellent targeting of
tumors without any normal tissue binding (41,42).

Single agent 177LLu-hu3S193 demonstrated significant anti-tumor toxicity and effected a
significant improvement in survival relative to mice treated with unlabeled hu3S193. Evident
toxicity was observed in 4/6 mice which received doses of 500uCi 177Lu-hu3S193 and
subsequently, 350uCi is the apparent MTD of 177Lu-hu3S193 in this model. Similar results
were observed in the first therapeutic examination of 1/7Lu in vivo in a study assessing the
anti-TAG-72 mAb 177Lu-CC49 in LS174T colon cancer xenografted mice, where 4/9 mice
survived following 500u.Ci, while all mice treated with 350uCi 177Lu-CC49 survived (43).

We have previously demonstrated the enhancement of 90Y-hu3S193 RIT in combination with
the EGFR TKI AG1478 in A431 squamous cell carcinoma xenografts known to over express
EGFR (29). The current study explored the efficacy of 1/7Lu-hu3S193 RIT in combination
with AG1478 in established DU145 prostate cancer xenografts expressing moderate amounts
of EGFR. Super-additive enhancement of 177LLu-hu3S193 anti-tumor effects by AG1478 were
observed at all 177LLu-hu3S193 doses investigated, with the greatest significance observed at
the 50uCi dose (P = 0.0001). Other studies have observed enhancement of RIT following
combination with anti-EGFR mAbs 425 and cetuximab, providing further rationale for
combination of RIT with anti-EGFR therapeutics (21,44).

Analysis of tumor homogenates demonstrated that AG1478 inhibited activation of EGFR in
combined treatment tumors whereas robust expression of phosphorylated EGFR was observed
in tumors treated with 177Lu-hu3S193 alone. The inhibition of EGFR activation following
tumor irradiation may be a mechanism for the enhanced anti-tumor efficacy of CMRIT. Further
analysis of tumor expression of Ki-67 proliferation marker by immunohistochemistry
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demonstrated that the most significant decrease in tumor proliferation was observed following
combination treatment. Additionally, AG1478 was observed to enhance 177Lu-hu3S193
cytotoxicity and apoptosis in vitro (data not shown).

Enhancement of 177Lu-hu3S193 anti-tumor activity with the taxane docetaxel was also
explored, as docetaxel is widely used in the treatment of solid tumors such as prostate cancer,
in addition to having recognized radiosensitizing properties (20,45). Upon combination

of 77Lu-hu3S193 with docetaxel in vivo, marked enhancement of DU145 tumor
radiosensitivity was observed, resulting in significantly reduced tumor volume in all mice
receiving combined therapies. Complete responses were observed in 3/6 mice receiving
350uCi 177Lu-hu3S193 and docetaxel. Although Stromberg et. al reported that the related
taxane paclitaxel failed to radiosensitize DU145 cells in vitro, our studies clearly demonstrate
radiosensitization of DU145 xenografts by docetaxel chemotherapy (46). Docetaxel may be a
more potent radiosensitizer than paclitaxel, as suggested in a study by O’Donnell et. al, where
superior anti-tumor efficacy of 0Y-ChL6 RIT combined with docetaxel was observed relative
to a parallel study assessing 9Y-ChL6 RIT and paclitaxel at equivalent doses (23).

The principal mechanism of action of docetaxel radiosensitization is thought to involve
microtubule stabilization and cell cycle arrest at the radiosensitive G,/M phase mediating an
increased induction of apoptosis (45,47). Docetaxel induced radiosensitization and apoptosis
is also likely to result from its phosphorylation and inactivation of the anti-apoptotic protein
Bcl-2 (48). Significant enhancement of hu3S193 RIT by paclitaxel in previous studies of
CMRIT, and clinical assessment of RIT combined with paclitaxel provide further rationale for
the current exploration of 177Lu-hu3S193 with taxane chemotherapy (28,49,50).

Conclusions

The current study is the first to investigate the efficacy of 177Lu-hu3S193 RIT, with in vitro
analysis demonstrating that 177LLu-hu3S193 mediates apoptosis in prostate cancer cells. In
vivo studies demonstrated specific targeting and therapeutic efficacy against prostate cancer
xenografts. CMRIT studies demonstrate the enhancement of 177Lu-hu3S193 using either the
EGFR TKI AG1478 or docetaxel chemotherapy. Collectively, these results indicate the
promise of 177LLu-hu3S193 RIT alone and in CMRIT for the treatment of LeY positive prostate
cancer and other LeY positive malignancies.
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Figure 1.

C)?totoxicity (A) and apoptosis (B) in DU145 cells following treatment with 177Lu-hu3S193
following 120 hrs incubation as indicated. Percentage survival was calculated using the formula
[(A4904reated/ A490unireated control) X 100] (mean x SD, n = 6). Apoptosis was determined by an
ELISA assessing histone associated DNA fragmentation, and relative apoptosis determined
using the formula (ApoptosiSireated/ APOPLOSISyntreated control) (Mean £ SD, n = 3).
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Figure 2.

(A) Biodistribution of 177LLu-hu3S193 in blood (m), DU145 tumors (A ) and control SW122
tumors (V) in mice. (means + SD %ID/g, n = 5). (B) Gamma camera imaging of 1/7Lu-
hu3S193 tumor localization obtained 120 hours post injection. (C) Surface rendered CT scan
of a mouse bearing a DU145 tumor xenograft. (D) Gamma camera image and CT overlay
demonstrating localization of 177LLu-hu3S193 to DU145 tumor xenograft (white arrow).
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140 16

DU145 xenograft growth curves (mm?3) (A) and Kaplan-Meier survival curves (B) in Maximum
Tolerated Dose study in response to single dose 1/7Lu-hu3S193 RIT. Mice received saline
vehicle (m), 180ug hu3S193 (A), 100uCi 177Lu-hu3S193 (@), 200uCi 177Lu-hu3S193 (),
350uCi 177Lu-hu3S193 (o) and 500uCi 17/7Lu-hu3s193 (<>), (Mean + SD, n = 6). Statistical
significance was assessed at termination of placebo control mice on day 36 (arrow).
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Figure 4.

DU145 xenograft growth curves (mm3) in 177Lu-hu35193 and AG1478 Combined Modality
Radioimmunotherapy study in mice receiving saline vehicle (m), 80pug hu3S193 (A), 400ug
AG1478 (), 177Lu-hu3s193 (), 177Lu-huA33 (o) and 177Lu-hu3S193 + AG1478 (e) at
doses of (A) 25uCi, (B) 50uCi, (C) 100uCi and (D) 200uCi radiolabeled mAb, (Mean + SD,
n = 6). Statistical significance was assessed at termination of placebo control mice on day 32
(arrow).

Kaplan-Meier survival curves in the 177LLu-hu3S193 and AG1478 Combined Modality
Radioimmunotherapy study. Mice in (E) received saline vehicle (m), 80ug hu3S193 (A) or
400pug AG1478 (V). The survival curves for mice that received 177Lu-hu35193 alone at doses
of 25uCi (m) or 50uCi (V) or 177Lu-hu3S193 + AG1478 at doses of 25uCi (o) or 50uCi (V)
are shown in (F). Note that higher dose groups were excluded as AG1478 did not alter survival
in these groups.
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Figure 5.

Expression of Ki-67 proliferation antigen and EGFR in DU145 tumors from the 177Lu-
hu3S193 and AG1478 Combined Modality Radioimmunotherapy study. (A) Representative
images of Ki-67 proliferation antigen expression in tumors following treatments with 80ug
hu3s193 (i), 400ug AG1478 (ii), 200uCi 177Lu-hu3S193 (iii) and 200uCi 177Lu-hu3sS193 +
AG1478 (iv) (400X magnification). Relative expression of each treatment group was
determined by analyzing 11 distinct fields from 2 different tumors and calculating a composite
score as detailed in Materials and Methods. Significant reduction (P < 0.0001) in Ki-67 tumor
expression relative to unlabeled hu3S193 control is indicated by ***. (B) Expression of
phospho(Tyr1173) and total EGFR in vivo following treatments. Lanes represent a 100ng/mL

Prostate. Author manuscript; available in PMC 2010 January 1.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kelly et al.

Page 19
EGF stimulated A431 positive control sample (1), blank (2) and tumor samples treated with

80ug hu3S193 (3), 400ug AG1478 (4), 200uCi 177Lu-hu3s193 (5) and 200uCi 177 Lu-hu3S193
+ AG1478 (6). Note that lane 1 is over-exposed in order to detect EGFR in the in vivo samples.
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Figure 6.

D8145 xenograft curves (mm?3) in 177LLu-hu3S193 and docetaxel Combined Modality
Radioimmunotherapy study in mice receiving saline vehicle (m), 180ug hu3S193 (A), 600ug
docetaxel (¥), 177Lu-hu3s193 () and 177Lu-hu3S193 + docetaxel (o) at doses of (A)
100uCi, (B) 200uCi and (C) 350uCi of radiolabelled mAb, (Mean + SD, n = 6). Statistical
significance was assessed at termination of placebo control mice on day 36 (arrow).
Kaplan-Meier survival curves in the 177Lu-hu3S193 and docetaxel Combined Modality
Radioimmunotherapy study. Mice received saline vehicle (m), 180ug hu3S193 (A), 600ug
docetaxel (¥), and 177Lu-hu35193 without (D) and with docetaxel (E) at doses of

100uCi 177Lu-hu3S193 (@), 200uCi 177Lu-hu3S193 (e) and 350uCi 177Lu-hu3S193 (0)
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