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huA33 is a humanized antibody that targets the A33 antigen, which
is highly expressed in intestinal epithelium and more than 95% of
human colon cancers but not other normal tissues. Previous
studies have shown huA33 can target and be retained in a meta-
static tumor for 6 wk but eliminated from normal colonocytes within
days. This phase | study used radiolabeled huA33 in combination
with capecitabine to target chemoradiation to metastatic colorectal
cancer. The primary objective was safety and tolerability of the
combination of capecitabine and '3'1-huA33. Pharmacokinetics,
biodistribution, immunogenicity, and tumor response were also
assessed. Methods: Eligibility included measurable metastatic co-
lorectal cancer, adequate hematologic and biochemical function,
and informed consent. An outpatient scout '31-huA33 dose was
followed by a single-therapy infusion 1 wk later, when capecitabine
was commenced. Dose escalation occurred over 5 dose levels.
Patients were evaluated weekly, with tumor response assessment
at the end of the 12-wk trial. Tumor targeting was assessed using
ay camera and SPECT imaging. Results: Nineteen eligible patients
were enrolled. The most frequently observed toxicity included
myelosuppression, gastrointestinal symptoms, and asymptomatic
hyperbilirubinemia. Biodistribution analysis demonstrated excellent
tumor targeting of the known tumor sites, expected transient bowel
uptake, but no other normal tissue uptake. '3'1-huA33 demon-
strated a mean terminal half-life and serum clearance suited to
radioimmunotherapy (T3, 100.24 + 20.92 h, and clearance,
36.72 + 8.01 mL/h). The mean total tumor dose was 13.8 + 7.6
Gy (range, 5.1-26.9 Gy). One patient had a partial response, and
10 patients had stable disease. Conclusion: '31I-huA33 achieves
specific targeting of radiotherapy to colorectal cancer metastases
and can be safely combined with chemotherapy, providing an op-
portunity to deliver chemoradiation specifically to metastatic dis-
ease in colorectal cancer patients.

Key Words: radioimmunotherapy; chemotherapy; colorectal cancer

J Nucl Med 2014; 55:534-539
DOI: 10.2967/jnumed.113.132761

Received Sep. 17, 2013; revision accepted Oct. 28, 2013.

For correspondence or reprints contact: Andrew M. Scott, Ludwig Institute
for Cancer Research, Level 1, HSB, Austin Hospital, Studley Rd., Heidelberg,
Victoria, 3084, Australia.

E-mail: andrew.scott@ludwig.edu.au

Published online Feb. 20, 2014.

COPYRIGHT © 2014 by the Society of Nuclear Medicine and Molecular
Imaging, Inc.

534

Although the now widespread use of chemotherapeutics such
as oxaliplatin and irinotecan, increasingly combined with targeted
therapies such as bevacizumab and cetuximab, has led to a signifi-
cantimprovement in prognosis of patients with metastatic colorectal
cancer (CRC) there was an estimated 51,690 CRC deaths in the
United States in 2012 (/). There remains a need for continued de-
velopment of new agents with improved tumor-targeting potential
and antitumor activity if the prognosis of such patients is to be
extended beyond the current 20 mo with combination therapy (2,3).

Although radioimmunotherapy can lead to significant response
rates, prolonged responses, and disease stabilization in hematologic
malignancies (4,5), it has yet to significantly affect the outcome of
patients with solid tumors. The A33 antigen is an ideal target for the
development of therapeutic antibodies for the treatment of CRC,
because of its widespread and often high expression level on more
than 95% of CRC (6-8). It is also expressed on normal colonic
epithelial cells but no other normal tissues (6). The humanized
IgG1 antibody huA33 has high affinity for its target antigen (9), is
internalized on binding, and is safe and tolerable when given to
patients alone (/0,11), in combination with chemotherapy (/2),
and when radiolabeled (13). '3'1-huA33 can cause targeted delivery
of radiation to colon cancer cells and is retained in the tumor for 6 wk
(13). Elimination from normal colonocytes in around 5 d (with basal
turnover) minimizes toxicity to normal gut epithelium. The dose of
radiation delivered to the tumor by 1.48GBg/m? of 3'I-huA33 is
equivalent to approximately 8—10 Gy (/3).

Published evidence that chemotherapy, including 5-fluorouracil
(5FU), can radiosensitize target tumor cells led to the concept of
combining '3'1-huA33 with capecitabine. Neoadjuvant chemora-
diation with infusional SFU is considered standard care for poten-
tially resectable rectal cancer patients with unfavorable features on
initial staging to downstage tumors, improve resectability, and sig-
nificantly reduce the risk of local recurrence (/4—16). More recently,
capecitabine has shown efficacy similar to infusional SFU in this
setting, with comparable pathologic responses (/7). Synergistic an-
titumor effects when '3'I-huA33 is combined with 5FU have also
been shown in CRC xenografts (/8), suggesting this potential syn-
ergy also exists when 5FU is combined with radioimmunotherapy.
This synergy is partly due to upregulation of intratumoral expression
of thymidine phosphorylase by radiation, which is likely to increase
intratumoral conversion of capecitabine to SFU.

Combining '3'1-huA33 with concurrent oral capecitabine has
significant promise as a method of optimizing radioimmunotherapy
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for CRC, and this Phase I trial aimed to characterize the toxicity
profile of this combination; determine tolerable potential dose; and
identify biodistribution, pharmacokinetics, and immunogenicity of
1311-huA33 when given in this manner.

MATERIALS AND METHODS

Trial Design

After pretreatment assessments, eligible patients received an outpatient
scout dose of '3'T-huA33. Pre- and postscout infusion pharmacokinet-
ics and human antihuman antibody (HAHA) analysis and postinfusion
v and SPECT imaging were performed, and if normal biodistribution
and uptake of '3'T-huA33 in the tumor was confirmed, then 7 = 2 d later
it was followed by inpatient administration of a single-therapy infusion
of 3!I-huA33. Commencing simultaneously with this '3'T-huA33 ther-
apy infusion was oral capecitabine given in 2 divided doses per day from
day 1 to day 14 of each 21-d period for a total of 4 cycles. Weekly
assessments of clinical adverse events, hematology, serum biochemis-
try, and HAHA were performed. Whole-body y imaging was performed
1, 2 or 3, and 4 wk after '>'I-huA33 therapy infusion. Tumor restaging
was performed 12 wk after '3'I-huA33 therapy infusion. This study was
approved by the Human Research Ethics Committee of the Austin Hos-
pital, and all patients signed a written informed consent form before
participation in the trial.

Production and Administration

All doses of 1311-huA33 were administered intravenously in 100 mL
of normal saline containing 5% human serum albumin over approxi-
mately 60 min. The scout dose of 5 mg of huA33 was conjugated to
185-296 MBq of '3'1, and the therapy dose of '3'I comprised a con-
stant dose of huA33 (10 mg/m?) (regardless of dose level), with the
31T administered activity determined by the assigned dose level.
Potassium iodide oral drops were commenced immediately before scout
1311-huA33 infusion in all patients (10 drops, 3 times daily) and con-
tinued for a total of 4 wk. Capecitabine was self-administered at doses
of 1,000—1,500 mg/m?/d (depending on assigned dose level) for 14
d per 21-d cycle, commencing on the day of the therapy infusion.
Dose escalation was permitted, provided a minimum of 3 patients
completed a treatment cycle without dose-limiting toxicity (DLT).
After an interim analysis performed after completion of cohorts 1
and 2, a protocol amendment was required to modify subsequent
capecitabine doses to allow continued patient accrual at higher 3'1-
huA33 dose levels. The dose escalation after approval of this amend-
ment is shown in Table 1.

Patient Eligibility

Patients were eligible for enrollment if they were at least 18 y old
with histologically proven CRC, measurable metastatic disease (at
least 1 lesion = 2-cm diameter on CT), and able to give valid in-
formed consent. Full inclusion and exclusion criteria and the definition
of evaluability, DLT, and maximum-tolerated dose are included in

TABLE 1
Dose Escalation
131]-huA33
administered activit
y Capecitabine
Dose level mCi/m? GBg/m?2 dose (mg/m?/d)
1 20 0.74 1,500
2 30 1.11 1,500
8 30 1.11 1,000
4 40 1.48 1,000
5 40 1.48 1,250

131T.quA33 AND CAPECITABINE THERAPY *

the supplemental materials (supplemental materials are available at
http://jnm.snmjournals.org).

Radiolabeling of huA33

huA33 was radiolabeled using an established radiolabeling technique
(13,19). Antibody preparations equal to or better than 95% isotope
bound to protein were used, and binding of '3'I-huA33 to A33-positive
cells was shown to reduce by only 13% after a 7-d incubation in human
serum at 37°C. Purified '3'I-huA33 was adjusted to 5% human serum
albumin and filtered through a sterile 0.22-pm filter before use.

Biodistribution and Dosimetry

y-camera imaging with anterior and posterior whole-body scans
using conjugate-view methodology was performed 1-4 h after the
scout '3'I-huA33 infusion and then on day 1, day 2 or 3, day 4 or
5, and continued after therapy '3'I-huA33 infusion at week 2, week 3
or 4, and week 5. SPECT imaging of relevant areas of disease was also
performed. Image analysis was performed by examination of whole-
body and SPECT images by experienced nuclear medicine physicians.
Normal biodistribution was confirmed from the scout imaging before
the therapy infusion in all patients.

Images were analyzed and dosimetry calculation performed by
determining regions of interest (whole body, normal organs, and
tumor) and calculation of time—activity curves and organ residence
times. Organ radiation dosimetry was calculated from data obtained
from the OLINDA software package (20).

Pharmacokinetics

Serum obtained from patients after infusion of '3'I-huA33 was
aliquoted and counted with appropriate standards in a +y-scintillation
counter (Packard Instruments). The results were expressed as percent-
age injected dose per liter and mg/mL. A 2-compartment intravenous
bolus model with macroparameters, no lag time, and first-order elim-
ination (WNL Model 8) was fitted to individual labeled infusions for
each subject using unweighted nonlinear, least-squares with WinNonLin
version 5.2 (Pharsight Co.).

HAHA Response

Antibody responses against humanized antibodies (HAHA) induced
after treatment of patients with huA33 monoclonal antibody were
analyzed by surface plasmon resonance technology using a BIAcore
2000 instrument as previously described (27).

Tumor Response Assessment

Tumor response was assessed by CT scanning, according to the
Response Evaluation Criteria in Solid Tumors (22). CT was performed
before study entry and at the end of study assessment. Patients were
evaluable for response once they had completed a full cycle of cape-
citabine. Serum carcinoembryonic antigen was also assessed at base-
line and at the end of study assessment.

Statistical Considerations

Biodistribution, tumor and normal organ dosimetry, and pharma-
cokinetic parameters were examined quantitatively, and descriptive
statistics such as mean, SD, and independent sample ¢ tests were used
to analyze these data.

RESULTS

Patient Characteristics

Nineteen patients (mean age, 59 y; range, 41-69 y; 6 women
and 13 men) were eligible and enrolled. All patients had progres-
sive metastatic disease at study entry, most commonly lung, liver,
or lymph node metastases, but prior oncologic treatment received
varied considerably. Patient and disease characteristics and prior
treatment are summarized in Table 2.
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Of the 19 patients enrolled, 1 withdrew consent to remain on the
study after 33 d because of side effects and was not evaluable for
response. Of the remaining 18 patients, all were evaluable and 12
completed the full study. Of the 6 patients who did not complete
the study, 2 were withdrawn because of progressive disease (PD),
3 because of toxicity, and 1 after diagnosis of a second unrelated
malignancy (non-Hodgkin lymphoma).

Toxicity

Three patients were withdrawn as a result of excessive toxicity,
2 of whom had DLT (including patient 105, who had febrile
neutropenia and thrombocytopenia, and patient 109, who experi-
enced severe diarrhea). The commonest adverse events deemed
related to the combination of 3'I-huA33 and capecitabine are
detailed in Supplemental Table 1. Myelosuppression (particularly
thrombocytopenia) was common, but most patients were asymp-
tomatic. Toxicity relating to the addition of capecitabine was
mild and self-limiting, with diarrhea, nausea, and asymptomatic
hyperbilirubinemia being most commonly reported. One patient
developed cardiotoxicity (grade 3 chest pain associated with ST
elevation) secondary to capecitabine, which resolved with treat-
ment but led to early withdrawal from the study. One further
patient reported episodes of retrosternal discomfort on exertion
(grade 1), which may have represented pain of cardiac origin,
because although no electrocardiogram abnormalities were found,
a stress test suggested ischemia. The maximum-tolerated dose of
the combination was found to be 0.74GBg/m? of '3'I-huA33 with
a capecitabine dose of 1,500 mg/m?/d, but after a protocol amend-
ment it was established that with a reduced dose of capecitabine
(1.48 GBg/m? 13!11-huA33) could be safely combined with a cape-
citabine dose of 1,250 mg/m?/d.

Biodistribution and Dosimetry

The pattern of '3'1-huA33 biodistribution after the scout infu-
sion was initially consistent with blood-pool activity, with gradual
appearance of some bowel uptake, and specific uptake in sites of
known metastatic disease over time (Fig. 1). The posttherapy
images demonstrated identical distribution and tumor uptake of
311-huA33 in all patients (Fig. 1). This biodistribution pattern was
identical to that seen in prior huA33 trials (/0,13). 3'I-huA33

tumor uptake was present for up to 5 wk after therapy infusion,
with clearance from the blood pool and bowel during this time.
Tumor dosimetry was performed in 10 of 19 patients, with 9 patients
having lesions too small or close to the blood-pool areas to allow
accurate quantitative analysis. The mean total tumor dose was 13.83 =
7.61 Gy (range, 5.06-26.94 Gy) (Table 3). The mean specific-absorbed
dose for the liver, spleen, kidney, and lung was 0.12 = 0.03, 0.18 =
0.06, 0.14 = 0.05, and 0.09 £ 0.03 cGy/MBgq, respectively. The red
marrow specific-absorbed dose ranged from 0.041 to 0.078 cGy/MBq.

Pharmacokinetics and HAHA

The following are the mean pharmacokinetic analysis results cal-
culated from the scout dose for '3'I-huA33: T, 15.78 = 4.68 h;
Ti10B, 100.24 = 20.92 h; clearance, 36.72 = 8.01 mL/h; and V,
(volume of central compartment), 3,204.26 = 605.59 mL. A weak,
intermittent positive HAHA response was observed by BIAcore anal-
ysis in 6 of 19 patients (patients 111, 113, 115, 117, 118, and 119). A
robust, sustained response of low titer was observed in 1 of 19
patients (patient 112).

Response

Of the 18 patients evaluable for tumor response, there was 1 partial
response (PR), 10 stable disease, and 7 PD. Patient 102 had a 31.6%
reduction in the sum of his target lesions at the end of study assess-
ment, but as he developed a new sternal metastasis was classified as PD
overall. Patient 108 had a PR, which lasted for 15.2 mo. Of the 10 pa-
tients who had stable disease, there was a reduction in percentage change
in the sum of target lesion diameters in 4 patients (by 9.7%—23.1%).
The percentage change in sum of target lesions for the 18 patients
evaluable for response is shown in Figure 2. Median progression-free
survival for all patients was 5 mo (range, 1.0-48.6 mo). For the 11 of
18 (61%) evaluable patients with stable disease or PR at study com-
pletion, the median progression-free survival was 6 mo (range, 4.4—
48.6 mo). Five patients were lost to follow-up 7-20 mo after completing
the study. The median overall survival for 14 of 19 (73.7%) patients
with recorded death date was 28.7 mo (range, 3.2-61.9 mo).

DISCUSSION

The combination of radioimmunotherapy with chemotherapy
to induce enhanced antitumor effects has

od 1d 3d 5d

been extensively explored in preclinical
' models (23-28) and in a small number of
phase I/II studies in patients with advanced
solid tumors, with a suggestion of antitu-
mor activity in some (29-34). The aim of
g this approach is to use chemotherapy as
e* a radiosensitizer, so that cancer cell cycle
is arrested in the radiosensitive G(2)/M

phase and efficacy is improved. After our
previous trial demonstrated that '31T-huA33
could be delivered as a well-tolerated, single
infusion to patients with metastatic CRC at
doses of up to 1.48GBg/m? (13), this study
was designed to determine whether this
radioimmunotherapeutic could be safely
combined with chemotherapy. Preclinical

1d data supporting the ability of chemotherapy

to radiosensitize, together with the stan-

FIGURE 1. Screening '8F-FDG PET (A) and CT (B) scans demonstrate large liver metastasis
(white arrowheads). y-camera imaging (C) after scout (D0-D5) and therapy dose of '3I-huA33
(D14) demonstrate uptake by liver metastasis (white arrowheads) and normal bowel (black
arrowhead). DO-D5 = days 0 through 5; D14 = day 14.
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dard practice for giving neoadjuvant radi-
ation with concurrent infusional SFU for
potentially resectable rectal cancer patients
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TABLE 3
Tumor Dosimetry Measurements for Assessable Patients on Study
131-huA33

131]-huA33 administered Specific tumor-

dose level dose (MBq) Tumor dose (Gy) absorbed dose
Patient no. mCi/m? GBg/m?  Tumor mass (g) Scout Therapy  Scout Therapy Total Gy/GBg cGy/mCi
104 30 1.11 31.43 289.88  2,030.63 1.43 10.00 11.43 4.92 18.22
105 30 1.11 32.04 291.75 2,159.25 2.81 20.82 23.63 9.64 35.70
108 30 1.11 10.40 289.5 2,092.50 2.24 16.20 18.44 7.74 28.67
109 30 1.11 15.36 288.00 2,020.88 0.63 4.43 5.06 2.19 8.11
110 30 1.11 10.34 318.75  2,451.00 0.66 5.08 5.74 2.07 7.67
111 30 1.11 3.07 301.13  1,990.88 1.91 12.61 14.52 6.34 23.48
113 40 1.48 16.01 298.88 2,781.38 1.15 10.72 11.87 3.85 14.26
115 40 1.48 41.66 318.00 2,870.25 0.53 4.77 5.30 1.66 6.15
117 40 1.48 14.08 301.13  2,948.90 1.43 13.97 15.40 4.74 17.56
119 40 1.48 19.58 294.00 2,856.40 2.51 24.43 26.94 8.55 31.67
Mean 13.18 299.10 2,420.21 1.53 12.30 13.83 5.17 19.15
SD 4.01 11.22 404.80 0.81 6.80 7.61 2.83 10.49

with unfavorable features on initial staging (/4-16), supported the
rationale for combining '3'I-huA33 with capecitabine. Synergistic
antitumor effects when '3'I-huA33 is combined with 5FU has also
been shown in CRC xenografts (18). The published lower incidence
of myelosuppression with capecitabine made it a logical option for
combination with radioimmunotherapy, although there was the po-
tential for a higher incidence of gastrointestinal toxicity when com-
bined with an antibody targeting a colon-specific antigen.

The study drug combination was well tolerated, with generally
mild gastrointestinal toxicity and 2 probable episodes of cardiac
toxicity related to capecitabine, whereas myelosuppression princi-
pally attributable to '311-huA33 was predictable and self-limiting.
When compared with 13'I-huA33 administered alone (13), the ad-
dition of capecitabine led to an increase in observed leukopenia and
gastrointestinal toxicity as expected, but importantly this did not
translate into an increased incidence of neutropenic sepsis and gas-
trointestinal toxicity was tolerable and self-limiting. Although DLT
(1 patient with myelosuppression, 1 patient with diarrhea) was ob-
served early using the initial dose escalation criteria, once an
amendment was approved to adjust the capecitabine dose, further
escalation of '3'I-huA33 dose was achieved safely. Excellent bio-
distribution, with tumor targeting in all patients and prolonged intra-
tumoral retention, was consistent with prior huA33 trials (10,13).

% change in target lesion
diameter sum

100 -

Tumor response (RECIST)

504

Progressive disease

0~

Partial response

50+

FIGURE 2. Waterfall plot presenting percentage change in sum of
target lesion diameter in 18 patients evaluable for response, evaluated
by Response Evaluation Criteria in Solid Tumors (RECIST).
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No definite correlation between percentage change in target lesions
and total tumor-absorbed dose was observed, and overall dose de-
livered to the tumor was modest, ranging from 5.06 to 26.94 Gy. The
PR seen in 1 patient and degree of target lesion shrinkage in several
other patients demonstrate antitumor activity with this combination
that exceeds that documented with 311-huA33 alone (/3). It is also
known that capecitabine has minimal activity in SFU refractory
CRC patients (35), and as all patients in our study had progressed
after initial SFU-based treatment regimes (Table 2), this would in-
dicate that the clinical benefit observed would be unlikely to be due
to capecitabine alone. A median progression-free survival of 6 mo
and an unexpectedly long-duration median overall survival of 28.7
mo were also observed, supporting a potential synergy and improved
efficacy through the addition of capecitabine to '3'1-huA33 radio-
immunotherapy.

Although radioimmunotherapy has clearly been established as
an effective treatment strategy for patients with lymphoma (36,37)
in solid tumors, radioimmunotherapy alone has had modest re-
sponse rates, and the addition of chemotherapy has emerged as
an important strategy to improve response rates (34). The optimi-
zation of antibody kinetics (e.g., multistep targeting) and isotopes
(e.g., 7Lu) has also emerged as an important factor in improving
response rates (36,38). In view of the impressive results recently
reported for '7’Lu and °°Y peptide receptor therapy in the treat-
ment of neuroendocrine tumors (39,40), it is clear that targeted
radiation to tumors has significant potential for therapeutic effi-
cacy, and our study provides further evidence of the potential for
this approach.

CONCLUSION

This study demonstrated that targeted chemoradiation in the form
of 311-huA33 combined with capecitabine can be administered
safely and effectively to patients with metastatic CRC. Biodistribu-
tion, pharmacokinetic, and tumor-targeting properties remained fa-
vorable with this combination treatment, and the clinical benefit
(PR/stable disease) seen in 11 of 18 (61%) evaluable patients and
long median overall survival (28.7 mo) suggest potential synergy
and improved efficacy through the addition of capecitabine to
1311-huA33 radioimmunotherapy. Further investigation of this strat-
egy using multistep targeting or alternate therapeutic radionuclides
(e.g., 7"Lu) is warranted.
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