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Summary

Background Cetuximab is a fully humanized IgG1 subclass monoclonal that binds specifically to the human epidermal growth
factor receptor (EGFR). Although EGFR is expressed in normal cells, the overexpression of EGFR is detected in many human
cancers, such as colon, rectum and lung tumors. In this study, cetuximab with a combination of radiotherapy nuclear 188Re
achieved better therapeutic effect on lung cancer. Methods '**Re-cetuximab administered by the i.v. route in human NCI-H292
lung tumor-bearing mice was investigated. NanoSPECT/CT images were taken to evaluate the distribution and tumor targeting of
!88Re-cetuximab in mice. The anti-tumor effect of '**Re-cetuximab was assessed by the tumor growth inhibition, survival ratio.
Results For nanoSPECT/CT imaging, a significant uptake in tumor was observed at 24 and 48 h following the injection of '**Re-
cetuximab. The anti-tumor effect of '**Re-cetuximab was assessed by tumor growth inhibition and the survival ratio. The tumor-
bearing mice treated with '**Re-cetuximab showed a better mean tumor growth inhibition rate (MGI = 0.049) and longer median
survival time and lifespan (62.50 d; 70.07%) than those treated with '**Re-perrhenate and cetuximab only by single injection. A
synergistic effect of tumor growth inhibition was observed with the combination index exceeding one for ' **Re-cetuximab (CI =

6.135 and 9.276). Conclusion The tumor targeting and localization of 188Re-cetuximab were confirmed in this study. Synergistic
therapeutic efficacy was demonstrated for the radioimmunotherapy of '**Re-cetuximab. The results of this study reveal the
potential advantage and benefit obtained from '**Re-cetuximab for diagnosis and therapy of oncology applications in the future.
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Introduction

' Institute of Nuclear Energy Research, 1000 Wenhua Rd, Longtan

District, Taoyuan City, Taiwan Lung cancer is the leading cause of cancer mortality world-
2 Division of Radiation Oncology, Department of Oncology, Taipei wide [1]. The two major subtypes are small cell lung cancer

Veterans General Hospital, Taipei, Taiwan (SCLC) and non-small cell lung cancer NSCLC) [2]. NSCLC
3 Institute of Traditional Medicine, School of Medicine, National accounts for about 85% of all lung cancer cases [3]. For early

Yang-Ming University, Taipei, Taiwan stage or locally advanced lung cancer, surgery is the most
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effective treatment and combined chemotherapy is the stan-
dard adjuvant approach. However, about 40% of patients with
NSCLC presented with unresectable and metastatic tumors
(stage IV) [4]. Since the effectiveness of current standard treat-
ment for advanced NSCLC (i.e. chemotherapy) has reached a
limit [5], a requirement for novel therapies is required in the
treatment of this disease.

Antibodies can recognize specific antigens, and this feature
has triggered development of monoclonal antibodies as deliv-
ery vehicles for radionuclides. Conventional external-beam
radiation therapy is suited to the treatment of localized disease,
whereas radioimmunotherapy offers the possibility of treating
localized, metastatic, or diffuse tumors. During this period,
more than 10 antibody-based pharmaceuticals have been ap-
proved for treating various diseases by the Food and Drug
Administration (FDA).

Cetuximab is a chimeric human-murine monoclonal immu-
noglobulin antibody. It blocks ligand binding to EGFR, lead-
ing to a decrease in receptor dimerisation, autophosphorylation
and activation of signaling pathways. Cetuximab may also act
by means of antibody-dependent cellular cytotoxicity and
complement-dependent cytotoxicity [3]. A previous clinical
study showed cetuximab combined with chemotherapy signif-
icantly improved survival in patients with non-small cell lung
cancer (NSCLC) compared with chemotherapy alone [6].
Several phase II trials have evaluated if cetuximab in combi-
nation with different first-line chemotherapy regimens could
enhance the synergic effect. The promising efficacy results of
the addition of cetuximab with cisplatin plus vinorelbine as
firstline treatment in a phase II study of lung cancer (overall
response rate (ORR): 35% vs. 28%) [7] led to the FLEX (First-
Line Erbitux in Lung Cancer) phase III trial [6, 8]. In this phase
I trial, the combination with cetuximab significantly im-
proved overall survival compared with chemotherapy alone
(cisplatin plus vinorelbine) in chemotherapy-naive patients
with advanced EGFR-positive NSCLC.

Radioimmunotherapy (RIT) uses an antibody labeled with
a radionuclide to deliver cytotoxic radiation to a target cell.
This therapeutic strategy can significantly expand the thera-
peutic index of therapeutic materials by minimizing the sys-
temic exposure and toxicity of radionuclides, simultaneously
maximizing the delivery of radionuclides to the target (e.g.,
tumor lesion). An additional attractive feature of
radioimmunotherapy is the crossfire effect, delivering radia-
tion to unbound cells (e.g., inaccessible to antibody due to
poor vascularization) and resulting in direct cytotoxicity.
Radioimmunotherapy is usually performed using whole IgG
mAbs (monoclonal antibodies) with a molecular weight of
150 kDa. The choice of the radionuclide depends on the size
of the tumor. The nucleotide with high energy b-emitters (e.g.,
%%y and '"®Re) is suitable therapy for larger tumors, and the b-
emitters nucleotide (e.g., '""Lu and '*'T) is suitable for treating
smaller tumors [9, 10]. RIT have fewer side effects than
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chemotherapy and has the ability to directly target and kill
the cancer cells.

2*Y_Ibritumomab tiuxetan (Zevalin) has been approved by
the US FDA in clinical usage for treatment of B cell non-
Hodgkin’s lymphoma [11, 12]. Yttrium-90 ibritumomab
tiuxetan (Zevalin, Spectrum Pharmaceuticals, Inc.) was the
first radioimmunoconjugate approved by the FDA for treating
patients with non-Hodgkin’s lymphoma. Zevalin was based
on antibodies specific to CD20, which was an antigen that was
present on normal B cells and cancerous B cell lymphomas. A
clinical trial phase III study compared °°Y-Ibritumomab
tiuxetan with rituximab in patients with relapsed or refractory
low-grade or transformed B cell Non-Hodgkin’s lymphoma
(NHL) [13]. The overall response rate (ORR) was 80% for the
9%Y-Ibritumomab tiuxetan group versus 56% for the rituximab
group (P=0.002), complete response (CR) rates were 30%
and 16% in the *°Y-Ibritumomab tiuxetan and rituximab
groups (P=0.04) [12].

Preclinical data indicated the anti-epidermal growth factor
receptor (EGFR) agent cetuximab as a radiosensitizer for ra-
diotherapy [14]. Inhibition of the EGFR by small molecule
tyrosine kinase inhibitors (TKI), such as erlotinib, or mono-
clonal antibodies (mAb), such as cetuximab, has been shown
to radiosensitize a limited number of non-small-cell lung car-
cinoma (NSCLC) and head and neck cancer (HNCC) cell
lines in vitro and in vivo [15-19]. In trials, the combination
of radiotherapy plus cetuximab resulted in prolonged survival
in a pivotal phase III trial [20, 21].

Rhenium-188 is one of the most readily available generator
derived and useful radionuclides for therapy emitting 3 parti-
cles (2.12 MeV, 71.1% and 1.965 MeV, 25.6%) and imageable
gammas (155 keV, 15.1%). The '**W/'"®Re generator is an
ideal source for the long term (4—6 months) continuous avail-
ability of no carrier added '**Re is suitable for preparing ra-
diopharmaceuticals for radionuclide therapy. The objective of
the present study was to develop a novel strategy to enhance
the therapeutic efficacy of cetuximab for lung cancer by co-
treatment with radiotherapy and immunotherapy.

Materials and methods
Cell cultures and animal model

The NCI-H292 human lung carcinoma cell line was obtained
from the American Type Culture Collection (Manassas, VA,
USA). It was grown in RPMI-1640 medium supplemented with
10% (v/v) fetal bovine serum (FBS) and 2 mM L-glutamine at
37 °C in 5% CO,. Cells were detached with 0.05% trypsin/
0.53 mM EDTA in Hanks’ Balanced Salt Solution (HBSS).
Six-week-old male BALB/c mice were obtained from the
National Animal Center of Taiwan (Taipei, Taiwan, ROC), with
food and water provided ad libitum in the animal house of the
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INER. Animal research protocols were approved by the
Institutional Animal Care and Use Committee (IACUC) at the
Institute of Nuclear Energy Research. Mice were subcutaneous-
ly inoculated with 2 x 10° tumor cells in the right hind flank.
About 7-10 days after inoculation, the animals developed tu-
mors of about 50—100 mm” in size.

Preparation of '®Re-cetuximab

Five mg of cetuximab (Erbitux®) was reduced with 2-
mercaptoethanol in a molar ratio of mAb:2-ME =1:1074
and purified by size-exclusion PD MidiTrap G-25 column.
MDP (1.125 mg), SnCl, (0.057 mg), ascorbic acid
(0.0255 mg) and reduced cetuximab (0.2~0.6 mg) were mixed
in a pre-sterilized glass vial and lyophilized for 24 h.
Cetuximab were labeled with '®*Re using lyophilized kits
containing 1.125 mg of MDP, 0.057 mg of SnCl,, and
0.0255 mg of ascorbic acid. Briefly, 430~1221 MBq of
188Re-perrhenate in 0.5 ml saline solution were added into a
lyophilized kit and 1 N HCI was added to adjust the pH to 5.5—
6. Following incubation at 37 °C for 4 h. The radiolabeling
yield and radiochemical purity was checked by instant thin
layer chromatography and size exclusion-HPLC analysis.

To evaluate the immunoreactivity of 188R e-cetuximab, cell
binding studies with '**Re-cetuximab were carried out using
NCI-H292 cells. Nonspecific binding was determined in the
presence of 100-fold excess of cetuximab. After incubation of
188R e-cetuximab with cells for 1 h, the samples were washed
twice in cold PBS containing 1% bovine serum albumin. Each
sample was counted in a gamma counter (WIZARD 1480,
Perkin-Elmer). Cell bound radioactivity (%) was calculated
by (cell bound radioactivity - nonspecific binding radioactiv-
ity)/ total radioactivity x100.

Biodistribution and pharmacokinetic studies
of '3%Re-cetuximab

Twenty nude mice (five mice per group) received an intravenous
injection of 1.85 MBq /100 il of '®*Re-cetuximab with 2.38 ug
cetuximab 14 days after implanting tumors of 30-80 mm® in
size. At various time points (4, 24, 48 and 72 h), the mice were
sacrificed by CO, asphyxiation. Blood samples were collected
through cardiac puncture. Organs of interest were removed,
washed and weighed, and the radioactivity was measured with
a gamma counter. The results were expressed as the percentage
injected dose per gram of tissue (%ID/g).

For pharmacokinetics, eight normal nude mice received an
intravenous injection of 1.85 MBq /100 ul of '®*Re-
cetuximab with 2.38 pug cetuximab at about 8-10 weeks of
age. At various time points (0.5, 1, 4, 24, 48, 72 and 168 h),
mice were anesthetized by inhalation of 2—-3% isoflurane and
blood samples were collected through cardiac puncture. The
blood samples were measured for radioactivity by gamma

counter (WIZARD 1480, Perkin-Elmer) and expressed as
the percentage injected dose per milliliter (%1D/ml). The phar-
macokinetic parameters of '**Re-cetuximab in blood were
determined using the WinNonlin software version 5.3
(Pharsight Corp., Mountain View, CA). The non-
compartmental analysis (NCA) was used to determine the
pharmacokinetic parameters including terminal half-life
(T 5z), Cmax, total body clearance (Cl) and area under the
curve (AUC).

SPECT/CT imaging

For evaluating the distribution of 188Re-cetuximab and
188Re-human IgG (12.95 MBg/mouse) following intrave-
nous injection, single-photon emission computed tomography
(SPECT) imaging was performed with four-headed
multiplexing multipinhole nanoSPECT (Bioscan Inc.,
Washington D.C., USA). Each head was fitted with an
application-specific tungsten collimator with nine pinholes.
This study used a mice aperture, comprising a total of 36
individual 1-mm diameter pinholes (nine pinholes in every
collimator, 4 x 9 =36) providing a maximum resolution of
0.75 mm for SPECT imaging. The nanoSPECT was calibrated
with a phantom, approximately the size of the animals, filled
with a known amount of *™Tc. The axial FOV was extended
using a step-and-shoot helical scan of the animal, with the user
defining a range from 24 to 270 mm according to the region to
be imaged. The energy peak for the camera was set at 155 keV.
The mice were scanned at 1, 4 and 24 h after injection of
'#8Re-cetuximab. An acquisition time of 60 s per view was
chosen. The CT imaging was performed immediately follow-
ing the whole-body SPECT imaging with a 55-kVp tube volt-
age in 180 projections. For calculating tumor uptake value,
0.185-0.74 MBq radioactivity of '**Re was used as a refer-
ence sources. SPECT images were reconstructed with
HiSPECT NG software (Scivis GmbH, Germany) and fused
with CT datasets using InVivoScope software (Bioscan Inc.)
For image analysis, all data processing was performed using
PMOD Version 3.3 (PMOD Technologies Ltd., Zurich,
Switzerland). Volumes of interest (VOIs) were drawn
encompassing the tumor and reference source on the corre-
sponding CT images. The VOIs were transferred to SPECT
images, and the count values of the tumor and reference
source were derived. SPECT images were reconstructed with
HiSPECT NG software (Scivis GmbH, Germany) and fused
with CT datasets using InVivoScope software (Bioscan Inc.).
Reconstructed SPECT images were reoriented and analyzed
with InVivoScope software using CT data as a reference.

Dosimetry

For estimating the absorption doses in each organ and the total
human body, the relative organ mass scaling method was used
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[22, 23]. The uptake and doses in various tissues/organs were
derived from the radioactivity concentration in tissues and
organs of interest, assuming a homogeneous distribution with-
in each source region. The calculated mean value of %IA/g for
the organs in mice was extrapolated to uptake in the organs of
a 70-kg adult [24, 25]. The extrapolated values (%IA) in the
human organs at 4, 24, 48 and 72 h were fitted with exponen-
tial functions and integrated to obtain the number of disinte-
grations in the source organs; this information was input into
the OLINDA/EXM computer program. The integrals (MBg-
h/MBq administered) for organs were calculated and used for
the dosimetry estimation.

To evaluate the recommended MAA of '**Re-cetuximab
for patients, the liver, kidney and spleen are common normal-
organ sites of '**Re-cetuximab localization and may, there-
fore, be dose limiting, although red marrow is most often the
dose-limiting organ in internal and external radiotherapy. As
splenectomy is not life threatening, the liver and red marrow
were regarded as dose-limiting critical organs for
nanoliposome-targeted therapeutics. In external beam therapy,
the tolerance dose in the liver is 25 Gy, defined as the dose for
a probability of 5% complication in 5 years (TD 5/5) [26]. Due
to a lack of dose tolerance in the liver in internal radionuclide
therapy, the 25-Gy value was applied to estimate the MAA in
a previous study. The tolerance dose in the red marrow of
1.85 Gy was chosen, representing a probability of major plate-
let toxicity of approximately 30% [27].

Maximum tolerated dose (MTD) of '®Re-cetuximab
in normal nude mice

The maximum tolerated dose (MTD) is defined as the highest
dose that can be given while still resulting in zero lethality and

<20% body weight loss [28, 29]. The radiation toxicity of
1#8R e-cetuximab was monitored by an MTD study. Male nude
mice were randomly grouped into cages of five and used at
age of 8 weeks. Mice were given 22.2,29.6,37,44.4,51.8 and
59.2 MBq of '®*Re-cetuximab (containing cetuximab 37.8 g
per mouse) by single intravenous injection. The mice were
weighed twice per week, and the survival rate of the mice
was recorded every day. The drug-induced radiation toxicities
(lethality and body weight loss) were determined for a mini-
mum of 4 weeks.

Therapeutic efficacy

Twenty-five male nude mice were used and each was subcu-
taneously inoculated with NCI-H292 cells (2 x 10°) in the
right hind leg. Treatments were initiated when the volume of
tumors became about 50 mm?>. Mice were randomly divided
into five groups and one group was randomly selected as the
control, with five mice per group (19.8 g on average). Five
groups of mice were treated with '**Re-cetuximab (29.6 MBq
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of "®®¥Re and 37.8 pg/mouse cetuximab), '**Re-cetuximab
(22.2 MBq of '®¥Re and 37.8 pg/mouse cetuximab), '**Re
(29.6 MBq of 188Re), cetuximab (37.8 pg/mouse) and normal
saline by single i.v. injection, respectively. Tumor was mea-
sured twice weekly by a digital caliper to document tumor
growth and the survival rate of the mice was recorded.
Tumor measurements were converted into tumor volume (V)
using the formula V = (Y x W?)/2; where Y and W are larger
and smaller perpendicular diameters, respectively. All data
were expressed as mean + SD. The mean tumor growth inhi-
bition rate (MGI) was calculated according to the volume of
the tumor: growth rate of the treated group/growth rate of the
untreated group [30]. The combination index (CI) was calcu-
lated by dividing the expected growth inhibition rate by the
observed growth inhibition rate. An index >1 indicates a syn-
ergistic effect [30]. Following standard animal research proto-
cols, termination was mandated on reaching one or both of the
following criteria: a tumor weight > 2 g (2 mL volume) or total
body weight loss >20% [31].

Statistics

Data were expressed as mean+ SD. The SPSS 11 program
(SPSS Inc., USA) was used to perform statistical analysis,
and the survival data were estimated by the Kaplan-Meier
method and compared by log-rank test. Values of P <0.05
were considered significant.

Results
Labeling efficiency and immunoreactivity

The radiolabeling efficiency and radiochemical purity of
%8R e-cetuximab was checked by instant thin layer chroma-
tography and size exclusion-HPLC analysis. The labeling ef-
ficiency of '**Re-cetuximab was higher than 95%. The radio-
chemical purity of '**Re-cetuximab was higher than 95%. The
immunoreactivity of '®*Re-cetuximab was higher than 75%.
These results suggested labeling of radionuclides to
cetuximab preserved the binding ability of the antibody. The
mole ratio of antibody to '**Re was 27.29.

Pharmacokinetics

The pharmacokinetic parameters were estimated with the
WinNonlin program and are summarized in Tables 1 and 2.
The maximum concentration (Cpay) of '**Re-cetuximab at
0.5 h in blood was 23.82 %ID/g. The clearance rate (Cl) of
18R e-cetuximab was 0.17 ml/h. The area under the time
curve (AUCO — ) of '®®Re-cetuximab was 630.49 %ID/
g*h. The T, (elimination half-life) of 188R e-cetuximab in
blood was 33.19 h.
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Table 1 Biodistribution of

188R e-cetuximab in human NCI- (%1D/g) 4h 24 h 48 h 72 h

H292 lung tumor-bearing nude

mice at4, 24, 48 and 72 h after i.v. Whole blood 14.92+1.73 2.57+0.13 1.52+0.13 1.15+0.07

injection ("3= 5). Tumor size was Skin 1.97+0.17 0.98+0.02 0.66 +0.06 0.51+0.02

40-80 mm Heart 3.46+029 0.57+0.02 0.35+0.02 0.23+0.02
Lung 552+1.13 1.34+0.27 1.43+0.59 0.69+0.07
Liver 10.47+1.70 243+0.10 1.80+0.12 1.38+0.11
Kidney 8.00+0.42 2.89+0.09 1.82+0.12 1.29+0.09
Spleen 3.48+0.65 0.95+0.07 0.81+0.08 0.72+0.10
Pancreas 1.14+0.10 0.25+£0.01 0.16+0.02 0.11+0.01
Stomach 1.65+0.22 0.40+0.02 0.27+0.02 0.18+0.01
Large intestine 1.07+£0.09 0.30+£0.01 0.20+0.02 0.17+0.01
Small intestine 2.18+0.36 0.47+0.04 0.36 +0.04 0.29+0.03
Bone 1.16+0.31 0.31+£0.06 0.19+0.03 0.17+0.05
Muscle 0.52+0.08 0.25+0.02 0.17+0.01 0.13+0.03
Tumor 17.58+1.30 25.30+3.15 25.14+1.04 24.79+0.78
Tumor/muscle 45.94+10.71 104.49+12.58 147.89+12.29 230.31+42.98
Tumor/blood 1.24+0.38 9.98+3.31 17.25+£5.05 21.94+3.40
Tumor/liver 1.88+0.74 10.32+2.24 14.43+£3.73 18.26£2.52

Data were expressed as percentage of injected dose per gram (%ID/g + standard error, n =5 at each time-point)

Biodistribution and SPECT/CT imaging
of "®Re-cetuximab

Biodistribution of '*®Re-cetuximab at 4,24, 48 and 72 h
after intravenous injection is listed in Table 1. The results
of '®¥Re-cetuximab showed significant accumulation in the
tumor, liver, spleen and kidney. The fast blood clearance,
and rapid excretion from the liver, kidney and spleen were
observed. The highest uptake of '**Re-cetuximab in the liv-
er, kidney and spleen reached 10.47% +1.70%, 8.00% =
0.42% and 3.48% +0.65% at 4 h after administration, re-
spectively. Very low levels of '**Re-cetuximab uptake were
observed in the musculoskeletal systems and other organs.
The levels of radioactivity within the tumor peaked at 24 h

Table2 Pharmarcokinet-

ic parameters of Parameters

188R e-cetuximab after

intravenous injection in Cinax (%ID/mL) 23.82

normal nude mice (n = 8) CI (mL/h) 0.17
AUC _, »(%ID /mL*h) 630.49
Tipz (h) 27.12
MRT, _, ,, (h) 33.19

Pharmacokinetic parameters were deter-
mined using the WinNonlin software version
5.3 (Pharsight Corp., Mountain View, CA)

C,,ax maximum concentration, C/ clear-
ance rate, AUC area under curve, T},
elimination half-life, MRT mean resi-
dence time

(25.30% £ 3.15%) and then slowly declined. The tumor up-
take of '®*Re-cetuximab was steadily maintained until 72 h
after administration (24.79% +0.78%). The highest Tumor/
Muscle (T/M) ratio of ¥ Re-cetuximab reached 230.31 +
42.98 at 72 h after injection. The T/M ratios were 45.94 +
10.71, 104.49+12.58 and 147.89+12.29 at 4, 24 and 48 h,
respectively. The highest Tumor/Blood (T/B) ratio of '**Re-
cetuximab was reached 21.94+1.52 at 72 h after injection.
The T/B ratios were 2.12+0.55, 9.98+1.48 and 17.25+
2.26 at 4, 24 and 48 h, respectively.

The longitudinal nanoSPECT/CT imaging of '**Re-
cetuximab indicated significant uptake in the tumors at 4
and 24 h after intravenous injection (Figs 1 and 2). The accu-
mulated activity of '*®Re-cetuximab in the tumor at time
points was calculated from the images created by drawing
the region of interest (ROI) using the standard source as a
point of reference. The image quantitative analysis of '**Re-
cetuximab in the tumor at 1, 4 and 24 h after injection was
2.94+0.38,7.32+1.19 and 10.23 +£0.77 %ID/g, respectively.
The trend of uptake analyzed by imaging is similar to the
results of biodistribution (Table 1).

Dosimetry of '®Re-cetuximab

According to the mouse biodistribution results (Table 1), the
radiation-absorbed doses for administering intravenously
1¥8Re-cetuximab in major human organs were estimated by
the OLINDA program, as shown in Table 3. The radiation
doses absorbed by the liver, kidney, spleen and total body
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Fig. 1 Comparisons of
nanoSPECT/CT images of '**Re-
cetuximab (a) or '**Re-human
IgG (b) targeting NCI-H292
tumors bearing in nude mice
(100~150 mm®). The '"**Re-
cetuximab and '"**Re-human IgG
containing 12.95 MBq of '®Re
was administered to each mouse
by intravenous injection (1 =3).
The images were acquired at 1, 4,
and 24 h after injection. The result
indicates '%®Re-cetuximab is a
potential theranostic agent for
EGFR-positive tumors

were 0.167, 0.143, 0.0591 and 0.0559 mGy/MBgq, respective-
ly. To estimate the recommended MAA of the '**Re-
cetuximab, the tolerance dose delivered in critical organs, liv-
er, and red marrow, should be lower than the tolerance doses
of both liver and red marrow following the injection of the
MAA. If the liver was initially regarded as the critical organ,
the MAA of '*¥Re-cetuximabe was 149.7 GBg. However, the
red marrow—absorbed dose delivered from such an adminis-
tration would be higher than levels generally associated with
dose-limiting toxicity in red marrow (1.85 Gy). If red marrow
was regarded as the critical organ, the MAA of '**Re-
cetuximabe was 33 GBq (Table 4). The liver-absorbed dose
delivered from such an administration was 5.52 Gy, which is
lower than the levels generally associated with dose-limiting
toxicity in the liver (25 Gy).

Fig. 2 MTD determination of
'88R e-cetuximab in normal 120 -
nude mice by single i.v. Py
injection. Six doses at 7.4 MBq X
intervals were evaluated. The :; 100
MTD is defined as the highest o)
dose that can be given while c
still resulting in zero lethality = -
and <20% body weight loss ®)

pre)

<

D 60
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(a) 1®8Re-cetuximab

(b) 188Re-higG
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Low

Maximum tolerated dose (MTD)

To identify the radiation MTDs of 188Re-cetuximab,
mice without NCI-H292 tumor were treated with various
therapeutics doses (22.2, 29.6, 37, 44.4, 51.8 and
59.2 MBq). There was no significant decrease in body
weight and drug-induced death of normal BALB/c mice
administered 22.2, 29.6 and 37 MBq of cetuximab by
single i.v. injection. Except for the control group, all
groups of mice were at the lowest body weight on day
7 after the injection, and gradually recovered. The de-
crease in body weight was dose-dependent in mice with
188Re-cetuximab. For MTD, the maximum dose with
weight loss less than 20% of '**Re-cetuximab was de-
termined to be 37 MBq.

—@— Normal Saline
O— 22.2 MBq "®8Re-cetuximab
—¥— 29.6 MBq 188Re-cetuximab
—4— 37.0 MBq "88Re-cetuximab
B 44.4 MBq "®Re-cetuximab
—{— 51.8 MBq 188Re-cetuximab
—&— 59.2 MBq "®Re-cetuximab
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Table 3 Absorbed doses (mGy/MBq) of '**Re-cetuximab in NCI-

H292 lung tumor-bearing nude mice by single injection

Normal organs Absorbed doses
(mGy/MBq)

Brain 0.079

Heart wall 0.160

Kidneys 0.143

Liver 0.167

Lungs 0.147

Spleen 0.059

Testes 0.079

Effective dose 0.088

Total body 0.092

Therapeutic efficacy

The tumor volume growth and inhibition following vari-
ous treatments from 0 to 29 days were plotted in Fig. 3. As
shown in Fig. 3, a time-dependent increase in tumor vol-
ume was observed in the normal saline control and
cetuximab-treated groups. In contrast to the mean tumor
volume of 1291.1+457.8 mm’ in the untreated normal
saline group at 29 d, the mean tumor volume of the treated
groups at 29 d with a single dose administration of
cetuximab (37.8 pg per mouse), free '**Re (29.6 MBq),
22.2 MBq '*¥Re-cetuximab (containing 37.8 pg
cetuximab per mouse) and 29.6 MBq '**Re-cetuximab
(containing 37.8 pg cetuximab per mouse) were 939.6 +
441.2 mm’, 937.5+537.2 mm’, 96.1+57.0 mm’ and
63.2+£40.3 mm®, respectively. As shown in Fig. 3, the
mean growth inhibition rates achieved by cetuximab,
29.6 MBq free '**Re, 22.2 MBq '**Re-cetuximab and
29.6 MBq '®®*Re-cetuximab were 0.708, 0.642, 0.049 and
0.074, respectively. An extremely significant synergistic
tumor growth inhibition effect was demonstrated by the
radiochemo-combination treatment with 22.2 MBq
!88Re-cetuximab and 29.6 MBq '**Re-cetuximab (CI=
9.276 and 6.135; Table 5).

Table4 Maximum administered activity estimated from animal studies
for a 70-kg male model at red marrow was regarded as the critical organ

Absorbed dose
Red marrow Estimated ID  Liver Kidney Spleen Tumor
(mGy/MBq) (mCi,GBg)  (Gy) (Gy) Gy)  (Gy)
0.0559 894,33 552 473 1.95 327

MTD is 25 Gy for liver, considered as a critical organ and is 1.85 Gy for
red marrow. MAA of tumor was calculated as 300 g

The survival curves for the different treatment groups are
compared in Fig. 4. The median survival time for the normal
saline control mice was 36.75 d. The median survival times
for the mice treated with cetuximab (37.8 pug cetuximab per
mouse), 29.6 MBq free 188Re, 22.2 MBq 188R e-cetuximab
and 29.6 MBq '*®Re-cetuximab were 62.75, 42.25, 62.50
(P <0.05) and 61.75 d (P <0.05), respectively. The P values
for the differences among the survival curves of the various
treatment groups are shown in Table 5. At the end of the
experiment (66 days after therapeutic administration), one
mice (20%) treated with 22.2 MBq '®*Re-cetuximab and
29.6 MBq '**Re-cetuximab survived.

The group treated with cetuximab (37.8 pug cetuximab per
mouse), 29.6 MBq free 188Re, 22.2 MBq 188R e-cetuximab
and 29.6 MBq '*®Re-cetuximab displayed a slight loss in
body weight (Fig. 5). The reduction in body weight for mice
treated with cetuximab (37.8 pg/mouse), 29.6 MBq free
'88Re, 22.2 MBq '**Re-cetuximab and 29.6 MBq '**Re-
cetuximab were no more than 10%.

Discussion

Targeting EGFR based on its specific antibody is useful and
has potential for developing a diagnostic methodology for
EGFR-positive tumors. Utilization of radiolabeled cetuximab
has been applied for diagnosing tumors such as colorectal can-
cer (CRC) [32] or head and neck tumor [33]. Currently,
cetuximab has been labeled with ''In [34-36], *Zr [37, 38],
%Cu [39, 40], P™Tc [41], °°Y and '""Lu [42, 43]. which is
insufficient to in antibody-based nuclear imaging such as
cetuximab with the apparent imaging signals after 4 to 72 h
injection. *Zr and **Cu are PET isotopes having higher reso-
lution than SPECT imaging such as images derived from '""Lu
and ""'In. **Cu has potential applications in diagnostic imaging
and radiotherapy due to the additional (3~ particles emitting.
The characteristics of '**Re for its use in palliative or radio-
therapy come from a short physical half-life of 16.9 h with a
high energy tissue penetration range of 2.12 MeVand LET 0.2
kev/um of 3 particles. Its 155 keV (15%) y-rays are quite
suitable for nuclear imaging. The high-energy beta emitters of
'¥8Re (2.12 MeV) have a mean tissue penetration range of
3.5 mm and maximum tissue penetration range of 10.15 mm
[44, 45], enabling "**Re to kill tumor cells through a cross-fire
or nonspecific cell-killing effect. Among various available ra-
dioisotopes, we have chosen 188Re for radiolabelling with
cetuximab because synergistic utilization of these radioiso-
topes could potentially lead to the development of a personal-
ized approach for radioimmunotherapy (RIT).

In this study, '"**Re-cetuximab was demonstrated to diag-
nose an early small tumor (Table 1) and advanced large tumor
(Fig. 1). The biodistribution pattern and tumor uptake for
"p-cetuximab [36], *°Y-CHX-A-DTPA-cetuximab and
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7L u-CHX-A-DTPA-cetuximab [42] were compared with
188Re-cetuximab. The tumor uptake of '**Re-cetuximab was
measured to be 25.3 %ID/g, which was higher than that of
%0Y-CHX-A-DTPA-cetuximab (15.9 %ID/g) and '""Lu-CHX-
A-DTPA-cetuximab (17.6 %ID/g) at 24 h after injection. The
tumor to muscle ratio of '**Re-cetuximab was measured 104-
fold, which was higher than that of 111In-cetuximab, 90y
CHX-A-DTPA-cetuximab and '"’Lu-CHX-A-DTPA-
cetuximab measured as 7.5-fold, ~30-fold and ~40-fold at
24 h after injection, respectively. The high liver observed in
case of radiolabelled mAbs is not unexpected because these
macromolecules (~150 kDa molecular weight) mainly clear

T @ 1
5 10 15 20 25 30

Days after treatment (d)

from the biological system through the hepatic route.
Moreover, it is well known the liver displays relatively high
levels of EGFR leading to increased uptake of radiolabelled
cetuximab in the liver. The liver uptake of '**Re-cetuximab
increases rapidly at 4 h (10.47+1.70 %ID/g) and reduce
quickly at 72 h (1.38 £0.11 %ID/g). The tumor-to-liver ratio
was observed to increase from 1.88+0.74 at 4 h to 18.26 +
2.52 at 72 h. For '""Lu-CHX-A-DTPA-cetuximab, the tumor-
to-liver ratio was observed to increase from 0.46+0.21 at4 h
t0 2.83+0.98 at 72 h. For *’Y-CHX-A-DTPA-cetuximab, the
tumor-to-liver ratio was observed to increase from 0.37 +
0.16 at4 hto 2.67+0.44 at 72 h.

Table 5 Therapeutic efficacy of
'#8Re-cetuximab on NCI-H292

Tumor growth inhibition

Survival

lung tumor-bearing nude mice by

single injection Treatment modality MGI*  Expected® CI° median survival time P value®  lifespan®
(d) (%)
!88Re-cetucimab (22.2 MBq) ~ 0.049  0.454 9276  62.50 0.002 70.07
188Re-cetucimab (29.6 MBq) ~ 0.074  0.454 6.135 61.75 0.002 68.03
Cetuximab (37.8 ug/mouse)  0.708 — - 42.75 0.047 16.33
Free '®¥Re (29.6 MBq) 0.642 — - 4225 0.167 14.97
Normal Saline Control - — - 36.75 - -

*MGI, Mean growth inhibition rate = Growth rate of treated group/Growth rate of untreated group. (at 29 days

after administration)

® Expected growth inhibition rate = Growth inhibition rate of free '*® Re x Growth inhibition rate of cetuximab

¢ CI, combination index was calculated by dividing the expected growth inhibition rate by the observed growth
inhibition rate. An index > 1 indicates synergistic effect [30]

9 P values were estimated between the experimental and normal saline control groups by log-rank test, P < 0.05

indicates significance

¢ Percentage increase in lifespan was expressed as (T/C - 1) x 100%, where T is the median survival time of treated
mice and C is the median survival time of control mice
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Rhenium-188 emits a gamma photon (155-keV) and a
beta particle (2.12 MeV) suitable for nuclear imaging and
radiotherapy. Comparing the physical properties of radionu-
clides, the maximum beta energy of '**Re (2.12 MeV) is
better than '""Lu (0.497 MeV) and similar to °°Y
(2.84 MeV). The high-energy beta emitters of '**Re have
a mean tissue penetration range of 3.5 mm and maximum
tissue penetration range of 10.15 mm. [44, 45], enabling
'%8Re to kill tumor cells through a cross-fire or nonspecific
cell-killing effect. Wang et al. [46] studied therapies of Re-
188-labeled herceptin, finding the tumor growth of the
DU145 xenografts in SCID mice was inhibited exclusively
by Re-188-labeled Herceptin treatment; the tumor growth
inhibition (TGI) calculated as the ratio of tumor volume

Fig. 5 Body weight change for 120 +

nude mice implanted with NCI-
H292 human lung tumors after
administering '**Re-cetuximab
(29.6 and 22.2 MBq), free '**Re
(29.6 MBq), cetuximab (37.8 pg/
mouse) and normal saline by sin-
gle i.v. injection

110

100

90 -
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(treatments/control) at day 55 was 36.6%. Li et al. [47]
studied the therapeutic efficacy of radioimmunotherapy of
188Re-labeled herceptin; the tumor inhibition rate (IR) was
48.8+4.9 after the fourth week of '®*Re-herceptin
(11.1 MBq) administration by intravenous injection. In this
investigation, the results (Table 5) of comparisons of thera-
peutic treatment with '**Re-cetuximab and cetuximab re-
vealed "®*Re-cetuximab showed a better tumor growth inhi-
bition rate and a higher survival ratio and lifespan of NCI-
H292 tumor-bearing mice treated with single doses (0.049,
62.5 days and 70.07%, respectively).

reclinical data indicate the anti-epidermal growth factor
receptor (EGFR) agent cetuximab (Erbitux) as a
radiosensitizer. EGFR-mediated radioresistance has been

—v— 188Re._Cetuximab (29.6 MBq )
—@— 188Re.Cetuximab (22.2 MBq )
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evidenced by EGFR activation and stimulation of DNA repair
by ionizing radiation [48, 49], and the ability of anti-EGFR
agents to enhance radiation in pancreatic cancer has been
demonstrated in animal studies [50, 51]. The inhibition of
EGFR has resulted in clinically significant radiosensitization
for locoregionally advanced tumors [14, 21, 52, 53]. In this
study, synergistic effect of '**Re-cetuximab was demonstrat-
ed. The synergistic effect may be caused by radiosensitization
of cetuximab. For this speculation, further research is needed.

Conclusion

The tumor targeting and localization of '**Re-cetuximab were
confirmed by the biodistribution, pharmacokinetics and
in vivo nanoSPECT/CT imaging. The therapeutic efficacy of
the '®®Re-cetuximab was proven in NCI-H292 lung carcino-
ma tumor-bearing nude mice. The synergistic therapeutic ef-
ficacy was demonstrated for the radioimmunotherapy of
'88Re-cetuximab. The results of SPECT/CT imaging and ther-
apeutic efficacy study reveal the potential advantage and ben-
efit obtained from '®*Re-cetuximab for oncology diagnosis
and therapy applications in the future.
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