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Pancreatic cancer (PC) has a very poor prognosis. Surgery is the
primary treatment for patients with resectable PC; however, local
recurrence, hepatic metastasis, and peritoneal dissemination often
occur even after extensive surgery. Adjuvant chemotherapy,
typically with gemcitabine, has been used clinically but with only
a modest survival benefit. To achieve a better outcome, we
investigated the efficacy of $4Cu-intraperitoneal radioimmuno-
therapy (ipRIT) with 84Cu-labeled antiepidermal growth factor re-
ceptor antibody cetuximab as an adjuvant treatment after PC
surgery using an orthotopic xenografted mouse model. Methods:
The efficacy of adjuvant 84Cu-ipRIT was investigated in a human
PC mouse model harboring orthotopic xenografts of xPA-1-DC
cells. To reproduce the clinical situation, PC xenografts were sur-
gically resected when pancreatic tumors were readily visible but
not metastatic tumors. Increasing doses of 64Cu-cetuximab
were intraperitoneally injected, and the mice were monitored for
toxicity to determine the safe therapeutic dose. For adjuvant
84Cu-ipRIT, the day after tumor resection, the mice were intraper-
itoneally administered 22.2 MBq of ¢4Cu-PCTA-cetuximab and
the survival was compared with that in surgery-only controls.
For comparison, adjuvant chemotherapy with gemcitabine was
also examined using the same model. Results: The mouse model
not only developed primary tumors in the pancreas but also sub-
sequently reproduced local recurrence, hepatic metastasis, and
peritoneal dissemination after surgery, which is similar to the
manifestations that occur with human PC. Adjuvant $4Cu-ipRIT
with 84Cu-labeled cetuximab after surgery effectively suppressed
local recurrence, hepatic metastasis, and peritoneal dissemina-
tion in this model. Significant improvement of the survival
with minimal toxicity was achieved by adjuvant 64Cu-ipRIT com-
pared with that in control mice that underwent surgery only. Ad-
juvant chemotherapy with gemcitabine nominally prolonged the
survival, but the effect was not statistically significant. Conclu-
sion: 4Cu-ipRIT with cetuximab can be an effective adjuvant
therapy after PC surgery.
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Patients with pancreatic cancer (PC) have a very poor prog-
nosis, with an overall 5-y survival rate below 5% (/). Surgical
resection is the primary treatment for patients with resectable PC
without obvious metastasis; however, local recurrence, hepatic
metastasis, and peritoneal dissemination are frequently observed
even after extensive surgery (2). These recurrences are thought to
stem from minimal undetectable metastases that were present at
the time of surgery (2). To improve the survival of PC patients
after resection, adjuvant chemotherapy, typically with gemcitabine,
has been used clinically. The large phase III study CONKO-001
showed that adjuvant chemotherapy with gemcitabine significantly
prolonged median overall survival (22.8 mo vs. 20.2 mo in the
surgery-only group) (3); however, most patients died within 2 y
after the surgery. The phase III study JSAP-02 reported that adju-
vant chemotherapy with gemcitabine tended to prolong median
overall survival (22.3 mo vs. 18.4 mo in the surgery-only group),
but the difference was not statistically significant (4). Therefore,
more effective adjuvant therapies are required to treat PC.

Toward this end, we have focused on intraperitoneal radio-
immunotherapy (ipRIT) using a radiolabeled tumor-specific binding
antibody. Intraperitoneal injection of radiolabeled antibodies en-
sured higher and more rapid accumulation in peritoneal dissemi-
nation, leading to prolonged survival in mice compared with
intravenous injection (5-8). Additionally, intraperitoneal, rather
than intravenous, administration of a tumor-specific binding anti-
body resulted in greater accumulation in pancreatic tumors in an
orthotopic mouse model, in early pancreatic ductal adenocarcinoma
in a spontaneous mouse model (9), and in hepatic metastases in
mice (/0). These pieces of evidence support the applicability of
ipRIT as an adjuvant treatment for PC.

Several therapeutic radioisotopes for ipRIT have been used to
date, such as the B~ emitters '3'I and '7’Lu or the a emitter 2>5Ac
(5-7). However, the sustainable use of a nuclear reactor for the
production of 13!T and '""Lu is a key challenge for future clinical
practice, and the availability of 225Ac obtained by radiochemical
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extraction from 22°Th is still limited (//—13). As a potential alter-
native, %4Cu (B~ decay, 0.574 MeV, 40%; electron capture, 42.6%;
B* decay, 0.653 MeV, 17.4%) might be used as a radioisotope for
ipRIT. %*Cu was shown to effectively prolong survival in mouse
models with peritoneal dissemination (8) and can easily be pro-
duced on a large scale (/4). B~ particles and high-linear-energy-
transfer Auger electrons emitted from ®*Cu can highly damage
tumor cells (15). The first-in-human study of 4CuCl, radionuclide
therapy was recently conducted, suggesting the potential of ®*Cu
for clinical use (16).

Additionally, the effectiveness of the ®*Cu-labeled antiepidermal
growth factor receptor (EGFR) antibody cetuximab for PET
imaging and internal radiotherapy has been well established in
many preclinical studies (/7,18). We previously showed that ipRIT
with #*Cu-labeled cetuximab was effective in peritoneal-dissemination
mouse colorectal and gastric cancer cells (HCT116-RFP and
NUGC4-RFP) and that the estimated absorbed doses to normal
organs in humans were sufficiently low relative to the reported
tolerance doses (8). Since cetuximab has high binding affinity for
EGFR, which is overexpressed in up to 90% of PCs (19), we hypoth-
esized that “*Cu-ipRIT with the **Cu-labeled cetuximab would be an
effective adjuvant treatment after surgery in PC. As a proof of concept,
we tested the effectiveness of adjuvant **Cu-ipRIT with cetuximab
using a clinically relevant orthotopic PC xenograft mouse model.

MATERIALS AND METHODS

Preparation of 64Cu-Labeled Cetuximab

Cetuximab was obtained from Merck Serono. **Cu was produced
and purified using previously published methods (/4). Cetuximab was
64Cu-labeled with the chelator 3,6,9,15-tetraazabicyclo[9.3.1]pentadeca-
1(15),11,13-triene-3,6,9-triacetic acid (PCTA), since previous
studies using PCTA for %*Cu labeling with cetuximab showed a high
radiolabeling yield and in vitro serum stability (8,18). **Cu-PCTA-
cetuximab was prepared according to the methods described in our
previous study (8), with the specific activity ranging from 1.1 to 1.7
GBg/mg. In animal experiments, the injected protein dose of ®*Cu-
PCTA-cetuximab was adjusted to 20 pg per mouse by adding an
unlabeled antibody as reported previously (8,20).

Cell Culture and Establishment of the Clinically Relevant
Orthotopic PC Xenograft Mouse Model

Human PC xPA-1 cells expressing red fluorescent protein in the
cytoplasm and green fluorescent protein in the nucleus (xPA-1-dual
color, xPA-1-DC) were obtained from AntiCancer. XPA-1-DC cells were
cultured in RPMI-1640 medium (Wako) supplemented with 10% fetal
bovine serum in a humidified atmosphere of 95% air and 5% CO, at 37°C.

All animal experiments were approved by the Animal Ethics
Committee of our institutions and conducted in accordance with the
institutional guidelines. Six-week-old female BALB/c nude mice were
obtained from Japan SLC. The xPA-1-DC cells (5 x 10°) in 25 pL of
RPMI-1640 medium mixed with 25 pL of ice-cold Matrigel matrix
(BD Biosciences) were injected into the pancreatic tail through the
incision. For surgical resection of primary PC, partial pancreatectomy
and splenectomy were performed as described previously (27) at 7
d after tumor cell inoculation, since their primary tumors were suffi-
ciently visible in the pancreas but obvious metastases were not yet
apparent at this time point. The optimal timing of the surgical resec-
tion of PC was determined by sacrificing the mice at 7 and 9 d after
tumor cell inoculation, and primary tumor growth and metastases were
observed in 5 animals per time point. In this study, tumor development
and recurrences were observed with the aid of a stereoscopic fluores-
cence microscope (8). The pattern of postoperative recurrence was
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examined with the model mice sacrificed at 2 wk after surgical re-
section (n = 9).

Histopathology and Immunohistochemistry

Harvested tumors and tissues were fixed in 10% buffered formalin
(Sigma-Aldrich) at room temperature and processed for paraffin
embedding, and sections at a 6-pum thickness were obtained according
to standard histologic procedures. Immunohistochemical staining for
EGFR was performed with deparaffinized sections according to pre-
viously described methods (8). Primary antibodies against EGFR
(1:50 dilution; Cell Signaling Technology) and rabbit IgG isotype
for negative control were used. Immunohistochemistry sections were
counterstained with hematoxylin. Images were obtained with an
Olympus BX43 microscope with a DP21 camera system (Olympus).

Toxicity Characterization

Before the treatment study, the effect of the intraperitoneally
injected ®*Cu-PCTA-cetuximab (0, 11.1, 22.2, 37, 74 MBgq; 4-5/
group) on body weight and on hematologic and biochemical param-
eters was examined to determine the therapeutic dose. Body weight
was measured on day 0 (just before *Cu-PCTA-cetuximab injection)
and on days 3, 7, 9, 14, 17, 21, 24, 28, and 35. Hematologic param-
eters were measured on day O (just before **Cu-PCTA-cetuximab in-
jection) and on days 7, 14, 21, 28, and 35, using blood collected from
the tail vein. The concentrations of white blood cells, red blood cells,
and platelets were determined using a hematologic analyzer (Celltac
MEK-6458; Nihon Kohden). Biochemical parameters were measured
on day 35 in mouse plasma prepared from blood collected by cardiac
puncture. The levels of glutamate oxaloacetate transaminase, gluta-
mate pyruvate transaminase, and alkaline phosphatase were deter-
mined to assess liver function. Blood urea nitrogen and creatinine
levels were determined to assess kidney function. Amylase and lipase
levels were determined to assess pancreas function. Biochemical pa-
rameters were measured using a blood biochemistry analyzer (Dri-
Chem 7000VZ; Fuji Film). Given that the hematologic and biochemical
parameters of mice administered **Cu-PCTA-cetuximab intraperitone-
ally at doses of 22.2 and 37 MBq had been examined in a similar
manner in our previous study (8), those data were included for analysis
in the present study.

Tumor Uptake

To characterize uptake of ®*Cu-PCTA-cetuximab into xPA-1-DC
orthotopic xenografts, accumulation of **Cu-PCTA-cetuximab at 24
h after intraperitoneal injection was evaluated and compared with the
values obtained in the similar manner in the intraperitoneal HCT116-
RFP colon cancer tumors and in the normal pancreas of tumor-free
mice as reported by us previously (8). Mice with orthotopic xenografts
of xPA-1-DC cells at 7 days after cell inoculation were injected in-
traperitoneally with 7.4 MBq %*Cu-PCTA-cetuximab (n = 8) and
killed at 24 h after injection. Tumors were isolated and weighed.
Radioactivity levels were measured with a y-counter (1480 Wizard
3 automatic y-counter; PerkinElmer). The percentage injected dose
per gram was calculated.

Adjuvant 64Cu-ipRIT After PC Resection

For the in vivo treatment, the mice with xPA-1-DC orthotopic
xenografts were randomized into 2 groups at 7 d after cell inoculation:
adjuvant *Cu-ipRIT and surgery-only (control) groups (10/group). In
both groups, surgical resection of primary PC was performed. One day
after the surgery, the mice were injected intraperitoneally with 22.2
MBq of %*Cu-PCTA-cetuximab (adjuvant **Cu-ipRIT group) or saline
(surgery-only control group) at day 0. After the toxicity characteriza-
tion, we chose to perform adjuvant ®*Cu-ipRIT with 22.2 MBq of
%4Cu-PCTA-cetuximab per mouse because this was the maximum
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dose that did not show any significant toxicity. Mice were monitored
for mortality until day 83, and the evaluation was performed as pre-
viously reported (8). Mice were sacrificed at a humane endpoint,
which was defined as noticeable extension of the abdomen, develop-
ment of ascites, or body weight loss (>20%). In vivo fluorescence
imaging was measured with an IVIS Lumina system (Caliper) weekly.
Two mice were treated similarly to those in the adjuvant ®*Cu-ipRIT
group and euthanized on day 17 to observe tumor recurrence.

Gemcitabine Treatment for Adjuvant Chemotherapy

For comparison, an in vivo study of adjuvant chemotherapy with
gemcitabine (Sigma) was performed in the same model. The mice
with orthotopic xPA-1-DC xenografts were randomized into 2 groups
at 7 d after cell inoculation: adjuvant chemotherapy with gemcitabine
and surgery-only control groups (10/group). One day after the sur-
gical resection of PC, the mice were injected intraperitoneally with
gemcitabine (100 mg/kg on days 0, 7, and 14; gemcitabine group)
or saline (days 0, 7, and 14; surgery-only control group). The dose
and timing of gemcitabine treatment were based on the previous
studies (3,4,22). An evaluation similar to that for *Cu-ipRIT was
performed.

Median Survival Time (MST)

In the in vivo treatment study, MST was determined for each
treatment, and the percentage of increase in MST (treatment) was
calculated as [MST of treatment group/MST of the surgery-only control
group X 100] (%) for **Cu-ipRIT and gemcitabine.

Statistical Analysis

Data are expressed as the mean * SD. P values were calculated
using the Mann—Whitney U test for comparisons between 2 groups or
the Kruskal-Wallis test with the Dunn post hoc test for comparisons
among multiple groups, since the data were nonparametric. Differ-
ences in survival were evaluated using the log-rank test. All statistical
analyses were conducted with a significance level of P < 0.05.

RESULTS

Establishment of the Resectable Human PC xPA-1-DC
Orthotopic Xenograft Mouse Model

To investigate the utility of adjuvant ®*Cu-ipRIT with %*Cu-
PCTA-cetuximab in PC, we generated an orthotopic xenograft
model with xPA-1-DC cells (Supplemental Fig. 1; supplemental
materials are available at http://jnm.snmjournals.org). Immunohis-
tochemistry confirmed EGFR overexpression in the xPA-1-DC
orthotopic xenografts (Supplemental Fig. 2). At 9 d after tumor cell
inoculation, primary tumors were located in the tail of the pancreas
in all animals (Fig. 1A). We also observed hepatic metastasis (2/5
mice, 40%) and peritoneal dissemination (5/5 mice, 100%) at this
time point (Fig. 1A). Therefore, we decided that 9 d after inocula-
tion was too late for the surgery. At 7 d after tumor cell inoculation,
we observed primary pancreatic tumors in all animals (Fig. 1B), but
no obvious metastatic lesions were detected at any distant site.
Given that the observations at 7 d after tumor cell inoculation
apparently reproduced the clinical PC prognosis after surgery, we
decided to perform partial pancreatectomy and splenectomy using
the procedures shown in Figure 1C at this time point. Histologic
observation revealed that tumor cells were invading the boundary of
the normal pancreas surrounding the tumor xenograft (Supplemen-
tal Fig. 3). Therefore, we resected PCs with some margins. The
presence of primary tumors was confirmed in all resected pan-
creases (Supplemental Fig. 4). In tumor-free mice that underwent
partial pancreatectomy and splenectomy, the general condition and
body weight were unperturbed (Supplemental Fig. 5).
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FIGURE 1. Mouse model with xPA-1-DC orthotopic PC xenografts. (A)
Representative images of primary tumor located in tail of pancreas (yel-
low arrowheads), hepatic metastasis (white arrowheads), and peritoneal
dissemination (blue arrowheads) at 9 d after tumor cell inoculation. (B)
Representative images of primary tumor located in tail of pancreas at 7
d after tumor cell inoculation (green arrowheads). (C) Surgical proce-
dures of partial pancreatectomy and splenectomy. Pancreas with tumor
and spleen were gently exteriorized (1). Portion of pancreas with tumor
and spleen was resected after ligation with clamp to prevent bleeding
(2 and 3). Pancreas was returned to abdomen (4). CL, LL, ML, RL =
caudate, left, median, and right lobes of liver, respectively; K = kidney;
L = liver; P = pancreas; S| = small intestine; Sp = spleen; St = stomach.

Postoperative Recurrence in xPA-1-DC Orthotopic
Xenograft Mice

Two weeks after surgery, local recurrence (3/9 mice, 33%)
(Fig. 2A, green arrowhead), hepatic metastasis (1/9 mice, 11%)
(Fig. 2B, white arrowhead), and peritoneal dissemination (9/9 mice,
100%) (Fig. 2A, blue and yellow arrowheads; Fig. 2C, pink ar-
rowhead) were observed (Supplemental Table 1). These lesions
were histologically confirmed as tumors, namely local recurrence
within the pancreas (Fig. 2D, green arrowhead) and metastatic
lesions in the mesentery near the small intestine (Fig. 2D, yellow
arrowhead), the peritoneum near the surgical sites (Fig. 2D, blue
arrowhead), the liver (Fig. 2D, white arrowhead), and fatty tissue
near the ovary (Fig. 2D, pink arrowhead). Distant metastases to
other sites were not observed. These results indicated that this
model reproduced the mode of postoperative recurrence seen in
PC patients (2).

Determination of the Therapeutic Dose for 4Cu-ipRIT
with 64Cu-PCTA-Cetuximab

The dose—effect relationship for intraperitoneally injected ®*Cu-
PCTA-cetuximab was investigated. Treatment with 37 and 74
MBq of *Cu-PCTA-cetuximab significantly reduced the percent-
age body weight relative to the initial value at day 3 after the
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FIGURE 2. Postoperative recurrence at 2 wk after surgical resection of
primary PC in mice with xPA-1-DC orthotopic xenografts. (A—-C) Repre-
sentative images of local recurrence (green arrowheads), hepatic me-
tastasis (white arrowheads), and peritoneal dissemination (blue, yellow,
and pink arrowheads) obtained with stereoscopic fluorescence micro-
scope. (D) Histologic observations with hematoxylin and eosin staining
of recurrent lesions presented in A-C. Color of arrowheads indicates
similar recurrent lesions in A-C. F = fatty tissue; K = kidney; L = liver;
LI = large intestine; Me = mesentery; Mu = muscle; O = ovary; P =
pancreas; S| = small intestine.

injection compared with that of the control (0 MBq; P = 0.004
and 0.003, respectively), although no significant differences were
observed at any other time points (Fig. 3A; Supplemental Table 2).
For other treatment groups (11.1 and 22.2 MBq), there were no
significant differences in percentage body weight at any time
points compared with the control (0-MBq group). In addition,
%4Cu-PCTA-cetuximab administration with 37 and 74 MBq sig-
nificantly reduced white blood cell counts after intraperitoneal
injection (day 7 in the 37-MBq group and days 7 and 14 in the
74-MBq group compared with those on day O in each group; P =
0.011, 0.016, and 0.012, respectively; Fig. 3B, left). Significant
reductions of platelet counts were observed in these 2 groups (day
14 in the 37-MBq group and day 7 in the 74-MBq group vs. day
0 in each group; P = 0.012 and 0.012, respectively; Fig. 3B,
right). There were no significant differences in red blood cell
counts (Fig. 3B, middle) or in any of the examined biochemical
parameters (Fig. 3C). These data demonstrated that adverse effects
of ¢4Cu-PCTA-cetuximab were dose-dependent, and the dose of
22.2 MBq was selected as the maximum tolerated dose as it
did not cause any significant adverse changes in body weight or
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hematologic and biochemical parameters in the mice after intra-
peritoneal administration. In addition, the tumor uptake of the
xPA-1-DC orthotopic xenografts was confirmed before the in vivo
treatment, showing a high tumor uptake of 14.6 * 3.2 percentage
injected dose per gram (Supplemental Fig. 6), similar to that ob-
served in HCT116-RFP xenografts (8).

Adjuvant 4Cu-ipRIT with 4*Cu-PCTA-Cetuximab

Survival was significantly extended in the adjuvant **Cu-ipRIT
group compared with that in the surgery-only control group (P <
0.001; Fig. 4). MST values in the adjuvant *Cu-ipRIT and sur-
gery-only control groups were 52.5 and 13.0 d, respectively, and
%4Cu-ipRIT %MST was 403.8% (Supplemental Table 3). All mice
in the surgery-only control group were dead before day 20. In
contrast, we observed 100% survival at day 20 and 40% survival
at day 83 in mice treated with adjuvant ®*Cu-ipRIT (4/10 mice).
No mice in any group showed a decrease in body weight over 20%
relative to the initial body weight until the experimental endpoint.
In vivo fluorescent imaging showed that tumor growth was inhibited
in the adjuvant ®*Cu-ipRIT group but not in the surgery-only control
group (Fig. 5A). The mice that underwent adjuvant **Cu-ipRIT had
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FIGURE 3. Toxicity of intraperitoneally injected Cu-PCTA-cetuximab.
64Cu-PCTA-cetuximab in 5-step doses was intraperitoneally in-
jected in tumor-free mice (4-5/group). Values are mean = SD. (A)
Percentage change in body weight for 35 d after 84Cu-PCTA-cetuximab
injection. SSignificant reductions in body weight in 37- and 74-MBq
groups vs. 0-MBq group at day 3 (P < 0.05). (B) Hematologic toxicity.
Shown are numbers of white blood cells (WBCs), red blood cells (RBCs),
and platelets (PLT) before (day 0) and after injection. *P < 0.05 vs. day 0 in
each group. (C) Biochemical parameters at day 35 after injection; none
showed significant changes. ALP = alkaline phosphatase; AMYL =
amylase; BUN = blood urea nitrogen; CRE = creatinine; GOT = glutamate
oxaloacetate transaminase; GPT = glutamate pyruvate transaminase;
LIP = lipase.
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FIGURE 4. After surgical resection of PC in xPA-1-DC orthotopic xeno-
graft mice, survival curves for adjuvant 84Cu-ipRIT with 64Cu-PCTA-
cetuximab and surgery-only control groups (top), and treatment schedule
(bottom) (10/group). Survival differed significantly between groups
(P < 0.001).

no detectable recurrent lesions in the pancreas or at any distant sites
at day 17 (Fig. 5B). The 4 surviving mice in the adjuvant ®*Cu-
ipRIT group had no detectable tumor lesions at day 83.

Adjuvant Chemotherapy with Gemcitabine

To compare the effect of adjuvant **Cu-ipRIT with *Cu-PCTA-
cetuximab to the conventional treatment, the efficacy of adjuvant
chemotherapy with gemcitabine was also evaluated in the same
model. Survival in the gemcitabine treatment group was nominally
higher than that in the surgery-only control group, but the effect
did not reach statistical significance (P = 0.185; Fig. 6). MST
values in the gemcitabine treatment and surgery-only control
groups were 17.0 and 15.0 d, respectively, and %MST (gemcita-
bine) was 113.3% (Supplemental Table 3). In both the gemcita-
bine treatment and the surgery-only control groups, no mice
showed body weight loss below 20% of the initial body weight
until the experimental endpoint.

DISCUSSION

The adjuvant ®*Cu-ipRIT with *Cu-PCTA-cetuximab signifi-
cantly prolonged survival by inhibiting tumor expansion without
significant adverse events after surgical resection of PC, whereas
adjuvant chemotherapy with gemcitabine did not significantly im-
prove survival in an orthotopic mouse model. These results are in
line with our previous study (8) but further demonstrated the ef-
ficacy of the adjuvant ®*Cu-ipRIT with %*Cu-PCTA-cetuximab
using a more clinically relevant orthotopic PC xenograft model
that not only developed primary tumors but also reproduced local
recurrence, hepatic metastasis, and peritoneal dissemination after
surgery, as seen in PC patients. %*Cu-ipRIT and gemcitabine %MST
values were 403.8% and 113.3%, respectively, indicating 3.4-fold
higher efficacy of ®*Cu-ipRIT. Adjuvant ®*Cu-ipRIT suppressed
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local recurrence in the pancreas and metastases at distant sites as
40% of the mice successfully survived without any detectable
local recurrence and metastasis for 83 d. Considering that in the
absence of adjuvant therapy, local recurrence, hepatic metastasis,
and peritoneal dissemination were observed in, respectively,
33%, 11%, and 100% of animals at 2 wk after surgery in this
model (Supplemental Table 1) and that the recurrence rate is
80%—85% after surgery in PC patients (2/), the 40% survival
without recurrence after adjuvant ®*Cu-ipRIT with %*Cu-PCTA-
cetuximab warrants further development of this therapy for fu-
ture clinical use.

Preclinical studies have demonstrated that intraperitoneal, rather
than intravenous, administration of radiolabeled antibodies resulted
in their high and rapid accumulation in pancreatic tumors, liver
metastasis, and peritoneal dissemination in vivo (8—/0). Further-
more, XPA-1-DC orthotopic xenografts exhibited high tumor up-
take of *Cu-PCTA-cetuximab (percentage injected dose per gram,
14.6 = 3.2; Supplemental Fig. 6) after intraperitoneal administra-
tion. These data suggest that intraperitoneally administered
64Cu-PCTA-cetuximab reaches the invisible small lesions in the
peritoneal cavity as well as in the pancreas and liver, resulting in
better survival without recurrence. Previous studies have demon-
strated that intraperitoneally administered drugs are delivered to
the pancreas via the lymphatic system (23) and to the liver via the
portal vein (24). This suggests the rationale for using **Cu-PCTA-
cetuximab after intraperitoneal administration as an effective
approach to prevent local recurrence, hepatic metastasis, and peri-
toneal dissemination in PC. Considering the limited distribution of
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FIGURE 5. Observations during in vivo treatment. (A) Representative
in vivo fluorescence images of mice from adjuvant 84Cu-ipRIT with 64Cu-
PCTA-cetuximab group and surgery-only controls. (B) Representative
stereoscopic bright-field and fluorescence microscope images at
day 17 in mouse that underwent adjuvant 84Cu-ipRIT with 64Cu-PCTA-
cetuximab. There were no detectable recurrent lesions in pancreas or at
any distant site.
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FIGURE 6. After surgical resection of PC in xPA-1-DC orthotopic xeno-
graft mice, survival curves for adjuvant chemotherapy with gemcitabine
and surgery-only control groups (top), and treatment schedule (bottom)
(10/group). NS = not significant.

cetuximab in large tumor masses, especially distant from blood
vessels or the surface (>100 wm) (25), and the short radiation range
of ®Cu in tissues (mean range < 1 mm; 0.02-10 wm for Auger
electrons (15)), the 64Cu-ipRIT with *Cu-PCTA-cetuximab would
be effective in cases involving small lesions rather than large tumor
masses. Radioimmunotherapy with Auger electrons reportedly
causes cytotoxicity to tumor cells by damaging the cell membrane,
similar to damaging the nucleus (26). This might explain the effec-
tiveness of **Cu-ipRIT. In this study, adjuvant chemotherapy with
gemcitabine tended to prolong survival, but the effect was not sta-
tistically significant. These data are consistent with the outcome of
phase III studies that showed a limited survival benefit of gemcita-
bine to patients after surgery (3,4).

Cetuximab has high binding affinity for EGFR, which is highly
expressed in a wide variety of cancers, including PC (19). Previous
studies have reported that a high proportion (=90%) of PCs shows
EGFR overexpression (/9). In PC patients, EGFR gene amplifi-
cation is increased (41%), whereas EGFR ectodomain mutations
that prevent cetuximab binding are rare (1.5%) (27). This evidence
led us to explore whether the use of adjuvant %*Cu-ipRIT with
64Cu-PCTA-cetuximab targeting EGFR could be effective for
many PC patients.

This study has several limitations. We used mice with orthotopic
xenografts to evaluate the efficacy of the adjuvant therapy for PC.
Although this model reproduced the clinical prognosis well, lung
and bone metastases that have been observed in some PC patients
(2) are not manifested in this model. Moreover, KRAS mutations,
which attenuate the effectiveness of molecular targeted therapy with
cetuximab because of the impairment of KRAS signaling (28), are
present in 49% of PC patients (27). Because we previously demon-
strated that ®*Cu-ipRIT with %*Cu-PCTA-cetuximab was effective
against gastrointestinal tumors expressing EGFR with or without
KRAS mutations (8), the effect in KRAS-mutant PC would be
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expected. However, in this study, we used only 1 cell line (xPA-
1) expressing wild-type KRAS (29). Therefore, further studies using
KRAS-mutant cell lines and patient-derived xenografts would be
helpful to understand the clinical application of this therapy. Addi-
tionally, there might be discrepancies between mice and humans in
the immunoreactivity of **Cu-PCTA-cetuximab. Therefore, careful
dose optimization will be necessary in humans. In this study, a
single administration of %*Cu-PCTA-cetuximab significantly pro-
longed survival in the mouse model; thus, multiple dosages might
be worth investigating in future studies to improve the outcome.

CONCLUSION

We demonstrated that adjuvant ®*Cu-ipRIT with ®*Cu-PCTA-
cetuximab after surgical resection of PC effectively prolonged
the survival, exhibited minimal toxicity, and was associated with
an overall better outcome than that after conventional adjuvant
chemotherapy with gemcitabine in a mouse orthotopic xenograft
model. This therapy effectively suppressed the local recurrence,
hepatic metastasis, and peritoneal dissemination that usually un-
derlie the poor prognosis of PC patients. Our findings suggest that
adjuvant **Cu-ipRIT with ®*Cu-PCTA-cetuximab can be a novel
treatment option to improve the condition of PC patients after
surgery.
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KEY POINTS

QUESTION: The purpose of this study was to investigate the
efficacy of 84Cu-intraperitoneal radioimmunotherapy (ipRIT) with
64Cu-labeled antiepidermal growth factor receptor antibody
cetuximab in vivo to provide an effective adjuvant treatment after
pancreatic cancer (PC) surgery.

PERTINENT FINDINGS: Adjuvant 84Cu-ipRIT with 84Cu-labeled
cetuximab after PC surgery significantly prolonged survival with
minimal toxicity and showed an overall better outcome than
conventional adjuvant chemotherapy with gemcitabine in a clini-
cally relevant preclinical model. This therapy effectively suppressed
local recurrence, hepatic metastasis, and peritoneal dissemination
that usually underlie the poor prognosis of PC patients.

IMPLICATIONS FOR PATIENT CARE: 64Cu-ipRIT with 64Cu-la-
beled cetuximab can be an effective adjuvant therapy to improve
the prognosis of PC patients after surgery.
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