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Abstract
Purpose: To develop effective combination therapy against pancreatic ductal adenocarcinoma (PDAC)

with a combination of chemotherapy, CHK1 inhibition, and EGFR-targeted radioimmunotherapy.

Experimental Design:Maximum tolerated doses were determined for the combination of gemcitabine,

the CHK1 inhibitor PF-477736, and Lutetium-177 (177Lu)–labeled anti-EGFR antibody. This triple

combination therapy was investigated using PDAC models from well-established cell lines, recently

established patient-derived cell lines, and fresh patient-derived xenografts. Tumors were investigated for

the accumulation of 177Lu-anti-EGFR antibody, survival of tumor-initiating cells, induction of DNA

damage, cell death, and tumor tissue degeneration.

Results: The combination of gemcitabine and CHK1 inhibitor PF-477736 with 177Lu-anti-EGFR

antibody was tolerated inmice. This triplet was effective in established tumors and prevented the recurrence

of PDAC in four cell line–derived and one patient-derived xenograft model. This exquisite response was

associated with the loss of tumor-initiating cells as measured by flow cytometric analysis and secondary

implantation of tumors from treated mice into treatment-na€�ve mice. Extensive DNA damage, apoptosis,

and tumor degeneration were detected in the patient-derived xenograft. Mechanistically, we observed

CDC25A stabilization as a result of CHK1 inhibition with consequent inhibition of gemcitabine-induced

S-phase arrest as well as a decrease in canonical (ERK1/2 phosphorylation) and noncanonical EGFR

signaling (RAD51 degradation) as a result of EGFR inhibition.

Conclusions:Our study developed an effective combination therapy against PDAC that has potential in

the treatment of PDAC. Clin Cancer Res; 20(12); 3187–97. �2014 AACR.

Introduction
Pancreatic ductal adenocarcinoma (PDAC) is the

fourth most common cause of cancer death, and by

2020, PDAC is anticipated to move to the second leading
cause of cancer-related deaths (1). More than 80% of
patients with PDAC present with unresectable disease
and one third of these patients have locally advanced
PDAC; the rest have distant metastases (2). Gemcitabine
is a potent radiosensitizing drug and remains the stan-
dard of care for locally advanced, unresectable disease
(2). Advanced/metastatic PDAC remains one of the most
lethal cancers with a median survival of only 6 months.
Combinations of gemcitabine and other chemotherapeu-
tics have failed to demonstrate significant clinical benefit
with the exception of the recent MPACT and PRODIGE
4/ACCORD 11 randomized controlled trials. MPACT
compared gemcitabine and nanoparticle albumin-bound
paclitaxel (Abraxane) with gemcitabine alone, and the
combination significantly improved overall survival
(OS): 8.5 versus 6.7 months (3). PRODIGE 4/ACCORD
11 compared combination FOLFIRINOX (5-fluorouracil,
oxaliplatin, irinotecan, and leucovorin) regimen with
single-agent gemcitabine, and FOLFIRINOX significantly
improved OS (11.1 versus 6.8 months; ref. 4). Despite
these incremental benefits, targeted therapies based on
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the molecular architecture of PDAC offer potential for
further survival improvement.

Gemcitabine metabolites, diphosphorylated and tri-
phosphorylated nucleosides (dFdCDP and dFdCTP),
cause cell replication stress and activate the checkpoint
kinase 1 (CHK1). Preclinical studies investigated the
combination of CHK1 inhibitors (CHK1i) with radiother-
apy or chemotherapeutics in several cancers, including
PDAC. The premise behind this strategy is that the major-
ity of cancer cells are deficient in the G1–S DNA-damage
checkpoint (due to TP53 mutation). This leads to the
reliance of cancer cells on the S and G2 checkpoint for
DNA repair and survival, which can be abrogated using
CHK1i (5). Particularly, synthetic lethal RNAi screening
identified CHK1 as a sensitizing target for gemcitabine
therapy in PDAC (6), and several studies reported the
synergistic combination of gemcitabine and CHK1i in
animal models (7, 8). The sensitization of pancreatic
cancer cell lines by CHK1i correlates with the inhibition
of RAD51 (9), which is involved in the homologous
recombination (HR) DNA repair pathway. More recently,
the combination of CHK1i and gemcitabine together with
external local radiotherapy in pancreatic tumor xenografts
showed significant delay in tumor growth, which was
explained by the abrogation of G2 checkpoint and inhi-
bition of HR DNA repair (10). Despite the strong antitu-
mor response to this combination therapy, regrowth of
tumors was consistently observed (10).

PDAC is a molecularly heterogeneous cancer, with
most genomic aberrations occurring at very low frequency
(11, 12). Furthermore, recent studies have expounded the
intratumoral heterogeneity observed by pathologists for
decades. Elaborate clonal evolution radiating from paren-
tal clones yields high genetic diversity with a spatial and
temporal distribution of cell clones in primary PDAC
tumors (13). Although some clones respond to particular
treatments, other clones may resist the treatment and

drive tumor regrowth. Thus, we rationalized targeting of
pancreatic tumor cells using radionuclide-labeled anti-
body directed against a tumor-associated antigen. Radio-
immunotherapy (RIT) overcomes the heterogeneity of
tumor cell populations, because radionuclides can kill
adjacent antigen-negative tumor cells via a crossfire effect.
Moreover, the low dose rate of RIT may alter cell-cycle
progression (14), and the G1 and G2–M phases of the cell
cycle are the most radiosensitive (15).

In this study, we combined gemcitabine and CHK1i with
radionuclide therapy delivered using anti-EGFR monoclo-
nal antibody (mAb) to deliver constant radiation dose to
pancreatic cancer cells. The rationale was to chemically
debulk and radiosensitize tumors using the gemcitabine
and CHK1i combination and then to immuno-target radio-
nuclides to antigen-bearing cells, thus delivering radiation
crossfire to surrounding antigen-negative cells. Using mul-
tiple PDAC xenograft models derived from cell lines and
patient tumors, we show that this combination had a
profound antitumor effect without any recurrences in vivo.
This effect was associated with extensive DNA damage,
apoptosis, and tumor degeneration and loss of therapy-
resistant cell subpopulations.

Materials and Methods
EGFR IHC of PDAC tissue microarrays

A cohort of 104 consecutive patients with primary oper-
able, untreated PDACwhounderwent pancreatectomywith
curative intent (preoperative clinical stages I and II) was
recruited as part of the Australian Pancreatic Cancer
Genome Initiative (APGI), and the International Cancer
GenomeConsortium.Detailed clinicopathologic character-
istics of the cohort have been previously described (11).
IHC for EGFR was performed as previously described (16;
detailed in Supplementary Methods).

Patient-derived xenografts and cell lines generation
The generation of patient-derived xenografts (PDX) and

cell lines is detailed in Supplementary Methods. Briefly,
femaleNOD/SCID/IL2 receptor (IL2R) g (null) (NSG)mice
and athymic balb/c-nude mice were used for the establish-
ment of PDXs according to methodology published else-
where (17). Patient-derived cell lines (PDCL) were estab-
lished from enzymatically digested xenografts (detailed in
SupplementaryMethods).Noneof the PDXs or PDCLs used
in this study had mutations in EGFR or HER2, but all were
KRAS mutant (data not shown).

Cell culture and anti-EGFR mAb production
The established cell lines PANC-1 (CRL-1469) and BxPC-

3 (CRL-1687) were purchased from ATCC and cultured in
the recommended ATCC media. PANC-1 and BxPC-3 cells
expressing luciferase were prepared by transduction with
the luciferase expressing retrovirus as described previously
(16). The hybridoma producing the anti-human EGFR
mouse mAb (clone 225 HB-8508; IgG1; ATCC) was cul-
tured as per ATCC instructions. This mouse mAb is the

Translational Relevance
Pancreatic cancer is a leading cause of cancer-related

deaths, and an expected increase in incidence is not
matched by an abundance of effective therapies. CHK1
inhibitors in combination with gemcitabine in pancre-
atic cancer are now entering phase II clinical trials. EGFR
inhibition in combination with gemcitabine has been
investigated clinically in pancreatic cancer but only
produced modest responses. In this study, we describe
a novel combination therapy involving gemcitabine and
CHK1 inhibitor with radioimmunotherapy tailored spe-
cifically to pancreatic ductal adenocarcinomas that
express high levels of EGFR. This therapy produced
remarkable antitumor responses in several pancreatic
cancer models supporting ongoing development of this
treatment approach.
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precursor to the derived chimeric human:murine antibody
C225, commercially known as cetuximab. The PDCLs
TKCC-07 and TKCC-10 were cultured in M199/Ham F12
media mixture (see Supplementary Methods for media
description). All the cell lines were regularly tested for
mycoplasma and authenticated using short tandem repeat
profiling.
The EGFR mAb was purified, conjugated to DOTA-NHS-

ESTER (Macrocyclics), radiolabeled with 177LuCl3 (Perkin
Elmer), and confirmed for immunoreactivity and stability
as described elsewhere (16). The specific activity of 177Lu-
anti-EGFR mAb ranged between 2 and 3 mCi/mg (74–111
MBq/mg).

Treatments in vitro and in vivo
Gemcitabine was purchased from Selleck Chemicals

LLC, and the CHK1i PF-477736 was provided by Pfizer
(compound transfer program grant WS835429). In vitro
treatments and assays are described in Supplementary
Methods.
For in vivo therapy experiments, the Animal Ethics

Committee of the Queensland Institute of Medical
Research gave approval for use of the mice. For cell
line–derived models, balb/c nude mice at 5 weeks of age
(Animal Resources Centre, ARC) were inoculated subcu-
taneously with exponentially growing cells (5 � 106 per
mouse) prepared in 50 mL of 50:50 PBS:Matrigel (BD
Biosciences) solution. For the PDXs, pieces (�4 mm3)
prepared from in vivo passage of TKCC-PDX-07 were
implanted subcutaneously along with 20 mL of Matrigel.
In all models, treatments were initiated when tumors
were 60 � 1 mm3 as calculated by caliper measurement
of tumor’s longest (a) and shortest (b) diametersand the
equation: tumor volume (mm3) ¼ a/2 � b2. Gemcitabine
was prepared in saline and administered intravenously on
days 1, 4, 7, and 10. The CHK1i PF-477736 was admin-
istered subcutaneously at 15 mg/kg as two 7.5 mg/kg
injections per day on days 1, 4, 7, and 10. The anti-EGFR
mAb was administered intravenously either unlabeled
(50 mg per 20 g mouse) or labeled with 177Lu (50 mg
with 6 MBq radioactivity per 20 g mouse) injected intra-
venously on day 2 only. Mouse weights and tumor
volumes were measured twice per week in the first 3
weeks of treatment and then once a week.

In vivo and ex vivo analyses
For the luciferase-tagged PANC-1 and BxPC-3 models,

bioluminescence live imaging (BLI) was carried out using
the IVIS100 live animal imaging system (Caliper Life
Sciences) at 10 minutes after intraperitoneal injection of
125 mg/kg VivoGlow Luciferin (Promega Corporation).
These models were also subjected to BLI to measure the
activation of caspase-3 in vivousing the VivoGlo caspase-3/7
substrate (Promega Corporation) as described previously
(16).
The PDXs TKCC-PDX-07 model was used to perform

several ex vivo studies. First, to study tumor-initiating
cells, tumors were excised at 10 days after treatment start

to prepare single-cell suspensions by collagenase B diges-
tion as described previously (16). The single-cell suspen-
sions were used immediately to inoculate new balb/c
nude mice (treatment na€�ve), which were followed for
tumor formation (5 � 106 cells in 50 mL of 50:50 PBS:
Matrigel). Additional aliquots from the single-cell sus-
pensions were also used for flow cytometric analysis of
pancreatic cancer stem cells (CSC) by staining (30 min-
utes at 4�C) with anti-CD44 PE-Cy5-mAb, anti-CD24
PE-mAb, and anti-EpCAM FITC-mAb (all from BD Bios-
ciences) as per the manufacturer’s instructions. Acquisi-
tion and analysis were performed using BD FACSCanto II
flow cytometer. The PDXmodel was also used to study the
biodistribution of 177Lu-anti-EGFR mAb. Mice were killed
at 6 days after the injection of 177Lu-anti-EGFR mAb, and
the accumulation of 177Lu was calculated as the percent-
age of radioactivity counted (Packard Cobra II Gamma
Counter; Perkin Elmer) per gram of tissue to the total
radioactivity injected. Finally, the TKCC-PDX-07 model
was used for histologic and immunoblotting analyses
(detailed in Supplementary Methods).

Statistical analysis
Statistical analysis was performed with GraphPad Prism

v5.0 (GraphPad Software). The types of tests used are stated
in figure legends.

Results
EGFR expression in patients with PDAC

Studies have suggested EGFR as a negative prognostic
factor in PDAC (18, 19). The multimodal therapy in this
study incorporates EGFR targeting, thus we examined
EGFR protein expression in the prospectively accrued
APGI cohort of 104 primary operable patients with
PDAC. We found that the majority of PDAC cases were
positive for EGFR (n ¼ 92; 88.5%) and of these, 48 had
high EGFR expression (46.2%, staining intensity 2 and 3).
EGFR expression did not correlate with more advanced
disease or poorer survival (Fig. 1A) possibly due to the
small number of EGFR-negative tumors in this cohort (n
¼ 12; 11.5%). We also examined EGFR expression in our
cohort of PDXs generated from the APGI patient samples
(n ¼ 37), and found that EGFR protein levels from the
patient tumors and the matched PDXs correlated signif-
icantly (Cramer V ¼ 0.49, P ¼ 0.001; Fig. 1B and C).
Collectively, these results demonstrate that a significant
proportion of PDACs express EGFR, providing a poten-
tially attractive therapeutic target.

Gemcitabine and CHK1 inhibition sensitize to EGFR-
directed RIT

The multimodal therapy examined in our study
involved a gemcitabine and CHK1 inhibition combina-
tion to debulk and radiosensitize tumors with subsequent
use of radiolabeled anti-EGFR mAb to deliver constant
cytotoxic b-radiation at a low dose rate to cells binding
the mAb and to surrounding cells via radiation crossfire.

Anti-EGFR Radioimmunotherapy in Pancreatic Cancer
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First and in line with previous in vitro (6) and in vivo (7, 8)
studies, we confirmed that CHK1 inhibition sensitized
the gemcitabine-resistant PANC-1 (20) cell line to gem-
citabine treatment. Gemcitabine induced S-phase arrest
after 48 hours, and scheduled (16, hours after gemcita-
bine) or concurrent addition of CHK1i (CHK1i 180
nmol/L; PF-477736; Pfizer) efficiently abrogated this
arrest and resulted in apoptotic cell death as judged by
the accumulation of cells in subG1 (Supplementary Fig.
S1). We subsequently found that CHK1i sensitized the
PANC-1 cell line to low continuous radiation dose deliv-
ered by targeted RIT using lutetium-177 (177Lu)–labeled
anti-EGFR mAb. The clonogenic survival after combining
CHK1i (180 nmol/L) with 2 Gy of 177Lu-anti-EGFR mAb
(over 72 hours) was similar to that when combining
gemcitabine (40 ng/mL) with 2 Gy of 177Lu-anti-EGFR
mAb. Importantly, the combination of gemcitabine and
CHK1i significantly reduced the clonogenic survival of
PANC-1 cells when combined with 177Lu-anti-EGFR mAb
(Supplementary Fig. S1).

Tolerability and efficacy of gemcitabine, CHK1i, and
EGFR-directed RIT in PDAC models

Our in vitro findings indicated that the combination of
gemcitabine, CHK1 inhibition, and EGFR-directed RIT as a
triple combination therapy couldbe effective against PDAC.
Therefore, we examined the in vivo tolerability of the dual
and triple combinations. Because we and others (21) have
found that concurrent treatment was effective, we admin-
istered CHK1i concurrently with gemcitabine instead of a
24-hour delay (7). Dosing schedules of 50 mg/kg gemcita-
bine and 15 mg/kg (7.5 mg/kg twice daily, b.i.d.) admin-
istered every 3 days for 2 cycles with a single dose of 177Lu-
anti-EGFR mAb (6 MBq/20 g, 300 MBq/kg) were well
tolerated in mice. Higher doses of gemcitabine or EGFR-
directed RIT were associated with reversible (>10% weight
loss) or irreversible (>30%weight loss) toxicitieswithout an
advantage in inhibiting the growth of xenografts (Supple-
mentary Fig. S2).Using the safe doses, wenext examined the
efficacy of the triple combination of gemcitabine, CHK1
inhibition, and EGFR-directed RIT in xenografts established

Figure 1. EGFR protein expression
in the Australian cohort of PDAC
specimens and the patient-derived
xenograftmodel. A, the distribution
of EGFR staining intensities among
PDAC samples, showing no
significant differences in the
median disease-free and overall
survival between the various
subgroups. B, representative
images at �20 magnification
showing EGFR protein levels in
human PDAC and matched PDXs,
with scores corresponding to 0
(absent staining), 1 (incomplete
and weak cytoplasmic or
incomplete membranous staining),
2 (weak to moderate complete
membranous staining), and 3
(strong andcompletemembranous
staining). C, a contingency table
showing significant correlation
between EGFR protein levels in
human PDAC and PDXs (n ¼ 37).
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from two ATCC PDAC cell lines, PANC-1, and BxPC-3.
EGFR expression in these cell lines was confirmed by
immunoblots and flow cytometry (Supplementary Fig.
S3). In comparison with any single- or two-agent combina-
tions, the triple combination therapy produced complete
regression of PANC-1 (Fig. 2B and C) and BxPC-3 (Sup-
plementary Fig. S4) tumors. The exquisite response was
associated with a remarkable induction of apoptosis as
detected by live imaging of caspase-3/7 activation (Fig.
2D and Supplementary Fig. S4).We also observed complete
regression of xenografts established from two low-passage
(<15) cell lines derived from patients with PDAC, TKCC07
and TKCC10, when treated with the triple combination
therapy (Fig. 3A and B).

The efficacy of the triple combination therapy in PDXs
Wedetermined the efficacy of our combination treatment

approach in the PDX model (TKCC-PDX-07), which has
been generated by direct implantation of patient tumor
pieces into immunocompromised mice, and thus has not
been subjected to cell culture conditions. All treatment
studies were performed in low-passage (third passage)
PDXs to limit the potential for clonal selection (17). As
shown in Fig. 4A, EGFR-directed RIT alone was as effective
as the standard gemcitabine chemotherapy in this model,
and gemcitabine or CHK1i potentiated the antitumor effect
of RIT. Importantly, complete regression was observed
when the triple combination therapy was administered in
this PDX model. Moreover, the tumor remnants (day 10

Figure 2. Efficacy of anti-EGFR–directed RIT in combination therapy in vivo against PDAC models from ATCC cell lines. Balb/c nude mice bearing the
luciferase-expressing PANC-1 and BxPC-3 (Supplementary Fig. S4) xenografts were treated when tumors reached 60 mm3 in volume. Treatment
groups and treatment schedules are outlined in diagram in A. Vehicle control, injection solutions without drugs; EGFR control, intravenous injection of
unlabeled anti-EGFR mAb (50 mg per 20 g mouse); CHK1i, two subcutaneous injections per day of the CHK1i PF-477736 at 7.5 mg/kg; Gem,
intravenous injection of gemcitabine at 50 mg/kg; RIT, intravenous injection of 177Lu-anti-EGFR mAb (50 mg with 6 MBq radioactivity per 20 g mouse). In
combinations, CHK1i was administered 3 hours before and after gemcitabine. B, tumor growth curves presented as the change in tumor volume
compared with day 0 (% change þSEM, n ¼ 5 mice per treatment group). C, representative images of BLI using Luciferin performed on day
1 (before treatment) and day 14. D, quantification and representative images of BLI using caspase-3/7 substrate (Z-DEVD-Luciferase) performed on
day 7 after treatment initiation. Data shown are the average of caspase-3/7 activation (þSEM; n ¼ 5 per treatment group). �, P < 0.05; ���, P < 0.001 in
one-way ANOVA in GraphPad Prism.

Anti-EGFR Radioimmunotherapy in Pancreatic Cancer

www.aacrjournals.org Clin Cancer Res; 20(12) June 15, 2014 3191

on October 9, 2014. © 2014 American Association for Cancer Research. clincancerres.aacrjournals.org Downloaded from 

Published OnlineFirst May 16, 2014; DOI: 10.1158/1078-0432.CCR-14-0048 

http://clincancerres.aacrjournals.org/


after treatment), which completely regressed over time only
in the triple combination group, were devoid of tumori-
genic cells as judged by the injection of these tumors into
new (treatment na€�ve)mice (Fig. 4B). PDXs treatedwith the
triple combination therapy contained a significantly lower
percentage of PDAC tumor-initiating cells identified by flow
cytometry as CD44þ/CD24þ/EpCAMþ population (Fig.
4C). We confirmed that the 177Lu-anti-EGFR mAb accumu-
lated in these PDXs at least up to 6 days after injection (Fig.
4D; half-life of 177Lu is 6.7 days), illustrating the continuous
delivery of radiation to these tumors.

The triple combination therapy induces DNA damage
and tumor tissue degeneration

To determine the mechanism of response, we collected
PDXs on day 7 after treatment initiation (6 days after 177Lu-
anti-EGFRmAb) for IHCand immunoblotting analyses.We
found extensive DNA double-strand breaks (DSB) detected
by gH2AX staining and high level of apoptosis detected by
ApopTag (TUNEL, terminal deoxynucleotidyl transferase–

mediated dUTP nick end labeling) staining following the
triple combination treatment (Fig. 5). Consistent with this
observation, we detected significant tissue degeneration by
both hematoxylin and eosin stain (H&E) and trichrome
staining withmarked reduction of viable cellular content in
relation to collagen (Fig. 5). PDACs are associated with
intense collagen fibrotic reactions in the encasing tissue
composed of interstitial extracellular matrix and proliferat-
ing stromal cells. These collagen reactions contribute to the
malignant phenotype of PDAC and the interstitial pressure,
which limits the delivery and efficacy of gemcitabine (22,
23) through matrix metalloproteases–dependent ERK1/2
phosphorylation (24). We found that the triple combina-
tion therapy significantly reduced collagen in the PDXs
(sirius staining in Fig. 5). In comparison with other treat-
ments, the triple combination therapy showed statistically
significant increases in DSBs, apoptosis and tissue degen-
eration, and lower collagen content (Fig. 6A and B). By
immunoblotting analysis, we detected CDC25A stabiliza-
tion in response to CHK1 inhibition. The triple combina-
tion therapy reduced the phosphorylation of ERK1/2 and
increased degradation of RAD51, which are related to
canonical and noncanonical (direct nuclear translocation)
pathways of EGFR signaling, respectively (Fig. 6C). Collec-
tively, the results from the PDXs reveal that the inhibition of
multiple pathways, including EGFR signaling,DNAdamage
response, and tumor–stroma interactions, could explain the
exquisite efficacy of combining gemcitabine, CHK1 inhibi-
tion, and EGFR-directed RIT against PDAC.

Discussion
EGFR is overexpressed at both the mRNA and protein

levels in 50% to 60% of PDAC cases (25). High levels of
EGFR protein detected by IHC have been associated with
faster disease recurrence and shorter survival (18). Although
we observed poorer survival in patients with PDAC with
EGFR-expressing tumors, it was not statistically significant
perhaps because of the low number of its EGFR-negative
subgroup and the enrichment of patients with stage I and II
PDAC in this cohort. Importantly in our study, EGFR
protein is highly expressed in a significant proportion of
patientswithPDACpatients, presenting a viable therapeutic
target.

Therapeutic antibodies against EGFR (cetuximab and
matuzumab) andHER2 (trastuzumab) as well asmolecular
inhibitors (erlotinib, gefitinib, and lapatinib) have been
investigated in clinical trials in combination with gemcita-
bine. These trials failed to demonstrate meaningful clinical
benefits in patients with PDAC (26). Failure to demonstrate
clinical benefit of targeting other kinases/pathways, such as
KRAS, the VEGFR and FGFR amongst others, is a repeated
trend in PDAC (26). Similarly, we did not observe any
benefit from anti-EGFR mAb as a single agent or in com-
bination with gemcitabine or CHK1i in the PDAC models
used in this study.However, a single doseofRITusing 177Lu-
labeled anti-EGFR mAb had a similar antitumor effect as
gemcitabine. The antitumor effect of EGFR-directed RITwas

Figure 3. Efficacy of combination treatment in vivo against PDAC patient–
derived cell lines. Two subcutaneous xenografts (60 mm3) established
from PDAC patient–derived cell lines, TKCC-07 (A) and TKCC-10 (B),
were treated as described in Fig. 2. Change in tumor volume was
monitored using calipers; data shown are the average change in tumor
volumeþSEM (n¼ 5mice per group). Treatment groups are described in
A and B, immunoblots of total EGFR protein and phosphorylated EGFR
(pY1172) are shown using b-actin as loading control.
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potentiated by gemcitabine, which indicates radiosensitiza-
tion as previously reported (27, 28). Importantly, we also
found that EGFR-directed RIT was potentiated by CHK1
inhibition. To our knowledge, this is the first study to report
that CHK1 inhibition can sensitize cancer cells to the low
but constant radiation dose from radionuclides.
Emerging evidence suggests that the capacity of a tumor to

grow and propagate depends on a small subset of cells,
termed CSCs. Highly tumorigenic pancreatic CSCs have
been identified in patient tumors (29, 30). Studies show
that gemcitabine resistance correlates with an increased
proportion of CD44þ/CD24þ/EpCAMþ and CD133þ cells
in pancreatic cancer cell lines (30–32). Clinically, the
expression of CD44 and CD133 is associated with poor
survival andmalignant behavior in patients with pancreatic
cancer (32, 33). In agreement, we find that gemcitabine
alone or in combination with CHK1 inhibition enriched
CSCs in PDAC tumors. However, our findings contradict a
previous study reporting a significant reduction of CD44þ

/CD24þ/EpCAMþ pancreatic CSCs after gemcitabine alone

or combined treatment with the CHK1i AZD7762 and
gemcitabine (34). The discordance with our findings could
be due to the specificity of the different inhibitors used;
AZD7762 has equal potency in inhibiting CHK1 and CHK2
(35), whereas PF-477736 is 100-fold more specific for
CHK1 than CHK2 (7). Notably, in contrast to several other
reports (30–32), Venkatasubbaiah and colleagues (34) did
not report an enrichment of CSCs after gemcitabine treat-
ment. As we have found in PDAC, albeit in a different
cancer, lung CSCs were resistant to apoptosis induced by
the combination of gemcitabine and the CHK1i PF-477736
in non-CSCs (36). Strikingly, the significant reduction of
pancreatic CSCs in our study after triple combination of
gemcitabine, CHK1i PF-477736, and EGFR-directed RIT
was not only associated with the lack of recurrences in the
treated mice, but also the loss of tumorigenicity when the
treated tumorswere used to inoculate treatment-na€�vemice.

CHK1 inhibition using the drugs AZD7762 (10) and
MK8776 (37) has been shown to potentiate gemcitabine
and external radiotherapy (chemoradiation) due to the

Figure 4. Efficacy of EGFR-directed
RIT in combination treatment
against PDAC patient–derived
xenografts. The PDAC patient–
derived xenografts TKCC-PDX-07
(only passaged in vivo from patient
to mice and never grown as a cell
line) were established in balb/c
nude mice, and treatments were
initiated when tumors reached 50
to 60 mm3 in volume. Treatments
were as described in Fig. 2 with the
addition of a new treatment group
using the maximum tolerated dose
of gemcitabine (GemFull dose; 150
mg/kg intravenously on days 1, 4,
7, and 10). A, tumor growth curves
(average þ SEM, n ¼ 5). B and C,
additional 3 mice per group were
treated as described in A and
tumors were excised on day 10 to
prepare single cell suspensions,
which were used immediately to
inoculate new mice (B; treatment
naïve) and perform FACS analysis
of CSCs (C) using CD44, CD24,
and EpCAM staining. �, P < 0.05;
��, P < 0.01 compared with control
in one-way ANOVA in GraphPad
Prism. D, three mice per group
were treated as described in A to
investigate the biodistribution of
the 177Lu-anti-EGFR mAb 6 days
after injection.
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inhibition of the HR DNA repair pathway detected by
reduced RAD51 focus formation (9, 10, 37). Here, we also
found that CHK1 inhibition augmented the combination
of gemcitabine and EGFR-targeted radionuclide therapy.
However, in contrast to external beam radiotherapy, which
is solely a local treatment, systemic targeted radionuclide
therapy has the significant advantage of also treating distant
metastases. Another potential benefit of our approach is the
choice of target, EGFR, forRIT. EGFRhas anemerging role in
the maintenance of pancreatic tumor-initiating cells (or
CSCs). EGFR is essential for PDAC initiation because its
loss in genetically engineered mouse models prevents
PDAC development (38–40). Another important feature
of EGFR biology that holds clinical promise for RIT is the
inhibition of the noncanonical direct EGFR nuclear trans-
location pathway (41), which increases repair of DNADSBs
(42–45), the most lethal of DNA lesions induced by con-
ventional anticancer treatments. We previously reported
that EGFR-directed RIT inhibited DNA-PK phosphoryla-
tion, a critical protein involved in nonhomologous end
joining pathway of DSBs, and caused the degradation of
RAD51, a protein involved in HR repair, in models of
aggressive breast cancer (16). In agreement, we report here
that EGFR-directed RIT significantly reduced RAD51 in
PDAC tumors, and DNA DSBs remained unrepaired as
assessed by gH2AX staining. In addition to G2–M phase
arrest with low dose rate of RIT per se (14, 46), our results
suggest that triple combination therapy exploits multiple
and dynamically interacting radiosensitization mechan-

isms to lower the threshold for apoptosis and achieve
therapeutic synergy:

1. Gemcitabine induces dATP pool depletion, CHK1
activation, and S phase arrest (10);

2. CHK1i abrogates the S phase arrest activated by
gemcitabine, thus permitting entry of DNA-damaged
cells intotheradiosensitiveG2–Mphaseof thecellcycle
(15);

3. Anti-EGFRmAb inhibits the activated EGFR in PDAC,
and has additional radiosensitizing effect by
suppressing DSB repair (HR repair inhibition) via
modulation of the noncanonical nuclear EGFR
signaling pathway.

Together, thesemechanismsmaybe enough tobypass the
overriding effect that mutant KRAS has on the therapeutic
blockade of canonical EGFR signaling in pancreatic cancer
because the PANC-1 cell line and the PDCLs and PDXs in
this study were KRAS mutant, whereas the BxPC-3 is KRAS
wild type; however, all responded exquisitely to the triple
combination therapy.

The bystander effect of RIT may also be an advantage in
treating tumor cells residing in hypoxic regions, which are
associated with the acquisition of CSC phenotype in PDAC
(47). We argue that the binding of anti-EGFR mAb in
nonhypoxic regions is close enough (<80 mm) to the hyp-
oxic areas (48) to be in reach of 177Lu, which has a 2-mm
maximumpath length in tissue.We found that theuptake of

Figure 5. The triple combination
therapy causes extensive
degeneration of PDAC patient–
derived xenografts in vivo. Three
mice per group bearing the patient-
derived xenografts TKCC- PDX-07
were treated as described in Fig. 4,
and tumors were collected 7 days
after treatment for histologic
assessment. Representative
images at �4 and �10
magnifications are shown from
control and triple combination–
treated stainedwithH&E, gH2AX to
mark DNA DSBs, ApopTag
staining to detect apoptotic cells
by the TUNEL method, Masson's
Trichrome staining (red for keratin
marking cells plasma and blue for
collagen fibers and dark red/brown
for nuclei) or Sirius red staining
specifically for collagen. Boxes in
the �4 magnification images are
visualized at �10 magnification in
the adjacent images.
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177Lu-anti-EGFR mAb in tumors reached 40% of the
injected dose per gram, thus delivering 25 Gy per gram of
tumorwithin the first 6 days.Our in vivo studies showed that
the triple combination therapy eliminated all xenografts
derived from these cell lines despite differences in CSC
content of the pancreatic cell lines in our study (data not
shown) and the likelihood of tumor hypoxia.
One potential concern about the applicability of EGFR-

directed RIT in humans may be liver expression of EGFR
(16). However, the lack of clinically evident acute toxicities
or impairment in liver and renal functions with anti-EGFR
RIT against glioblastoma (49, 50) suggests that this
approach may be clinically feasible. Notwithstanding this
clinical evidence andour demonstration of high and tumor-
specific uptake of the samemurine anti-human EGFR clone
225 mAb in a murine breast cancer xenograft model (16),

formal toxicologic studies of this new triple combination
therapy will be required before the approach can be applied
clinically.

In this study, we provide preclinical proof-of-concept for
the efficacy of our strategy using optimized doses of each
agent, which produce transient loss of nomore than 10%of
the starting body weight. Nonetheless, these safety data
obtained in human xenograft models using the anti-EGFR
clone 225 mAb cannot represent an adequate toxicologic
assessment of the triple combination therapy because nei-
ther clone 225 mAb nor its derivative cetuximab (nor
panitumumab) bind murine EGFR in potential target
organs such as skin, gut, and liver. Therefore, our future
directions in the clinical development of the triple combi-
nation therapy will include toxicologic assessments using a
mouse anti-mouse EGFR mAb in genetically engineered

Figure 6. Inhibition of DNA damage repair by the triple combination therapy leads to extensive degeneration of a PDAC PDX. A, quantification of nuclei with
phosphorylated H2AX (gH2AX) and ApopTag-stained cells or quantification of collagen staining and cellularity (ratio of red stain for cells to the blue stain for
collagen) in the TKCC-PDX-07 (B) at 7 days after therapy. For the quantification in A and B, more than 20 fields at �10 magnification were obtained
from three tumors per treatment group, andpositive stainingwasmeasuredusing the ImageJ image analysis software. Bar graphs are themean (�SEM, n¼3)
and the scatter dots are the values obtained from all fields analyzed in each treatment group. P < 0.0001 for the triple combination compared with
control tumors using one-way ANOVA with Bonferroni multiple comparisons test. C, standard immunoblotting was performed using lysates of three tumors
from each treatment group prepared at 7 days after therapy. The intensities of bands were quantified, normalized to the loading control (COXIV),
and the normalized signal intensities in treated tumors were compared with control tumors. The bar graph shows the normalized signal intensities relative to
control tumors (n ¼ 3). ��, P < 0.01; ���, P < 0.001 compared with control in two-way ANOVA in GraphPad Prism.
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murine PDAC models, comparisons of EGFR-directed RIT
with other antigen-specific RIT targets such asCEAorMUC1
to determine whether the RIT depends on the unique role
that EGFR plays in the maintenance of PDAC tumor-initi-
ating cells, and the investigation of antibodies against active
EGFR such as ABT-806 to minimize off-organ, on-target
toxicity.
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