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Pancreatic cancer has a high mortality rate due to late diagnosis

and the tendency to invade surrounding tissues and metastasize

at an early stage. A molecular imaging agent that enables both

presurgery antigen-specific PET (immuno-PET) and intraoperative
near-infrared fluorescence (NIRF) guidance might benefit diagnosis

of pancreatic cancer, staging, and surgical resection, which remains

the only curative treatment.Methods: We developed a dual-labeled

probe based on A2 cys-diabody (A2cDb) targeting the cell-surface
prostate stem cell antigen (PSCA), which is expressed in most pan-

creatic cancers. Maleimide-IRDye800CW was site-specifically con-

jugated to the C-terminal cys-tag (A2cDb-800) without impairing
integrity or affinity (half-maximal binding, 4.3 nM). Direct radioiodi-

nation with 124I (124I-A2cDb-800) yielded a specific activity of 159 ±
48 MBq/mg with a radiochemical purity exceeding 99% and 65% ±
4.5% immunoreactivity (n5 3). In vivo specificity for PSCA-express-
ing tumor cells and biodistribution of the dual-modality tracer were

evaluated in a prostate cancer xenograft model and compared with

single-labeled 124I-A2cDb. Patient-derived pancreatic ductal ade-

nocarcinoma xenografts (PDX-PDACs) were grown subcutaneously
in NSG mice and screened for PSCA expression by immuno-PET.

Small-animal PET/CT scans of PDX-PDAC–bearing mice were

obtained using the dual-modality 124I-A2cDb-800 followed by post-
mortem NIRF imaging with the skin removed. Tumors and organs

were analyzed ex vivo to compare the relative fluorescent signals

without obstruction by other organs. Results: Specific uptake in

PSCA-positive tumors and low nonspecific background activity
resulted in high-contrast immuno-PET images. Concurrent with

the PET studies, fluorescent signal was observed in the PSCA-pos-

itive tumors of mice injected with the dual-tracer 124I-A2cDb-800,

with low background uptake or autofluorescence in the surrounding
tissue. Ex vivo biodistribution confirmed comparable tumor uptake

of both 124I-A2cDb-800 and 124I-A2cDb. Conclusion: Dual-modality

imaging using the anti-PSCA cys-diabody resulted in high-contrast

immuno-PET/NIRF images of PDX-PDACs, suggesting that this im-
aging agent might offer both noninvasive whole-body imaging to

localize PSCA-positive pancreatic cancer and fluorescence image–

guided identification of tumor margins during surgery.
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Pancreatic ductal adenocarcinoma, the most common form of
pancreatic cancer (85% of cases), is usually diagnosed at an ad-
vanced, incurable stage and is resistant to therapy, making it the

most lethal common cancer (1). A combination of medical imag-

ing techniques, such as contrast-enhanced CT and endoscopic

ultrasound, is currently used to confirm diagnosis and categorize

the resectability of pancreatic cancer (2). After staging, only 15%–

20% of patients are candidates for surgical resection, which re-

mains the only potentially curative treatment. The presence of

undetected metastatic disease, and the high rate of positive lymph

nodes and incomplete resection at the time of surgery, lead to the

low 5-y survival (10%–15%) of patients undergoing surgery with

curative intent (2). Several studies support a role for PET (18F-

FDG PET/CT), mostly in the initial management of known or

suspected malignancy, and have shown 18F-FDG PET/CT to be

advantageous for the detection of distant metastases (3). However,

differentiation between pancreatic carcinoma and mass-forming

pancreatitis remains a diagnostic limitation of metabolic imaging

because of 18F-FDG accumulation in inflammatory processes (4).
The poor prognosis of pancreatic cancer, together with the lack

of imaging methods adequate for early detection, explains the great

need to develop new markers and imaging modalities. Improved

tumor-specific imaging for more accurate staging (tumor size, local

advancement into blood or lymphatic vessels and neighboring

organs, spread to lymph nodes and metastasis) might help with the

critically important assessment of resectability and avoid major

surgery for patients unlikely to benefit. Real-time intraoperative

imaging might help the surgeon see malignant cells that need to be

removed (5) in order to ensure complete resection and lower local

recurrence (occurs in 50%–80% of patients) (6,7).
Prostate stem cell antigen (PSCA) is a 123-amino-acid glyco-

sylphosphatidylinositol-anchored cell-surface glycoprotein expressed

mostly in the prostate and with limited normal-tissue expression (8).

PSCA is upregulated in virtually all prostate cancers (83%–100%),

and higher PSCA levels have been correlated with poor prognosis

Received Dec. 21, 2017; revision accepted Mar. 12, 2018.
For correspondence or reprints contact: Kirstin A. Zettlitz, Crump Institute

for Molecular Imaging, CNSI 4350B, 570 Westwood Plaza, Los Angeles, CA
90095.
E-mail: kzettlitz@mednet.ucla.edu
Guest Editor: David Mankoff, University of Pennsylvania
Published online Mar. 30, 2018.
COPYRIGHT© 2018 by the Society of Nuclear Medicine and Molecular Imaging.

1398 THE JOURNAL OF NUCLEAR MEDICINE • Vol. 59 • No. 9 • September 2018

mailto:kzettlitz@mednet.ucla.edu


and metastatic disease (9–11). PSCA is also overexpressed in blad-
der and pancreatic carcinoma. Two studies reported PSCA over-
expression in most primary pancreatic ductal adenocarcinoma
samples; using immunohistochemistry, between 60% (36/60) and
93% (13/14) of primary tumor samples stained positively for PSCA
and showed strong PSCA expression in the neoplastic epithelium
and absence of PSCA in adjacent nonneoplastic pancreas (epithe-
lium and stroma) (12,13). Another study showed PSCA messenger
RNA to be elevated in human pancreatic cancer tissues compared
with chronic pancreatitis (79%, 19/24) or normal pancreas (88%,
21/24) (14). The cell-surface expression and the ability to distin-
guish pancreatic cancer from chronic pancreatitis make PSCA
a promising diagnostic and therapeutic target for antibody-based
applications (14,15).
Antibody-based dual-modality imaging enables both presurgery

antigen-specific PET (immuno-PET) and intraoperative near-infrared
fluorescence (NIRF) for image-guided surgery.
Immuno-PET uses the high specificity of antibodies in combi-

nation with the sensitivity of PET for noninvasive imaging of cell-
surface biomarkers (16–18). Engineered antibody fragments, such
as the diabody (single-chain variable fragment dimer, 50 kDa), have
pharmacokinetics optimized for imaging, with fast renal clearance
for high target-to-background ratios at early time points after ad-
ministration. Removal of the Fc region abolishes effector function
and neonatal Fc receptor recycling, and antibody fragments can be
further modified to include sites for specific conjugation (19). Renal
clearance is especially advantageous for imaging pancreatic cancer
and for detecting liver metastasis. Although the short plasma half-
life of diabodies would enable the application of shorter-lived PET
tracers, using 124I (half-life, 4.2 d) has several advantages. Direct
iodination to surface-exposed tyrosine residues is effective and con-
venient, and several studies have shown minimal impact on plasma
clearance of the radiolabeled antibody (20–22). On internalization
and degradation of the antibody, 124I-iodide or 124I-iodotyrosine can
diffuse from the cell, resulting in greatly reduced tissue background
activity. PET resolution is intrinsically limited by the positron range
(3 mm for 124I) and the resolution of the scanner (1.5–1.8 mm for
small-animal PET) but provides whole-body evaluation with organ-
level biodistribution. Another disadvantage is the time constraint
due to the radionuclide half-life.
NIRF dyes, on the other hand, have no physical half-life, and the

high spatial and temporal resolution of NIRF imaging is particularly
useful for visualizing superficial tissue layers with cell-level
resolution. Near-infrared dyes (;700- to 1,000-nm emission) show
good tissue penetration (ranging from millimeters to;1.0 cm), and
most tissue exhibits minimal autofluorescence in the near-infrared
spectrum, leading to high signal-to-background contrast (23). The
availability of specialized intraoperative imaging systems has led to
an increased interest in real-time fluorescence imaging guidance to
benefit surgical resection and identification of tumor margins (5,24).
The NIRF dye IRDye800CW has clinical relevance because it is
available with a variety of functionalities for antibody labeling and
has been used in several clinical studies (25–27).
We developed a dual-labeled probe based on the humanized,

affinity-matured anti-PSCA A2 cys-diabody (A2cDb) by site-
specific conjugation of IRDye800CW and random 124I-labeling
(124I-A2cDb-800). The dual-modality imaging agent was evalu-
ated by sequential immuno-PET and NIRF imaging of mice bear-
ing prostate cancer xenografts with low and high PSCA expression
and mice bearing patient-derived pancreatic ductal adenocarci-
noma xenografts (PDX-PDACs).

MATERIALS AND METHODS

The protocols for animal studies were approved by the UCLA
Animal Research Committee.

Sample collection from human subjects was approved by the UCLA
Institutional Review Board, and written informed consent was given

by all participating human subjects.

Anti-PSCA Cys-Diabody 2B3 A2 (A2cDb)

A2cDb was generated by adding a C-terminal his-cys-tag (-H6-GGC)

to the humanized and affinity-matured anti-PSCA 2B3 A2 diabody (28).

Production and purification of A2cDb were previously described (29).

Cell Lines and Xenografts

Athymic nude (JAX002019) and NSG (JAX005557) male mice

(6–8 wk) were purchased from The Jackson Laboratory. CWR22Rv1
cells expressing low levels of endogenous PSCA were obtained from

ATCC and cultured in RPMI 1640 supplemented with 10% fetal bo-
vine serum. The generation of cell line 22Rv1-PSCA by transduction

using a PSCA-expressing lentivirus was previously described (15).
Tumors were implanted by injecting 1 · 106 cells in 1:1 phosphate-

buffered saline:Matrigel (BD Biosciences) subcutaneously in the
shoulder region of male nude mice. Patient-derived xenografts were

established in NSG mice from pancreatic ductal adenocarcinoma

samples collected from patients undergoing pancreaticoduodenectomy
(Donahue Lab, UCLA).

Immunohistochemistry

Formalin-fixed tumor tissues were paraffin-embedded and cut to a

4- to 5-mm thickness by the Translational Pathology Core Laboratory
at UCLA. The slides were deparaffinized and rehydrated, followed by

heat-induced epitope retrieval (sodium citrate buffer, pH 6.0, 30 min
in a vegetable steamer) and incubation with 3% hydrogen peroxide at

room temperature for 15 min. After washing and blocking, the slides

were incubated with the parental mouse anti-PSCA 1G8 IgG1 (1/100)
overnight at 4�C. A M.O.M. immunodetection kit (BMK-2202; Vector

Laboratories) was used for detection.

Site-Specific Conjugation of IRDye800CW Maleimide

A2cDb (30 mM in 50 mL of phosphate-buffered saline) was reduced

by incubation with a 10-fold molar excess of tris(2-carboxyethyl)phos-
phine (Pierce) for 1 h at room temperature. A 5-fold molar excess of

IRDye 800CW maleimide (LI-COR) was added and incubated over-
night at 4�C. Excess dye was removed using Micro Bio-Spin size-

exclusion columns (Bio-Rad). Size-exclusion chromatography was
performed using a Superdex 75 HR 10/30 column (GE Healthcare) on

an ÄKTApurifier (GE Healthcare) with phosphate-buffered saline as
the running buffer (0.5 mL/min). Absorbance at 280 nm for protein

detection and at 700 nm for NIRF dye detection was recorded. Purified

conjugates were analyzed by sodium dodecyl sulfate polyacrylamide
gel electrophoresis and scanned on an Odyssey CLx (LI-COR).

Flow Cytometry and Cell-Binding Affinity

Cells (22Rv1-PSCA and 22Rv1, 1 · 105) were incubated with serial

dilutions of A2cDb-IRDye800CW for 4 h at 4�C, washed (phosphate-
buffered saline, 1% fetal bovine serum), and analyzed using a FACScan

system (BD Biosciences). Data were evaluated with FlowJo (version
9.3.2; BD Biosciences) and fitted with Prism (version 7.0b; GraphPad

Software) to a single-site saturation binding model. The apparent affinity
was calculated from 3 independent binding curves.

Radioiodination
124I-labeling of antibody fragments was done by direct iodination

using Pierce precoated iodination tubes (Thermo Scientific) according
to the manufacturer’s instructions. One hundred micrograms of protein

were incubated with 15 MBq of Na124I (3D Imaging LLC) in 0.1 M

IMMUNO-PET/NIRF OF PANCREATIC CANCER • Zettlitz et al. 1399



tris, pH 8.0. Micro Bio-Spin size-exclusion columns were used for
removal of free radiolabel and buffer exchange. Labeling efficiency

and radiochemical purity were determined using instant thin-layer

chromatography strips for monoclonal antibody preparation (Biodex
Medical Systems) and saline as solvent. Immunoreactive fractions

were determined by incubation of radiolabeled antibodies (0.5 ng)
with an excess of antigen-expressing cells (22Rv1-PSCA) or control

cells (22Rv1). The cells were washed, and radioactivity associated
with them or in the supernatant was measured by g-counting (Wizard

3$ 1480 automatic g-counter; Perkin-Elmer).

Immuno-PET/CT Imaging

Thyroid and stomach uptake of radioiodine was blocked with Lugol

iodine and potassium perchlorate, respectively, as previously described
(30). Approximately 15 mg (2.96 MBq) of 124I-A2cDb or 124I-A2cDb-

800 were injected via the tail vein into tumor-bearing mice. Twenty-four
hours after injection, the mice were anesthetized using 1.5% isoflurane,

and static 10-min small-animal PET acquisitions (Inveon; Siemens)

FIGURE 1. Biochemical characterization of A2cDb-IRDye800CW. (A) Schematic of dual-modality labeling. (B) Sodium dodecyl sulfate polyacryl-

amide gel electrophoresis analysis of unconjugated A2cDb and site-specifically conjugated A2cDb-IRDye800 under nonreducing conditions:

Coomassie-stained (left) and NIRF (right) images. (C) Size-exclusion chromatography showing elution profiles for protein (280 nm) and NIRF dye

(700 nm). (D) Flow cytometry analysis of A2cDb-IRDye800 binding to cells expressing PSCA at low (22Rv1) and high (22Rv1-PSCA) levels (left), and

titration of A2cDb-IRDye800 to calculate half-maximal binding (KD) using single-site specific binding model (n 5 3, GraphPad) (right). MW 5
molecular weight; TCEP 5 tris(2-carboxyethyl)phosphine; VH 5 heavy-chain variable domain; VL 5 light-chain variable domain.

TABLE 1
Radioiodination of A2cDb and A2cDb-IRDye800CW (n 5 3)

Parameter 124I-A2cDb 124I-A2cDb-800

Labeling efficiency (%) 93.1 ± 5.2 91.8 ± 6.8

Specific activity (MBq/mg) 155.4 ± 33.3 159.1 ± 48.1

Radiochemical purity (%) 98.3 ± 2.1 99.5 ± 0.3

Immunoreactivity (%) 75.6 ± 3.4 65.0 ± 4.5
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were followed by small-animal CT scans (CrumpCAT; UCLA in-house

small-animal CT scanner). For 124I-A11 Mb immuno-PET, 35 mg (2.96

MBq) were injected and the mice were scanned 48 h afterward
(30,31)

The PET images were processed using non–attenuation-corrected fil-
tered backprojection or maximum a posteriori reconstruction. PET/CT

overlays were displayed as maximum-intensity projections of the whole
body or 3-mm sections (coronal and transverse). Image analysis was

performed using AMIDE (32).

NIRF Imaging

Postmortem optical imaging of intact mice with the skin removed,

and ex vivo optical imaging of dissected tumors and organs, were

done using an IVIS Lumina II system

(PerkinElmer) with a 745-nm excitation wave-
length, indocyanine green emission filter, and

1- to 10-s exposure time. Living Image
software (PerkinElmer) was used to analyze

and display fluorescence and visible-light
overlays.

Biodistribution

Blood and tissues were collected, weighed,
and g-counted. The percentage injected dose

per gram of tissue (%ID/g) was calculated on
the basis of standards containing 1% of the

injected dose.

Data Analysis

Data are reported as mean 6 SD unless

indicated otherwise. Ex vivo biodistribution
values are shown as floating bar (minimum

to maximum) graphs. For statistical analysis,

paired t tests were performed using Prism.

RESULTS

Dual-Modality Anti-PSCA

Cys-Diabody

The anti-PSCA cys-diabody A2cDb
was site-specifically conjugated with
IRDye800CW-maleimide after reduction
of the C-terminal cys-tag (A2cDb-800,
Fig. 1A), resulting in a dye-to-protein ratio
of 1.37 6 0.15 (n 5 3). Sodium dodecyl
sulfate polyacrylamide gel electrophoresis
analysis and fluorescence imaging of the
gel confirmed successful conjugation, with
the fluorophore bound to the monomeric
protein (migrating at 25 kDa, Fig. 1B).
Size-exclusion chromatography showed
similar elution profiles for the unconju-
gated A2cDb and A2cDb-IRDye800CW,
verifying that the dimeric conformation
of the cys-diabody was not impaired by
breaking the interchain disulfide bond and
NIRF dye conjugation (Fig. 1C). The elu-
tion profile for the NIRF dye (700 nm) was
concurrent with the profile for protein (280
nm), further corroborating successful conju-
gation. Specific binding of A2cDb-800 to
antigen-expressing cells was demonstrated
by flow cytometric analysis using a pros-

tate cancer cell line expressing minimal levels of endogenous
PSCA (22Rv1) and the same cell line transduced to express
high levels of PSCA (22Rv1-PSCA, 2.2 · 106 antigens per cell)
(31). Saturation binding of A2cDb-800 to 22Rv1-PSCA cells
confirmed that the dye-conjugated protein retained low nano-
molar affinity (half-maximal binding, 4.3 6 0.8 nM, n 5 3)
(Fig. 1D).
A2cDb and A2cDb-800 were radiolabeled by direct iodination,

resulting in 124I-A2cDb and the dual-modality tracer 124I-A2cDb-
800 (Fig. 1A). Radioiodination was conducted with comparable
labeling efficiencies, resulting in similar specific activities and im-
munoreactive fractions (Table 1).

FIGURE 2. Dual-modality immuno-PET/NIRF imaging of PSCA-expressing prostate cancer xe-

nografts. (A) A2cDb-IRDye800CW NIRF imaging of in situ tumors expressing PSCA at low (22Rv1,

left shoulder) and high (22Rv1-PSCA, right shoulder) levels (postmortem imaging 2 h after in-

jection, with skin removed) using IVIS Lumina II (left) and Leica M205 FA dissecting microscope

(right). (B) Immuno-PET (24 h after injection) comparing 124I-A2cDb and dual-modality 124I-A2cDb-

800 in nude mice bearing 22Rv1 subcutaneous tumors expressing PSCA at low (left shoulder) and

high (right shoulder) levels. Representative scans (of n 5 3) are depicted as whole-body maxi-

mum-intensity-projection small-animal PET/CT overlays. (C) Ex vivo biodistribution 24 h after

injection (n 5 3). (D) Postmortem optical imaging of mice that received dual-modality tracer

(124I-A2cDb-800). Tumors were resected (22Rv1, left; 22Rv1-PSCA, right), and NIRF imaging

was performed ex vivo. R.E. 5 radiant efficiency.
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In Vivo Dual-Modality Imaging of PSCA-Expressing Prostate

Cancer Xenografts

Specific antigen targeting in vivo was first shown for the NIRF
dye–conjugated A2cDb-800. 22Rv1 cells with low and high PSCA
expression were implanted into the opposing shoulders of male
nude mice. Fluorescence imaging as early as 2 h after injection
using the IVIS Lumina II system showed antigen-specific uptake

in the 22Rv1-PSCA tumor (Fig. 2A). The fluorescent signal clearly
distinguished the PSCA-expressing tumor from surrounding tissue

and was visibly higher than in the 22Rv1 tumor. The same mouse
was assessed in a surgical setting using a Leica M205 FA dissect-

ing microscope (Fig. 2A). The resolution was high enough at the
tissue level to enable identification of positive tumor margins

during resection.
Whole-body distribution was analyzed by immuno-PET imag-

ing 24 h after injection of the single-labeled 124I-A2cDb or the
dual-labeled 124I-A2cDb-800. Both tracers showed similar PSCA-

specific tumor uptake and low activity in background tissues (Fig.
2B). 22Rv1 and 22Rv1-PSCA tumors resected from mice injected

with the dual-modality probe 124I-A2cDb-800 were analyzed
ex vivo to compare the relative fluorescent signals (Fig. 2D).

Consistent with the immuno-PET results, high-contrast fluores-
cence was observed in the PSCA-expressing tumors (Fig. 2D).

Ex vivo biodistribution confirmed that tumors with high PSCA
expression (22Rv1-PSCA) were the tissue with the highest uptake

(1.1 6 0.2 and 1.0 6 0.5 %ID/g for 124I-A2cDb and 124I-A2cDb-

800, respectively) and very low remaining blood activity (0.1
%ID/g for both), resulting in similar positive tumor-to-blood

ratios of 9.3 and 8.5, respectively (Fig. 2C; Supplemental
Table 1; supplemental materials are available at http://jnm.

snmjournals.org). Importantly, no significant difference in biodis-
tribution or clearance was detected between single- and dual-

modality A2cDb.

124I-Immuno-PET Imaging of PDX-PDACs

PDX-PDACs implanted subcutaneously into the shoulder or
flank of NSG mice were initially imaged using 124I-labeled anti-
PSCA minibody (A11 Mb, Fig. 3A). The higher molecular weight

and longer plasma half-life of the minibody (80 kDa) results in
higher tumor uptake, ensuring visualization of xenografts

expressing low levels of PSCA. Immuno-PET scans were ac-
quired 48 h after injection, and all tested PDX-PDACs showed

specific tracer uptake, although at different levels (Fig. 3A).
Minimal background activity was observed in the stomach,

probably because of incomplete blockage of the sodium-iodide
symporter in the gastric mucosa. PSCA expression was con-

firmed by flow cytometry and immunohistochemistry with the

parental anti-PSCA antibody 1G8 (Fig. 3C).
Even though the smaller antibody fragment cys-diabody (A2cDb)

might reach lower tumor uptake values, its shorter half-life

results in high tumor-to-background ratios at earlier time
points, and the renal clearance of this antibody fragment would
be beneficial for imaging the pancreas and liver. Two additional
PDX-PDACs (XRW6 and XRW26) were imaged 24 h after
injection of 124I-A2cDb, and high-contrast images were
obtained (Fig. 3B). XRW26 xenografts took more than 4 mo
to reach tumor sizes of 70–300 mg, and calcification was visible
within the xenografts on CT scans (n 5 4). Calcification has
been reported for a variety of pancreatic neoplasms (33).
XRW26 showed heterogeneous tracer uptake, with parts of
the tumor reaching more than 5 %ID/g and areas with calcification

showing no uptake. Uptake in XWR6 tumors, at 0.9 6 0.2 %
ID/g, was lower but more uniform and provided excellent con-
trast (tumor-to-blood ratio, 10 6 1.8; tumor-to-muscle ratio,
155 6 21 [n 5 7]; Supplemental Table 2). XWR6 was chosen
for the subsequent evaluation of the dual-modality imaging
approach.

FIGURE 3. 124I-immuno-PET of PDX-PDACs. (A) 124I-A11 minibody

(A11 Mb, 80 kDa) immuno-PET (35 μg/2.96 MBq; 48 h after injection)

of subcutaneous PDX-PDAC (XWR, left shoulder). (B) 124I-A2cDb

immuno-PET (15 μg/2.96 MBq; 24 h after injection) of subcutaneous

PDX-PDAC (XWR, right flank). (C) Immunohistochemical staining for

PSCA in PDX-PDAC XWR using parental anti-PSCA antibody 1G8 (·40).
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124I-A2cDb-800 Dual-Modality Imaging of PDX-PDACs

(XWR6)

Immuno-PET comparing single-labeled 124I-A2cDb and dual-
modality 124I-A2cDb-800 in XWR6-bearing NSG mice was con-

ducted 24 h after injection of 15 mg/2.96 MBq of the respective

tracers. Representative whole-body images (of n 5 4) show that

the dual-modality probe 124I-A2cDb-800 successfully visualized

the PSCA-expressing xenograft, with tumor uptake comparable to

the single-labeled 124I-A2cDb (Fig. 4A). Higher nonspecific up-

take was seen in the liver, most likely because of the hydrophobic

NIRF dye. The same mice underwent postmortem fluorescence

imaging with the skin removed (Fig. 4B), and although mice in-

jected with 124I-A2cDb showed no fluorescent signal, a strong

fluorescent signal was observed in the xenografts of mice injected

with 124I-A2cDb-800. Low background uptake or autofluores-

cence was detected in the surrounding tissue. Tumors (Fig. 4C)

and organs (Supplemental Fig. 1) were analyzed ex vivo to com-

pare the relative fluorescent signal. Mice injected with 124I-A2cDb

showed normal autofluorescence in the stomach, intestines, liver,

and spleen. In contrast, mice injected with 124I-A2cDb-800 showed

fluorescent signal in the xenografts. Additionally, fluorescent signal

was seen in the liver and kidneys. Ex vivo biodistribution (24 h after

injection, Figs. 5A and 5B) confirmed similar uptake of both tracers

in the xenografts, whereas nonspecific up-
take in the liver, kidneys, and spleen was
higher for 124I-A2cDb-800.
To summarize our results, use of the

dual-modality anti-PSCA cys-diabody resulted
in high-contrast immuno-PET/NIRF images
of PDX-PDACs, suggesting that this probe
might offer both noninvasive whole-body
PET imaging to localize pancreatic cancer
and NIRF imaging guidance to identify
tumor margins during surgery.

DISCUSSION

Pancreatic ductal adenocarcinoma re-
curs at a rate of up to 80% within 2 y of
resection with curative intent. This high
rate of recurrence is due to undiscovered
metastases at the time of surgery or in-
complete resection (positive margins) (7).
The ability to noninvasively image pancre-
atic ductal adenocarcinoma and use intra-
operative fluorescence guidance might
improve diagnosis, staging, and resection.
We generated a dual-modality immuno-

PET/NIRF probe based on the humanized
anti-PSCA A2cDb by labeling A2cDb with
both IRDye800CW and 124I. The ability of
the dual-modality 124I-A2cDb-800 to spe-
cifically target PSCA-expressing cells in
vivo was confirmed by PET/NIRF imaging
of human prostate cancer xenografts with high
and low PSCA expression (22Rv1-PSCA and
22Rv1). Furthermore, 124I-A2cDb-800 was
successfully used to image PSCA-positive
PDX-PDACs, providing whole-body
immuno-PET imaging that can visualize
the tumor and NIRF imaging that can dif-

ferentiate cancer from surrounding tissue.
Importantly, the engineered antibody fragment C-terminal cyste-

ine enabled conjugation of IRDye800CW-maleimide away from the

antigen binding site and without impairing diabody conformation

or antigen affinity. The site-specific strategy limits the number of

dyes per antibody fragment to less than 2:1, with the intention of

preventing the dye from altering biodistribution or clearance of the

antibody. Several groups have shown that higher degrees of la-

beling, structure, total charge, charge distribution, hydrophobicity,

and plasma protein binding rate of the dye can lead to increased

liver uptake and faster blood clearance (20,22,34–36). The compar-

ison of the dual-modality 124I-A2cDb-800 to the radiolabeled 124I-

A2cDb in the 22Rv1-PSCA xenograft model confirmed that the

NIRF dye did not affect in vivo antigen-specific tumor binding,

biodistribution, or clearance. The molecular weight of the cys-dia-

body (50 kDa) below the threshold for renal clearance, and the

combination with the nonresidualizing 124I, result in low nonspe-

cific background activity and make this targeting molecule favor-

able for imaging of the abdomen, especially considering the

tendency of pancreatic cancer to metastasize to the liver. The short

plasma half-life of the diabody enables same- or next-day immuno-PET

imaging (37). At the same time, the IRDye800CW is residualizing,

FIGURE 4. Dual-modality immuno-PET/NIRF imaging of PDX-PDACs. (A) 124I-immuno-PET com-

paring 124I-A2cDb and dual-modality–labeled 124I-A2cDb-800 in PDX-PDAC (XWR6)–bearing NSG

mice, 24 h after injection of 15 μg/2.96 MBq of tracer. Depicted are representative scans (of n 5 4)

as whole-body maximum-intensity-projection small-animal PET/CT overlays and 3-mm sections

(coronal and transverse) of subcutaneous tumor. (B) Postmortem NIRF imaging of same mice with

skin removed and PDX-PDAC in situ. (C) Resected xenografts ex vivo. R.E. 5 radiant efficiency.
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and the lysosomal half-life of 2.33 d allows for longer detection
(several days) of the fluorescent signal (25,38).
Combining these two complementary imaging modalities into

one dual-modality probe is attractive for seamless application and
avoids differing biodistributions. In contrast, tracer cocktails, or
separate conjugated tracers that no longer represent the original
unlabeled antibody, are considered new and distinct medicinal
products, requiring extensive testing and toxicology studies and
complicating clinical translation.
A2cDb has been previously used conjugated with the far-red

fluorophore Cy5-maleimide for fluorescence-guided surgery in an
intramuscular tumor model of 22Rv1-PSCA. After tumor resection
under white light, positive surgical margins smaller than 1 mm were
detectable by fluorescence and were confirmed by histology.
Furthermore, the high specificity of A2cDb for PSCA-expressing
cells resulted in strong contrast with adjacent nerves, blood vessels,
and normal tissues (29). In the present study, we used IRDye800CW-
maleimide because it is produced under current good manufacturing
practices, facilitating clinical translation, and because IRDye800CW
(emission/excitation wavelengths, 774/789 nm) shows deeper tissue
penetration and is less affected by tissue autofluorescence than Cy5
(emission/excitation wavelengths, 646/662 nm) (39).
Xenograft models that rely on highly homogeneous cell cultures

generate reproducible data and are widely used to develop new
tracers. However, one of their major limitations is that they do not
reflect the complexity of human disease. Patient-derived xenografts
better represent the tumors found in patients, but their heterogeneity
makes them difficult to maintain and target for imaging studies.
Here, we screened PDX-PDACs for PSCA expression by immuno-

PET and found that all tested xenografts (5/5) expressed PSCA,
although at varying levels. PDX-XWR6 showed PSCA expression
in the lower range but could be detected by 124I-A2cDb immuno-PET
with high contrast. Even though PSCA expression in PDX-XWR6
seemed to decrease on subcutaneous passaging, the dual-modality
124I-A2cDb-800 successfully detected the xenografts by immuno-
PET, and subsequent NIRF imaging showed excellent delineation
of the cancer tissue. Better imaging guidance during pancreatico-
duodenectomy would have a tremendous impact on pancreatic cancer

patients, given that median survival is vastly
improved when a disease-free resection mar-
gin can be achieved (13 vs. 6 mo for tumor-
negative vs. tumor-positive margins) (40).
Future studies should include dual-

modality imaging of clinically more relevant
orthotopic PDX-PDAC models to ensure that
PSCA-positive tumors are detectable when
they grow tissue site-specifically and near the
liver and spleen. Human-PSCA transgenic
mice can be used to study biodistribution and
off-target tracer uptake in the context of
normal-tissue expression of PSCA. The dual-
modality imaging approach should also be
tested on antibodies against other biomarkers
(41), because some pancreatic cancers do not
express PSCA and therefore this marker would
not be 100% sensitive.

CONCLUSION

This work showed specific targeting and
high-contrast imaging of PSCA-expressing

prostate cancer tumors and PDX-PDACs by immuno-PET and by
NIRF imaging using a dual-modality tracer based on the anti-PSCA
A2cDb (124I-A2cDb-IRDye800CW). These encouraging results
suggest that this dual-modality probe might offer both noninvasive
whole-body PET imaging to localize pancreatic cancer and NIRF
imaging guidance to identify tumor margins during resection. Clin-
ical translation of this dual-modality tracer is facilitated by its being
based on a humanized antibody fragment and conjugated to an
NIRF dye intended for use in clinical trials.
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