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Abstract 

Inadequate diagnostic methods for prostate cancer lead to over- and undertreatment, and the inability to 
intraoperatively visualize positive margins may limit the success of surgical resection. Prostate cancer 
visualization could be improved by combining the complementary modalities of immuno-positron 
emission tomography (immunoPET) for preoperative disease detection, and fluorescence imaging-guided 
surgery (FIGS) for real-time intraoperative tumor margin identification. Here, we report on the 
evaluation of dual-labeled humanized anti-prostate stem cell antigen (PSCA) cys-minibody (A11 cMb) for 
immunoPET/fluorescence imaging in subcutaneous and orthotopic prostate cancer models. 
Methods: A11 cMb was site-specifically conjugated with the near-infrared fluorophore Cy5.5 and 
radiolabeled with 124I or 89Zr. 124I-A11 cMb-Cy5.5 was used for successive immunoPET/fluorescence 
imaging of prostate cancer xenografts expressing high or moderate levels of PSCA (22Rv1-PSCA and 
PC3-PSCA). 89Zr-A11 cMb-Cy5.5 dual-modality imaging was evaluated in an orthotopic model. Ex vivo 
biodistribution at 24 h was used to confirm the uptake values, and tumors were visualized by 
post-mortem fluorescence imaging.  
Results: A11 cMb-Cy5.5 retained low nanomolar affinity for PSCA-positive cells. Conjugation conditions 
were established (dye-to-protein ratio of 0.7:1) that did not affect the biodistribution, pharmacokinetics, 
or clearance of A11 cMb. ImmunoPET using dual-labeled 124I-A11 cMb-Cy5.5 showed specific targeting to 
both 22Rv1-PSCA and PC3-PSCA s.c. xenografts in nude mice. Ex vivo biodistribution confirmed specific 
uptake to PSCA-expressing tumors with 22Rv1-PSCA:22Rv1 and PC3-PSCA:PC3 ratios of 13:1 and 5.6:1, 
respectively. Consistent with the immunoPET, fluorescence imaging showed a strong signal from both 
22Rv1-PSCA and PC3-PSCA tumors compared with non-PSCA expressing tumors. In an orthotopic 
model, 89Zr-A11 cMb-Cy5.5 immunoPET was able to detect intraprostatically implanted 22Rv1-PSCA 
cells. Importantly, fluorescence imaging clearly distinguished the prostate tumor from surrounding 
seminal vesicles. 
Conclusion: Dual-labeled A11 cMb specifically visualized PSCA-positive tumor by successive 
immunoPET/fluorescence, which can potentially be translated for preoperative whole-body prostate 
cancer detection and intraoperative surgical guidance in patients. 
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Introduction 
Despite recent advances in prostate cancer 

treatment, definitive diagnosis requires taking biopsy 
cores, and there is a critical demand for improved 
disease detection, staging and stratification. 

Noninvasive imaging methods, including ultrasound, 
magnetic resonance imaging (MRI), positron emission 
tomography (PET), and single-photon emission 
computed tomography (SPECT), have been adapted 
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to aid prostate cancer diagnosis, yet each has its 
limitations [1, 2]. For example, 99mTc-methylene 
diphosphonate bone scintigraphy is widely used to 
detect bone metastases, but it is not specific for 
prostate cancer [2]. MRI is a highly sensitive and 
reliable strategy for local staging and identification of 
soft tissue lesions, but may not be sensitive enough to 
detect lymph node metastases or differentiate from 
inflammation [1]. Additional challenges occur during 
surgery, where difficulty visualizing positive mar-
gins, including extracapsular extensions and lymph 
node metastases, can increase the probability of 
incomplete resection and therefore tumor recurrence 
[3, 4]. Wide-resection strategies can damage surroun-
ding tissues such as rectum, urinary sphincter, and 
erectile nerves, which can lead to urinary incontinence 
and impotence [5]. The transition to robot-assisted 
radical prostatectomy has improved oncological, 
continence, and potency outcomes [6], and this 
surgical advancement can be complemented with 
disease-specific optical imaging agents for further 
improvement in patient outcome. An effective 
imaging agent can provide a preoperative whole- 
body image by PET, and intraoperatively identify 
tumor margins by fluorescence to improve surgical 
outcome.  

Molecular imaging of prostate cancer by PET has 
been successful in identifying primary and metastatic 
disease, and it is a powerful tool to guide therapy 
selection, stratify patients, and monitor response to 
treatment. The most commonly used PET tracer, 
2-deoxy-2-[18F]fluoro-D-glucose (18F-FDG), had 
limited success in differentiating primary prostate 
carcinoma from hyperplasia due to the low metabol-
ism of prostate cancer, and therefore other PET tracers 
have emerged. 11C-choline, 18F-fluorocholine, and 11C- 
acetate are used to image lipogenesis in prostate 
cancer, while the recently approved 18F-fluociclovine 
(FACBC) targets amino acid transport systems [7]. 
These processes are upregulated in prostate cancer, 
but they can also occur in benign tissues. Therefore, 
antibodies, antibody fragments, and peptides based 
on targeting prostate cancer biomarkers such as 
prostate-specific membrane antigen (PSMA) [8, 9] and 
gastrin-releasing peptide receptor (GRPR) [2, 10], 
have also been developed for PET imaging as well as 
therapy.  

A promising target for imaging and therapy is 
Prostate Stem Cell Antigen (PSCA), a cell-surface 
marker upregulated in the majority of prostate 
cancers and metastases, as well as pancreatic, bladder, 
and stomach cancer [11]. Increased expression of 
PSCA correlates with more severe tumor stage, 
Gleason score, and progression towards androgen 
independence [12, 13], and pre-clinical molecular 

imaging has previously been used to detect 
PSCA-positive prostate [14-16] and pancreatic cancer 
[17]. As a cell-surface marker, PSCA is a promising 
target for prostate cancer imaging due to overexpre-
ssion in primary prostate cancer (88-94%), bone 
metastases (87-100%), as well as lymph nodes and 
liver metastases (67%). PSCA can be targeted by 
immunoPET, which combines the high specificity of 
antibodies with the sensitivity of PET.  

Engineered antibody fragments, such as the 
minibody (scFv-CH3 dimer, 80 kDa), clear more 
quickly compared to full-length antibodies for high 
tumor-to-background images at short imaging times 
(next day for the minibody) [18]. The serum half-life 
(t1/2) of the minibody (5-6 h in mice) pairs well with 
longer-lived radionuclides, including positron- 
emitting iodine-124 (124I, t1/2 = 4.2 days) and 
zirconium-89 (89Zr, t1/2 = 3.3 days), both of which also 
have been successfully used in the clinic [18]. Tumor 
uptake of 124I and 89Zr-minibodies peaks around 8 h 
post injection (p.i.), and unbound tracer is sufficiently 
cleared by 20 h p.i. to enable imaging in mice.  

The humanized parental anti-PSCA A11 
minibody (Mb) was previously radiolabeled for high- 
contrast immunoPET of PSCA-expressing prostate 
cancers [14]. Both 124I-A11 Mb and 89Zr-A11 Mb 
successfully targeted transduced (22Rv1-PSCA) and 
endogenous (LAPC-9) PSCA-expressing prostate 
cancer xenografts, and 124I-A11 Mb resulted in higher 
tumor-to-tissue contrast images. Additionally, 124I- 
A11 Mb was successfully used to monitor PSCA 
downregulation in LAPC-9 xenografts in response to 
enzalutamide treatment [15]. Therefore, we propose 
that A11 Mb can be modified and successfully 
employed for dual-modality PET imaging and 
fluorescence imaging. 

Near-infrared fluorescence (NIRF) imaging- 
guided surgery has emerged as a tool to visualize 
tumor margins for improved resection [19, 20]. NIRF 
dyes (traditional window 700-900 nm, recently 
extended to 1,700 nm [21]) allow for light penetration 
at a greater depth (millimeters) than fluorophores in 
the visible light range (micrometers) [20], as well as 
decreased background fluorescence and scattering. 
NIR fluorophores used to conjugate to target-specific 
probes include IRDye800CW (available clinical 
grade), indocyanine green (ICG), and the cyanines 
Cy5, Cy5.5, or Cy7, which are more easily detected in 
a preclinical setting [20, 22]. For example, anti- 
prostate-specific membrane antigen (PSMA) antibody 
J591-ICG was used to successfully detect PSMA- 
positive tumors [23], and anti-PSMA antibody and 
antibody fragments-IR700 were evaluated as 
photoimmunotherapy agents [24]. PSCA has also 
been targeted for FIGS of prostate cancer in a study 
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using Cy5-labeled anti-PSCA A2 cys-diabody (A2 
cDb) to detect tumors implanted intramuscularly to 
mimic invasive growth [25]. 

A dual-labeled molecule ensures that the 
radioactive and optical signals are carried on the same 
molecule, and therefore targeting and imaging will be 
consistent. Dual-labeled antibodies and peptides for 
SPECT/fluorescence and PET/fluorescence have 
been evaluated in several preclinical models [26] 
including PSMA-positive prostate cancer [27-30]. 
Indium-111-DOTA-girentuximab-IRDye800CW was 
successfully used in a recent clinical trial for 
preoperative and intraoperative guidance in renal cell 
carcinoma patients [31]. We propose that engineered 
antibody fragments are highly suited for 
dual-labeling without perturbation of their kinetics 
and targeting, and offer next-day high contrast 
immunoPET and fluorescence images. A recent study 
successfully used a dual-labeled antibody fragment, 
124I-A2 cDb-IRDye800CW, for same-day immuno-
PET/fluorescence to detect PSCA-positive patient- 
derived pancreatic cancer xenografts [32]. Therefore, 
dual immunoPET/fluorescence imaging with an 
anti-PSCA antibody fragment could be used to detect 
PSCA-positive prostate cancer. 

In the present study, a cysteine-modified 
humanized anti-PSCA A11 Mb (A11 cMb) was 
developed and dually labeled for successive 
immunoPET/fluorescence imaging. The efficacy was 
demonstrated in two subcutaneous models and one 
orthotopic prostate cancer model, and dual-labeled 
A11 cMb was successfully used to detect 
PSCA-positive tumors with both imaging modalities.  

Methods 
Protein production and characterization 

Details of protein cloning, expression, and 
purification, and cell binding assays can be found in 
the supplemental methods. 

Cell lines and tumor models 
Details on cell lines and tumor models can be 

found in the supplemental methods. Briefly, the 
22Rv1 human prostate cell line (ATCC CRL-2505) was 
previously transduced with retrovirus to express 
PSCA (22Rv1-PSCA) [33]. The PC3 human prostate 
cell line (ATCC CRL-1435) was previously transfected 
to express PSCA [33] and FLuc to produce the 
PC3-PSCA-FLuc cell line. Tumors were established in 
8- to 10-week-old male nu/nu mice (Foxn1nu, Jackson 
Laboratories). Bilateral s.c. tumors were implanted 
using 22Rv1 and 22Rv1-PSCA cells, or PC3 and 
PC3-PSCA-FLuc cells (0.5-1×106), and allowed to 
grow to 100-200 mm3 before imaging (measured 
bilaterally). 22Rv1-PSCA-FLuc cells (5×103) were 

implanted orthotopically, and the tumors were 
measured to be 1.8 ± 0.6 g at time of sacrifice. 
Protocols for all animal studies were approved by the 
UCLA Animal Research Committee. 

Site-specific mal-Cy5.5 conjugation 
A11 cMb was site-specifically labeled with 

maleimide-Cy5.5 (mal-Cy5.5) by selective reduction 
of and conjugation to C-terminal cysteines. In a 
typical reaction, 200 µg of protein at 1 mg/mL in 
phosphate-buffered saline (PBS) was reduced using a 
2-fold molar excess of tris(2-carboxyethyl)phosphine 
(TCEP, Pierce) for 30 min at room temperature. 
Equimolar mal-Cy5.5 (Amersham, GE Healthcare) 
was added to the reduced A11 cMb for 2 h at room 
temperature. Excess mal-Cy5.5 was removed using a 
Micro Bio-Spin™ Size Exclusion Columns (Bio-Rad) 
pre-equilibrated with PBS. Dye-to-protein ratio (D:P) 
was determined by measuring the protein (280 nm) 
and Cy5.5 absorbance (675 nm) with a spectrophoto-
meter (NanoDrop 2000). Successful conjugation was 
confirmed by sodium dodecyl sulfate polyacrylamide 
gel electrophoresis (SDS-PAGE) and size exclusion 
chromatography (SEC).  

For SEC, a Superdex 200 10/30 GL column (GE 
Healthcare) was used with an ÄKTA purifier (GE 
Healthcare) with PBS as the mobile phase (0.5 
mL/min). Absorbance at 280 nm (protein) and 675 nm 
(Cy5.5) was recorded. The following protein 
standards were used: beta-amylase (200 kDa), bovine 
serum albumin (66 kDa), and carbonic anhydrase (29 
kDa) (Sigma). 

SCN-DFO conjugation 
A11 cMb was conjugated with the metal chelator 

p-isothiocyanatobenzyl-deferoxamine (p-SCN-Bn- 
DFO, B-705, Macrocyclics) for 89Zr-radiolabeling [34]. 
In a typical reaction, 3-fold molar excess p-SCN-Bn- 
DFO was added to A11 cMb or A11 cMb-Cy5.5, and 
the reaction was immediately adjusted to pH 9 using 
0.1 M sodium bicarbonate (1/10 volume). The 
reaction was allowed to proceed for 30 min at 37 °C, 
and excess SCN-DFO was removed by size exclusion 
spin column. 

Cell binding (flow cytometry) 
The apparent affinity of A11 cMb was 

determined by flow cytometry using 22Rv1-PSCA 
and 22Rv1 control cells, or PC3-PSCA and PC3 control 
cells. A11 cMb and A11 cMb-Cy5.5 were each 
incubated with 100,000 cells at concentrations varying 
from 0-1 µM (2 h on ice, triplicate). Samples were 
washed three times with PBS + 1% FBS + 0.02% 
sodium azide. Goat anti-human IgG-Dylight 649 
(Jackson ImmunoResearch Laboratory, Inc.) was the 
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secondary antibody used to detect bound A11 cMb as 
previously described [14]. Samples were run on the 
BD-LSRFortessa X-20 analyzer and the results were 
analyzed using FlowJo (v9.3.2) to determine mean 
fluorescence intensity of the cells. GraphPad Prism 
7.0a was used to fit the data using the one site 
saturation binding model. 

Radiolabeling with 89Zr and 124I 
89Zr-oxalate (3D Imaging LLC) in 1 M oxalic acid 

was buffered in 2 M Na2CO3 (0.4× volume of 89Zr) and 
1 M HEPES pH 7.2-7.5 (2.5× volume of 89Zr) [34]. In a 
typical reaction, 89Zr-A11 cMb-Cy5.5 was prepared by 
incubating 100 µg of 1 mg/mL DFO-A11 cMb-Cy5.5 
with 0.5 mCi (18.5 MBq) 89Zr at pH 7 for 1 h at room 
temperature.  

124I-A11 cMb, and 124I-A11 cMb-Cy5.5 were 
prepared using pre-coated Iodogen tubes according to 
the manufacturer’s instructions (Pierce). In a typical 
reaction, 100 µg of 1 mg/mL A11 cMb or A11 
cMb-Cy5.5 was incubated with 0.5 mCi (18.5 MBq) 
Na-124I (3D Imaging LLC) in 0.1 M Tris, pH 8.0 for 10 
min at room temperature.  

Radiolabeled proteins were purified by size 
exclusion spin columns pre-equilibrated with 1% fetal 
bovine serum (FBS)/PBS. Radiolabeling efficiency 
and radiochemical purity were assessed by Instant 
Thin Layer Chromatography (ITLC strips for 
radiolabeled antibodies, Biodex Medical System) with 
20 mM citrate pH 5.0 as the solvent for 89Zr-labeled 
proteins and saline (0.9% sodium chloride) as the 
solvent for radioiodinated proteins. The strips were 
analyzed by gamma counting (Wizard 3” 1480 
Automatic Gamma Counter, Perkin-Elmer). 

The immunoreactive fraction was determined by 
the Lindmo method (1-50×106 cells) [35]. Radiolabeled 
A11 cMb (0.9-1.8 ng) was incubated with excess 
antigen using 22Rv1-PSCA (50×106 cells) or PC3- 
PSCA (50×106 cells) in 0.5 mL 1% FBS/PBS in triplicate 
for 1 h at room temperature. 22Rv1 or PC3 cells were 
used as a negative control. Cells were centrifuged and 
washed twice in 1% FBS/PBS, and the cell pellet and 
supernatant were assessed using a gamma counter.  

MicroPET/CT imaging 
Mice were administered Lugol’s potassium 

iodide solution (Sigma-Aldrich) and potassium 
perchlorate (Sigma-Aldrich) to block nonspecific 
thyroid and stomach uptake, respectively [36, 37]. 
124I-A11 cMb (n=3, bilateral 22Rv1 and 22Rv1-PSCA 
s.c.), 124I-A11 cMb-Cy5.5 (n=3, bilateral 22Rv1 and 
22Rv1-PSCA s.c.; n=5, bilateral PC3 and PC3-PSCA 
s.c.), or 89Zr A11 cMb-Cy5.5 (n=5, orthotopic 
22R1-PSCA) (20-90 µCi, 0.74-3.33 MBq, 10-20 µg) in 0.1 
mL saline was injected via tail vein. Immediately after 

injection or at 22 h p.i., mice were anesthetized with 
1.5% isoflurane and 10-min static scans were acquired 
using an Inveon microPET scanner (Siemens), 
followed by 1-min microCT scans (CrumpCAT [38]). 
Following the final imaging time point, blood and 
organs were collected, weighed, and gamma-counted 
for ex vivo biodistribution. Uptake was calculated as % 
injected dose per gram of tissue (%ID/g) based on a 
standard containing 1% of the ID. 

Dual PET/optical imaging 
Following microPET/CT scans, post-mortem 

NIRF imaging was completed with the skin removed 
in the IVIS Lumina II (Perkin Elmer) using the 
following settings: emission = Cy5.5, excitation = 675 
nm, 1 s exposure. The tumors and organs were 
excised and imaged ex vivo to compare relative fluor-
escence signals without obstruction by other organs. 

Data analysis 
MicroPET images were reconstructed by ordered 

subset expectation maximization-maximum a poster-
iori (OSEM-MAP, Inveon Acquisition Workplace). 
Images were analyzed and displayed using AMIDE 
[39]. MicroPET/CT overlays are displayed as maxi-
mum intensity projections (MIP) of the whole-body or 
0.2 mm transverse slices. Fluorescence images were 
analyzed using the Living Image software (Perkin 
Elmer). Biodistribution graphs are depicted as scatter 
plots (with median and range) using GraphPad Prism 
(version 7.0a for Mac OS X, GraphPad Software). 
Statistical analysis was performed using multiple 
Student’s t-tests, P<0.05, and p-values were corrected 
using the Holm-Šídák method. All values in the tables 
are reported as mean ± SD. 

Results 
Biochemical characterization of A11 cMb and 
conjugated derivatives 

Purity and correct assembly of the A11 cMb 
(scFv-CH3 dimer) and A11 cMb site-specifically 
conjugated with the near-infrared dye mal-Cy5.5 
(Figure 1) was confirmed by SDS-PAGE analysis and 
size exclusion chromatography (SEC) (Figure 2 and 
Figure S1A-B). A11 cMb and A11 cMb-Cy5.5 
migrated as a single band approximately at the 
molecular weight calculated from the sequence (80.02 
kDa) (Figure S1A-B). The size of the A11 cMb was 
estimated to be 70 kDa from interpolation of the SEC 
elution profile with known SEC standards (Figure 
S1C). A11 cMb-Cy5.5 and dual-labeled DFO-A11 
cMb-Cy5.5 eluted as single peaks (27.07 min and 27.01 
min, respectively) similar to the unconjugated A11 
cMb, confirming that dimeric minibody conformation 
was not impaired (Figure 2A). Similar elution profiles 
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of the absorbance at 280 nm (protein) and 675 nm 
(Cy5.5) demonstrated the fluorophore was associated 
with the protein (Figure 2A). A mean hydrodynamic 
diameter of 7.5 nm for A11 cMb was determined by 
dynamic light scattering (Figure S1D). 

 Mass spectrometry confirmed modification with 
Cy5.5 was specific to the C-terminal cysteine leaving 
the hinge unmodified (Figure S1E). Preliminary 
imaging studies (data not shown) with a higher D:P of 
2:1 showed altered pharmacokinetics and biodistri-
bution with higher uptake in the liver. Therefore, the 
optimized dye-to-protein (D:P) molar ratio of 0.6-0.8:1 
was used to minimize impact on the biodistribution. 

 

 
Figure 1. Schematic of the dual-labeled A11 cMb. Site-specific labeling to 
the A11 cMb C-terminal cysteines (reduced with TCEP) by maleimide-thiol 
chemistry. For radiolabeling, 124I and SCN-DFO (chelates 89Zr) are randomly 
labeled to surface-exposed tyrosine or lysine residues, respectively. 

 

A11 cMb-Cy5.5 retains low nanomolar affinity 
binding to PSCA+ cells  

Flow cytometry analysis showed strong binding 
of A11 cMb-Cy5.5 to PSCA-expressing cells (22Rv1- 
PSCA). The selectivity for PSCA was confirmed using 
PSCA-negative cells (22Rv1) (Figure 2B). The 
apparent affinity (KD value) calculated from satura-
tion binding curves for A11 cMb-Cy5.5 (16.7 ± 3.4 nM, 
n=4, Figure 2C) was comparable to that of the 
parental A11 Mb (13.7 ± 1.4 nM, [15]). This was also 
similar to the apparent affinities of A11 cMb-Cy5.5 
(22.7 ± 2.7 nM, n=7) and dual-labeled DFO-A11 
cMb-Cy5.5 (26.8 ± 2.3 nM, n=3) to PC3-PSCA cells 
(data not shown) (P>0.05 for all). 

ImmunoPET and fluorescence imaging of 
subcutaneous 22Rv1-PSCA tumors using 
single-labeled 124I-A11 cMb and dual-labeled 
124I-A11 cMb-Cy5.5 

124I-A11 cMb and 124I-A11 cMb-Cy5.5 had specific 
activities of 1.0-3.9 µCi/µg (37-144 kBq/µg) and 
0.6-5.9 µCi/µg (22-219 kBq/µg), respectively, and 
both probes retained high immunoreactivity to 
PSCA-positive cells (>70%) (Table 1). For the 
22Rv1-PSCA s.c. model, 20 µg of 124I-A11 cMb or 
124I-A11 cMb-Cy5.5 with a final D:P of 0.7:1 was 
injected into nude mice. High-contrast immunoPET 
images acquired 22 h p.i. showed specific uptake of 
124I-A11 cMb or 124I-A11 cMb-Cy5.5 in the 
22Rv1-PSCA tumors compared to minimal uptake in 

the antigen-negative 22Rv1 tumors, blood, and 
background tissues (Figure 3A-B). 

Specific uptake in the PSCA-positive tumors was 
confirmed by ex vivo biodistribution at 22 h p.i., with 
similar values for both 124I-A11 cMb-Cy5.5 (12 ± 1.3 
%ID/g) and 124I-A11 cMb (12 ± 4.2 %ID/g, P>0.05) 
(Figure 3C and Table 2). Antigen-specific uptake in 
22Rv1-PSCA tumors was significantly higher than 
nonspecific uptake in 22Rv1 tumors, resulting in 
positive-to-negative tumor ratios of 13:1 and 8:1, for 
124I-A11 cMb-Cy5.5 and 124I-A11 cMb, respectively 
(Table 2). Importantly, no significant difference in 
uptake, clearance, and biodistribution between the 
single (124I-A11 cMb) and the dual-modality (124I-A11 
cMb-Cy5.5) tracer was observed (Figure 3C and Table 
2). 

 

Table 1. Radiolabeling and immunoreactivity.  

 124I-A11 cMb 124I-A11 
cMb-Cy5.5 

89Zr-A11 
cMb-Cy5.5 

Radiolabeling 
Efficiency 

81 ± 21% 
n=3 

69 ± 23% 
n=6 

99 ± 1% 
n=3 

Radiochemical Purity 99.1 ± 0.6% 
n=3 

99.1 ± 0.90% 
n=6 

99.7 ± 0.1% 
n=2 

Specific Activity 2.5 ± 1.5 µCi/µg 
n=3 

3.3 ± 2.1 µCi/µg 
n=6 

5.8 ± 0.7 µCi/µg 
n=3 

Immunoreactive 
Fraction (r) for 
22Rv1-PSCA 

>0.76 
n=3 

>0.76 
n=4 

0.77 
n=1 

Immunoreactive 
Fraction (r) for  
PC3-PSCA 

n/a 0.82 
n=1 

0.80 
n=1 

Values are reported as mean ± standard deviation (SD) 
 

Table 2. Mice bearing 22Rv1-PSCA and 22Rv1 xenografts show 
similar ex vivo biodistribution of 124I-A11 cMb or 124I-A11 
cMb-Cy5.5 at 22 h post-injection (P=n.s. for all tissues).  

 124I-A11 cMb 124I-A11 cMb-Cy5.5 
%ID/g ± SD %ID/g ± SD 

22Rv1-PSCA 12 ± 4.2 12 ± 1.3 
22Rv1 1.7 ± 1.0 1.2 ± 0.6 
Blood 3.3 ± 0.1 1.9 ± 0.5 
Heart 1.2 ± 0.1 0.7 ± 0.3 
Lung 1.7 ± 0.1 1.2 ± 0.1 
Liver 0.6 ± 0.0 0.9 ± 0.1 
Kidney 1.1 ± 0.0 1.0 ± 0.1 
Spleen 0.7 ± 0.1 0.5 ± 0.1 
Stomach 2.1 ± 0.3 1.3 ± 0.0 
Intestine 0.4 ± 0.0 0.2 ± 0.1 
Muscle 0.2 ± 0.0 0.1 ± 0.0 
Pos:Neg Tumor 8.1 ± 2.8 13 ± 7.7 
Pos Tum:Blood 3.7 ± 1.2 6.6 ± 1.9 
Neg Tum:Blood 0.5 ± 0.3 0.6 ± 0.2 
Pos Tum:Muscle 54 ± 20 130 ± 39 
 n=3 n=3 
%ID/g: % injected dose per gram; tum: tumor. 
Values are reported as mean ± SD. 

 
Post-mortem fluorescence imaging was comp-

leted with the skin removed in order to mimic an 
intraoperative setting. In mice injected with 124I-A11 
cMb-Cy5.5, strong fluorescence signal was detected in 
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the 22Rv1-PSCA tumors with minimal background 
signal in 22Rv1 tumors and surrounding muscle 
(Figure 3D). Ex vivo optical imaging of the resected 
tumors allowed comparison of relative fluorescence 
signals without obstruction by other organs. 
Consistent with the in situ results, high fluorescence 
signal was seen in the 22Rv1-PSCA tumors compared 
to 22Rv1 tumors (Figure 3E). 

ImmunoPET and fluorescence imaging of 
subcutaneous PC3-PSCA tumors using 
124I-A11 cMb-Cy5.5  

A subcutaneous PC3-PSCA tumor model was 
used to test the feasibility of imaging moderate levels 
of PSCA (5.2 ± 2.6×105 antigens/cell). MicroPET/CT 
of nude mice (n=5) bearing PC3-PSCA and control 
PC3 tumors showed high uptake of 124I-A11 cMb- 
Cy5.5 in positive tumors at 22 h p.i. Nonspecific 
uptake in the stomach and thyroid is visible in images 
set at a scale of 0.2-2 %ID/g (Figure 4A), as these 
organs scavenge free iodine and were likely 
incompletely blocked. The ex vivo biodistribution 
confirms the imaging results with significantly higher 
uptake in PC3-PSCA tumors (2.9 ± 0.6 %ID/g) 
compared to PC3 tumors (0.7 ± 0.4 %ID/g) (P=0.0002), 

resulting in a positive-to-negative tumor ratio of 5.6:1, 
and PC3-PSCA tumor-to-muscle ratio of 54:1 (Figure 
4B and Table 3). 

Ex vivo optical imaging allowed comparison 
between the PC3-PSCA tumors, which were detected 
by Cy5.5 fluorescence, and PC3 control tumors, which 
had little to no fluorescence signal (Figure 4C). Ex vivo 
analysis showed expected autofluorescence (stomach, 
intestines) and additional signal in liver, kidneys, and 
bladder due to tracer clearance (Figure S2).  

ImmunoPET and fluorescence imaging of 
intraprostatic 22Rv1-PSCA tumors using 
89Zr-A11 cMb-Cy5.5 

In order to test dual-imaging at the natural site of 
prostate disease, an orthotopic model was assessed. 
These studies were conducted using 89Zr because 
signal from 124I clearance to the bladder interfered 
with visualization of activity accumulated in the 
prostate (data not shown). Mice were intraprostat-
ically implanted with 22Rv1-PSCA-Fluc-GFP cells, 
and tumors grew extensively with significant 
bioluminescence signal (n=4) or low signal (n=1), 
which was designated “limited disease” (Figure S3).  

89Zr-A11 cMb-Cy5.5 immunoPET at 22 h p.i. 
showed specific uptake in the prostate 
tumors with extensive disease compared 
to minimal prostate signal in the mouse 
with limited disease (Figure 5A). Ex vivo 
biodistribution at (22 h p.i.) confirmed 
specific uptake in the 22Rv1-PSCA 
tumors (3.1 ± 0.5 %ID/g), and the 
tumor-to-blood ratio was quantified to 
be 3:1. Due to the residualizing nature of 
the radiometal, activity in organs of 
clearance was retained at high levels 
compared with the iodinated A11 cMb 
(liver: 18 ± 2.7 %ID/g, kidneys: 12 ± 1.2 
%ID/g, spleen: 5.1 ± 2.1 %ID/g) (Figure 
5A-B and Table 4). Nonspecific uptake 
in the bone is due to accumulation of free 
89Zr. Importantly, the prostate tumor 
was clearly distinguished by post- 
mortem fluorescence imaging compared 
to adjacent seminal vesicles and bladder, 
which supports the feasibility of fluores-
cence guidance for prostate cancer 
surgery (Figure 5C). PSCA-positive 
tumor growth in the prostate and 
absence of neoplastic tissue in the 
surrounding seminal vesicles was 
confirmed by H&E and anti-PSCA 
immunohistochemistry (IHC) (Figure 
5D). 

 

 
Figure 2. Biochemical characterization of A11 cMb-Cy5.5. (A) Size exclusion 
chromatography (SEC) elution profiles show A11 cMb, A11 cMb-Cy5.5, and DFO-A11 cMb-Cy5.5 
elute in a single peak (27.00 min, 27.07 min, and 27.01 min, respectively), demonstrating the 
conjugations did not disrupt the minibody dimeric conformation (protein at 280 nm, Cy5.5 at 675 
nm). Absorption at 675 nm (Cy5.5) is higher for the conjugated A11 cMb samples. (B) Flow 
cytometry analysis shows A11 cMb-Cy5.5 binding specifically to 22Rv1-PSCA cells. No binding to 
control 22Rv1 cells was detected. (C) Saturation binding study of A11 cMb-Cy5.5 (22Rv1-PSCA and 
22Rv1 cells) was used to calculate the half-maximal binding KD using a one-site specific binding model 
(n=3, GraphPad). 
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Table 3. Ex vivo biodistribution of 124I-A11 cMb-Cy5.5 in mice 
bearing PC3-PSCA and PC3 xenografts at 22 h post-injection.  

 124I-A11 cMb-Cy5.5 
%ID/g ± SD 

PC3-PSCA 2.9 ± 0.6 
PC3 0.7 ± 0.4 
Blood 1.2 ± 0.2 
Heart 0.4 ± 0.2 
Lung 0.6 ± 0.3 
Liver 0.4 ± 0.1 
Kidney 0.5 ± 0.1 
Spleen 0.4 ± 0.2 
Stomach 3.1 ± 0.6 
Intestine 0.2 ± 0.1 
Bone 0.2 ± 0.1 
Muscle 0.1 ± 0.0 
Pros, s.v., b 0.8 ± 0.3 
Testes 0.3 ± 0.1 
Pos:Neg Tumor 5.6 ± 2.9 
Pos Tum:Blood 2.6 ± 0.8 
Neg Tum:Blood 0.6 ± 0.3 
Pos Tum:Muscle 54 ± 21 
 n=5 
%ID/g: % injected dose per gram; b: bladder; pros: prostate; s.v.: seminal vesicles; 
tum: tumor. 
Values are reported as mean ± SD.  

Table 4. Ex vivo biodistribution of 89Zr-A11 cMb-Cy5.5 in mice 
bearing intraprostatic 22Rv1-PSCA tumors at 22 h post-injection.  
 

 89Zr-A11 cMb-Cy5.5 
%ID/g ± SD 

Prostate Tumor 3.1 ± 0.5 
Blood 0.9 ± 0.1 
Heart 2.6 ± 0.7 
Lung 2.4 ± 1.6 
Liver 18 ± 2.7 
Kidney 12 ± 1.2 
Spleen 5.1 ± 2.1 
Stomach 1.1 ± 0.2 
Intestine 2.6 ± 0.3 
Bone 4.4 ± 2.3 
Muscle 0.4 ± 0.1 
Testes 2.9 ± 1.4 
Pros Tum:Blood 3.4 ± 0.2 
Pros Tum:Muscle 7.7 ± 1.0 
 n=4, except blood n=3 
 

%ID/g: % injected dose per gram; pros: prostate; tum: tumor.  
Values are reported as mean ± SD.  

Discussion 
Primary prostate cancer and regional lymph 

node metastases can be treated by surgical resection. 
However, patients often suffer from over and 
under-treatment due to inaccurate diagnosis or 
inability to visualize positive margins during surgery. 
Dual-modality PET/fluorescence imaging could 
provide non-invasive whole-body disease detection 
and intraoperative fluorescence guidance, and 
therefore improve prostate cancer treatment. 

In this study, the anti-PSCA antibody fragment 
A11 cys-minibody (A11 cMb) was used to generate a 
novel dual-modality imaging probe. A11 cMb was 
conjugated with the near-infrared dye Cy5.5 and 
radiolabeled with either 124I or 89Zr (124I-A11 

cMb-Cy5.5 and 89Zr-A11 cMb-Cy5.5). Both tracers 
showed specific targeting to PSCA-expressing pros-
tate cancer in vivo resulting in whole body 
immunoPET scans visualizing the tumors and 
fluorescence imaging distinguishing PSCA-positive 
cancer from surrounding healthy tissue. 

Fluorescent modification of A11 cMb did not 
impair its affinity or specificity of antigen binding. 
Studies have shown that binding affinity can be 
affected by conjugation of large hydrophobic 
moieties, such as near-infrared dyes [40]. Therefore, 
the Cy5.5 conjugation was directed to the engineered 
C-terminal cysteine away from the antigen binding 
sites. A11 cMb-Cy5.5 and DFO-A11 cMb-Cy5.5 
specifically bound to PSCA-positive cells with high 
affinity, similar to previously published unconjugated 
parental A11 Mb [14] (Figure 2). Dual-labeled 124I-A11 
cMb-Cy5.5 and 89Zr-A11 cMb-Cy5.5 retained high 
immunoreactivity for PSCA-positive cells similar to 
124I-A11 cMb (Table 1), demonstrating that 
dual-labeling did not impair binding. Fluorophore 
conjugation can also affect the pharmacokinetics and 
biodistribution of antibodies and small ligands [20, 
28], typically in the form of enhanced liver uptake and 
faster blood clearance. 124I-A11 cMb-Cy5.5 with a 
dye-to-protein ratio (D:P) of 0.7-0.8:1 demonstrated 
similar tumor uptake and minimal changes in 
biodistribution compared with 124I-A11 cMb.  

Fluorescence imaging-guided surgery has been 
shown to improve tumor resection in preclinical 
studies and several agents have entered clinical trials 
[41]. Furthermore, dual-modality imaging is 
increasingly studied in both preclinical and clinical 
studies [26, 31, 32]. Imaging with a dual-labeled 
antibody ensures similar biodistribution in both 
modalities and facilitates clinical translation by 
avoiding separate testing of distinct imaging tracers. 
While immunoPET provides whole-body, quantit-
ative information with unlimited depth, it suffers 
from low resolution and time constraints due to 
radioactive decay. NIRF fluorophores, on the other 
hand, show low depth of penetration [42] but 
excellent cell-level resolution. Unlike the radiolabel, 
the fluorophore does not have a physical half-life 
(cellular half-life = 3.9 days [43]) and therefore allows 
longer detection of the signal for surgical guidance. 

PSCA is expressed in virtually all prostate 
cancers (83-100%) as well as in prostate cancer 
metastases to bone and lymph nodes [11, 13, 44, 45]. 
However, a wide range of PSCA expression levels, 
correlating with progression and prognosis, was 
found by quantitative reverse transcriptase-PCR 
analysis of clinical prostate metastases specimens [44]. 
Because increased PSCA corresponds with increased 
Gleason score and clinical stage, we therefore 
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evaluated the dual-modality A11 cMb in two s.c. 
models with different levels of PSCA expression: 
22Rv1-PSCA (high-PSCA) and PC3-PSCA (moderate 
PSCA). Importantly, 124I-A11 cMb-Cy5.5 immuno-
PET/fluorescence imaging resulted in high-contrast 
PET and fluorescence images in both high- and 
moderate PSCA-positive prostate cancer models. 
Although antigen expression does not necessarily 
correlate with tumor uptake, as other factors such as 
tumor vasculature can affect accessibility, the 
dual-modality A11 cMb could facilitate detection in 
different stages of prostate cancer. 

The longer-lived radionuclides 124I and 89Zr are 
most commonly used for labeling antibodies, and in 
this study, we compared specific tumor uptake and 
contrast to normal tissue of both 124I- and 89Zr-labeled 
A11 cMb-Cy5.5 in preclinical prostate cancer models. 

124I and 89Zr differ regarding their physical properties, 
protein conjugation chemistry, and biological 
metabolism, which can lead to significant differences 
in uptake and retention of the radioactive signal. 124I is 
a nonresidualizing radiolabel when radioiodinated 
using standard methods such as Iodogen. Upon 
internalization and degradation of such radioiod-
inated proteins, metabolites including iodotyrosine 
are not retained by the cell, leading to low back-
ground and thereby high contrast. These characteris-
tics are advantageous when imaging targets retained 
on the cell surface, like PSCA that has previously been 
shown to internalize slowly [14]. Concordantly, 
immunoPET studies using 124I-labeled parental A11 
Mb [14], 124I-A11 cMb and 124I-A11 cMb-Cy5.5 
achieved high-contrast images in the subcutaneous 
models (22Rv1-PSCA, PC3-PSCA). A previous study 

using 124I-A11 Mb to image intratibial 
xenografts supports the hypothesis that 
the very low background of 124I-A11 
cMb-Cy5.5 will be advantageous for 
targeting bone metastases [15]. In contrast, 
free 89Zr accumulates in bone and may 
result in false positives [46]. 

A major benefit of imaging with a 
residualizing radiometal (89Zr) is better 
signal retention, as 89Zr-radiometabolites 
get trapped in the cell upon internali-
zation, and higher spatial resolution due 
to a shorter mean positron range (1.1 mm 
for 89Zr vs 3.0 mm for 124I). These factors 
are crucial when imaging small structures 
like the prostate; hence, 89Zr-A11 cMb- 
Cy5.5 was used to image orthotopic 
prostate cancer. A further advantage 
compared with 124I is that 89Zr is not 
excreted through urine, assuring minimal 
interference from activity in the bladder. 

89Zr-A11 cMb-Cy5.5 immunoPET/ 
fluorescence imaging of the orthotopic 
model demonstrated successful visualiza-
tion and delineation of 22Rv1-PSCA 
tumors growing at the site of natural 
disease, which is an important finding as 
tumor localization and accessibility are 
known to affect tumor targeting and 
tracer uptake, and may account for the 
difference in tumor uptake between the 
orthotopic and s.c. models. These prom-
ising results and the fact that the 
dual-modality tracer is based on a 
humanized antibody fragment suggest 
that 89Zr- and 124I-labeled A11 cMb-Cy5.5 
could be clinically translated for imaging 
and surgical guidance in prostate cancer. 

 
Figure 3. 124I-A11 cMb-Cy5.5 PET/fluorescence shows specific targeting to 
22Rv1-PSCA subcutaneous tumors. (A) 124I-A11 cMb and (B) 124I-A11 cMb-Cy5.5 PET/CT 
scans show antigen-specific uptake in 22Rv1-PSCA tumors (+, left shoulder) and minimal 
nonspecific uptake in 22Rv1 (-, right shoulder) tumors at 22 h post-injection (nude mice, n=3 per 
group). Images are represented as whole-body maximum intensity projections (MIPs). (C) Ex vivo 
biodistribution (22 hours p.i.) confirms high uptake in 22Rv1-PSCA tumors and low activity in all 
other tissues. The addition of Cy5.5 at a low dye-to-protein ratio did not alter biodistribution. 
(D-E) Post-mortem Cy5.5 fluorescence images show specific signal in PSCA-positive tumors. The 

signal from the stomach is due to autofluorescence. R.E.: radiance efficiency ( photons/sec/cm2/sr

µw/cm2 ); St: 

stomach. 
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The results from an ongoing Phase I trial evaluating 
124I-parental A11 Mb for immunoPET (NCT02092948) 
will inform on the pharmacokinetics of radiolabeled 
minibody in patients. 

Future studies should include surgical studies to 
mimic the clinical setting (radical prostatectomy) and 
confirm a survival benefit of resecting tumors guided 
by real-time fluorescence imaging. Furthermore, more 
clinically relevant metastatic prostate cancer models 
should be imaged to ensure that positive pelvic lymph 
nodes are detectable both preoperatively using 
89Zr-A11 cMb-Cy5.5 immunoPET and intraopera-
tively using fluorescence, as the current clinical 
standard using frozen section histology to confirm 
which lymph nodes to resect is time-intensive [47]. 

Dual-modality imaging can also be applied to 
antibodies against other prostate cancer targets. For 
example, GRPR has been successfully targeted by 
68Ga-HZ220-IRDye 650 in mice bearing PC3 
xenografts for PET/NIRF imaging [29], as well as by 
68Ga-IRDye800CW-BBN in a first-in-human study in 
patients with glioblastoma [48]. Antibodies and 
peptides targeting PSMA have been extensively 
explored for PET [49], and more recently validated for 
optical imaging [20] and dual SPECT/fluorescence 
imaging [26-28]. Dual-labeled 111In-PSMA-targeting- 
urea-IRDye800CW [27] and 111In-anti-PSMA antibody 

D2B-IRDye800CW [28] successfully detected prostate 
cancer lesions in mice by SPECT/NIRF, and the 
anti-PSMA antibody MDX1201-A488 is currently 
being evaluated for FIGS in patients receiving 
robot-assisted laparoscopic prostatectomy (NCT02048 
150). However, PSMA is also expressed in normal 
tissues, such as the ganglia close to the location of 
typical lymph node metastases, which could result in 
false positives, and PSMA overexpression is not 
present in 10% of patients [50]. Therefore, it would be 
useful to also explore PSCA as an additional target for 
prostate cancer diagnosis and therapy. 

In summary, specific targeting to human PSCA 
-positive prostate cancer was achieved by in vivo 
administration of 124I-A11 cMb-Cy5.5 and 89Zr-A11 
cMb-Cy5.5 for immunoPET and fluorescence 
imaging. Dual-modality imaging was successful in s.c. 
models with high and moderate PSCA expression, 
demonstrating the ability of the A11 cMb to target a 
range of antigen expression. In the intraprostatic 
model, fluorescence clearly distinguished the prostate 
tumor from surrounding relevant tissues. This work 
has translational potential for noninvasive preoper-
ative whole-body imaging and additional real-time 
intraoperative guidance in PSCA-positive prostate 
cancer. 

 
Figure 4. 124I-A11 cMb-Cy5.5 PET/fluorescence shows specific targeting of PC3-PSCA subcutaneous tumors. (A) 124I-A11 cMb-Cy5.5 PET/CT scans 
at 22 h post-injection (nude mice, n=5) show specific uptake in subcutaneous PC3-PSCA (+, right shoulder) tumors and no nonspecific uptake in PC3 tumors (PSCA-, 
left shoulder). Images are represented as whole-body MIPs. (B) Ex vivo biodistribution (22 h p.i.) confirms higher %ID/g uptake in PC3-PSCA tumors than PC3 tumors. 
(C) Ex vivo fluorescence (Cy5.5) imaging revealed strong fluorescence signal in PC3-PSCA tumors and excellent contrast to PC3 control tumors. B: bladder; R.E.: 

radiance efficiency ( photons/sec/cm2/sr

µw/cm2 ); St: stomach; Th: thyroid. 
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Figure 5. 89Zr-A11 cMb-Cy5.5 targets 22Rv1-PSCA intraprostatic tumors by PET/fluorescence. (A) 89Zr-A11 cMb-Cy5.5 PET/CT at 22 h post-injection 
of nude mice (n=4) bearing 22Rv1-PSCA-GFP-FLuc intraprostatic orthotopic tumors (outlined by the white dotted circle), compared to a mouse (n=1) with limited 
disease. The top row images are represented as coronal whole-body MIPs, and the bottom row images are represented as 0.2 mm transverse sections that 
correspond to the black arrow. The transverse section does not include the bladder (outlined in the left top panel by the black dotted circle). (B) Ex vivo 
biodistribution (22 h p.i.) confirms higher %ID/g uptake in 22Rv1-PSCA prostate tumors compared to blood, along with high clearance to the liver and kidney. (C) 
Cy5.5 fluorescence signal is specific to the resected prostate with little to no signal in surrounding seminal vesicles, bladder, or background tissues (testes, bone, and 

muscle). R.E.: radiance efficiency (photons/sec/cm2/sr
µw/cm2 ). (D) Hematoxylin and eosin (H&E) staining confirms tumor growth in the prostate, which stained positively for 

PSCA, while surrounding seminal vesicles were negative for PSCA. B: bladder; K: kidney; L: liver; SV: seminal vesicle. 
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