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1. Introduction:  
 
The goal of the proposed research is early detection of relevant prostate cancer to 
reduce mortality of the disease.  This will be accomplished by introduction of an 
improved and more specific diagnostic procedure.  According to the American Cancer 
Society, prostate cancer is the second leading cause of cancer-related deaths in men. It is 
estimated that 1 man in every 36 will die of prostate cancer during their lifetime. This 
accounts for 33,720 men in 2011. Early and accurate detection of prostate cancer is an 
urgent priority. Our research strategy will introduce a new paradigm in prostate cancer 
detection, moving beyond prostate-specific antigen (PSA) screening into an advanced and 
specific strategy to improve detection and resection, and thereby reduce prostate cancer 
mortality.We hypothesize that an effective strategy for the detection of prostate cancer 
will use Id1 to direct a combined blood-based monitoring and imaging system 
following systemic delivery and controlled release in the prostate vasculature. This 
diagnostic system includes a secreted human embryonic alkaline phosphatase reporter for 
blood-based monitoring and a mCherry reporter for localized imaging, both under the 
control of an Id1 promoter, and packaged in an Adenovirus for ease in testing. Id1 
expression has been shown to be specific for malignant cancers and will permit 
differentiation between aggressive cancer and benign hyperplasia. To permit non-invasive 
and effective systemic delivery of the diagnostic Ad, US contrast agents, or MBs, will be 
used to deliver the diagnostic vector to the tumor in an US-targeted strategy.  
 
2. Keywords: prostate cancer screening, Imaging, Id1 
 
3. Overall Project Summary:  

 
The accomplishments associated with the three specific aims are summarized below.  All 
of the accomplishments have been included in manuscripts, either published or 
approaching submission.  The manuscripts are included as appendices and provide all 
details of the methods used.   
 
Task 1. Specific Aim #1: Correlate prostate cancer phenotype with SEAP/mCherry 

levels achieved with the diagnostic vector (Ad5/3-Id1-SEAP-Id1-mCherry), 
an existing vector encoding SEAP and mCherry. (Primarily first year, except 
aim1d that may run in to 2nd year) 

 
a. Ad3 receptor expression characterization: A prostate cancer cell panel (PC3, 

LNCaP, CA-HPV-10, RWPE-1, VCAP, MDA PCA 2b, WPMY-1, DU145) will be 
analyzed for Ad3 receptor expression. (Months 1-4) 

 
Accomplishment:  Ad3 receptor surface expression was quantified for each cell type in the 
panel by infection with an Ad5/3-CMV-Luc adenovirus. Luciferase counts were 
subsequently used to normalize diagnostic reporter expression, accounting for differences 
in Ad5/3-Id1-SEAP-Id1-mCherry infectivity among the cells. SEAP and mCherry reporter 
expressions were therefore only a reflection of Id1 promoter activity.  Results are reported 
under task 1c, together with results for ID1 expression. 
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b. The panel of cell lines will be characterized for Id1 promoter expression. (Months 

1-6) 
 
Accomplishment: Id1 expression, but not PSA level, is an indicator of prostate cancer cell 
aggressiveness.  Six prostate cell lines purchased from ATCC were categorized based on 
their reported behaviors and measured levels of PSA secretion (Table 1). Normal prostate 
cells (WPMY-1) secreted a baseline amount of 314.1±8.1 pg/mL PSA. Two of the four cell 
lines with reportedly aggressive phenotypes (Du145 and PC3) had relatively lower PSA 
levels, ranging from 230-266 pg/mL, whereas the remaining aggressive cells lines (VCaP 
and MDA-PCA-2b) had significantly greater levels of PSA as compared to baseline. The 
one non-aggressive cell type, LNCaP, also secreted significantly increased amounts of PSA 
in comparison to baseline levels. Id1 expression was elevated in all prostate cancer cell 
types with reportedly aggressive behaviors compared to normal prostate cells and 
cancerous cells with a less invasive and non-aggressive phenotype (Figure 1a).  No 
correlation was found between Id1 expression and PSA level (R2=0.058; Figure 1b). 
 
Table 1. Description of cell lines used for analyses of Ad5/3-Id1-SEAP-Id1-mCherry 
diagnostic efficacy. 
Cell Line Origin Behavior PSA (pg/mL) 
WPMY-
1 

Normal stromal 
myofibroblast 

Normal  324.6±21.5 

Du145 Brain metastasis Aggressive  230.1±8.3** 
PC3 Bone metastasis Aggressive  266.2±36.7* 
VCaP Vertebral metastasis Aggressive  762.9±36.4** 
MDA-
PCA-2b 

Bone metastasis Aggressive  11,227±1274** 

LNCaP Node metastasis Non-
Aggressive  

13,042±315** 

PSA values reported as mean±SEM (n=3). *p<0.05 and **p<0.001 versus WPMY-1 level. 
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Figure 1. Cellular expression of Id1 does not correlate with PSA. (a) Id1 expression 
was evaluated in cell lysates by Western blot and quantified with densitometry. Id1 
intensity was normalized to the corresponding level of of β-actin. (b) Linear regression 
analysis was used to correlate cellular Id1 expression with PSA levels reported in Table 1. 
PSA data are shown as mean±SEM (n=3). 
  
c. Diagnostic vector infection of prostate cancer panel: The performance of the 

diagnostic vector with the cell panel will be evaluated. Reporter values will be 
normalized against Ad3 receptor expression. Id1 knockdown experiments will be 
conducted. (Months 6-12) 

 
Accomplishment: SEAP and mCherry reporter expression correlate with Id1 levels and are 
indicators of prostate cell aggressiveness  As stated under 1a, Ad3 receptor surface 
expression was quantified for each cell type in the panel by infection with an Ad5/3-CMV-
Luc adenovirus (Figure 2a). Luciferase counts were subsequently used to normalize 
diagnostic reporter expression, accounting for differences in Ad5/3-Id1-SEAP-Id1-
mCherry infectivity among the cells. SEAP and mCherry reporter expressions were 
therefore only a reflection of Id1 promoter activity. After infection with Ad5/3-Id1-SEAP-
Id1-mCherry, the prostate cancer lines with aggressive phenotypes (VCaP, MDA-PCA-2b, 
PC3, and Du145) had increased levels of SEAP reporter compared to non-aggressive 
(LNCaP) and normal (WPMY-1) cells (Figure 2b). For PC3 and Du145, Ad3-normalized 
SEAP expression was significantly elevated at 4 and 6 days post-infection compared to 
non-aggressive LNCaP cells at the corresponding timepoints. A significant correlation 
(R2=0.89) between SEAP reporter expression at day 4 and cellular Id1 levels was observed 
(Figure 2c). Likewise, representative fluorescent images of the mCherry reporter 
qualitatively confirmed diagnostic vector efficiency (Figure 3). mCherry intensity 
corresponded to cellular Id1 levels, with the greatest fluorescence observed in the 
aggressive Du145 cells. 
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Figure 2.  SEAP reporter expression in the prostate cell panel and its relationship with 
cellular Id1. (a) Susceptibility for infection via the Ad3 fiber serotype was determined for 
each cell type using Ad5/3-CMV-Luc (multiplicity of infection =1). Luciferase activity was 
used to normalize diagnostic reporter expression for differences in vector infectivity due to 
varying levels of Ad3 receptor expression. (b) SEAP reporter was measured in culture 
medium 2, 4 and 6 days post infection with Ad5/3-Id1-SEAP-Id1-mCherry (multiplicity of 
infection=1) and normalized with luciferase activity. *P<0.01 vs LNCap at corresponding 
time point. All data are reported as mean ±s.e.m. (n=4). (c) Cells types were group based 
on low (o0.25 a.u.), moderate (0.25–1.5 a.u.) or high (41.5 a.u.) Id1 levels and SEAP 
reporter expression averaged for each group. The low-Id1 group consisted of two cell types 
(WPMY-1 and LNCaP), the moderate-Id1 group consisted of three cells types (PC3, VCaP 
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and MDA-PCA-2b) and the high-Id1 group consisted of one cell type (Du145). *P<0.01vs 
low and **P<0.001 vs all groups. 
 

 
 
Figure 3. mCherry reporter fluorescence corresponds to prostate cancer cell 
aggressiveness. Representative fluorescence images of (a) normal prostate cells (WPMY-
1) and cancerous cells with (b) moderate Id1 expression (VCaP) and (c) high Id1 
expression (Du145). Inserts are corresponding bright field images. All images were 
acquired using a 10X objective. 
 
d. Assessment of the diagnostic potential of the vector on normal, BPH, and 

malignant tissue samples of the prostate: In addition to reporter expression 
characterization, Id1 and Ad3 expression will be evaluated and normalized against 
reporter values. (n=10/group)(Months 1-18) 

 
Accomplishment.  A mechanism was established to obtain fresh prostate tissues following 
surgery, with support from UAB surgeon Dr. Sudarshan (Co-Investigator of this DOD 
grant) and pathologist Dr. Shi Wei.  Studies were conducted with two surgical specimens 
that were subdivided into replicates that allowed us to establish conditions for infection 
with the diagnostic Ad (Ad5/3-Id1-SEAP-Id1-mCherry).  Representative images are shown 
below in Figure 4, and show clusters of mCherry-positive cells.  These images were 
collected with a spectral camera, so the fluorescence is specific for the fluorescence 
emission of mCherry.  The profile for mCherry emission was not found in any control 
samples that were not infected with the Ad vector.  The positive areas in Figure 4b-d are 
presumed to be clusters of aggressive cancer, but we await confirmation by Dr. Wei, our 
collaborator for these studies.  Adjacent tissues were saved for histology analyses.  We are 
also in the process of conducting the SEAP analyses of the media collected over time.  
During year 3 we will complete the additional studies with the patient samples. 
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Figure 4. Representative fluorescent images of mCherry expression at 5 days following 
infection of fresh human prostate surgery tissues with (a) no Ad (control) and (b-d) Ad5/3-
Id1-SEAP-Id1-mCherry.   
 
Task 2. Specific Aim #2: Optimize and validate Ad5/3-Id1-SEAP-Id1-mCherry 
loading of ultrasound microbubbles. (Start month 9, ending at month 18 (middle of 
year 2)) 
 
a. Qualitative visualization of Ad packaged microbubbles: Using fluorescent confocal 

microscopy, microbubble packaged, fluorescent Ad particles containment will be 
analyzed. (Months 9-12) 

 
Accomplishment.  We decided that before packaging experiments it was important to 
understand if the ultrasonograpy would change Ad infectivity due to disruption of the Ad 
particles.  We also sought to understand if microbubbles with ultrasound would aid in 
allowing the Ad particle to better infect prostate cancer cells.  The results of these studies 
are summarized below in the abstract of a published manuscript entitled “Enhancement of 
Adenovirus Delivery after Ultrasound-Stimulated Therapy in a Cancer Model”. 
 
Improving the efficiency of adenovirus (Ad) delivery to target tissues has the potential to 
advance the translation of cancer gene therapy. Ultrasound (US)-stimulated therapy utilizes 
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microbubbles (MBs) exposed to low-intensity US energy to improve localized delivery. 
We hypothesize that US-stimulated gene therapy can improve Ad infection in a primary 
prostate tumor through enhanced tumor uptake and retention of the Ad vector. In vitro 
studies were performed to analyze the degree of Ad infectivity after application of US-
stimulated gene therapy. A luciferase-based Ad on a ubiquitous cytomegalovirus (CMV) 
promoter (Ad5/3-CMV-Luc) was used in an animal model of prostate cancer (bilateral 
tumor growth) to evaluate Ad transduction efficiency after US-stimulated therapy. 
Bioluminescence imaging was employed for in vivo analysis to quantify Ad infection 
within the tumor. In vitro studies revealed no difference in Ad transduction between groups 
receiving US-stimulated therapy using high, low, or sham US intensity exposures at 
various multiplicity of infections (MOIs) (p = 0.80). In vivo results showed that tumors 
receiving US-stimulated therapy after intratumoral injection of Ad5/3-CMV-Luc (1 x 106 
plaque forming units) demonstrated a 95.1% enhancement in tumor delivery compared to 
control tumors receiving sham US (p = 0.03). US-stimulated therapy has significant 
potential to immediately impact Ad-based cancer gene therapy by improving virus 
bioavailability in target tissues. 
 
Accomplishment.  In year 2 we evaluated encapsulation of fluorescent Ad vector by 
confocal imaging.  A representative image is show in Figure 5. 
 

 
 
Figure 5. Representative image of microbubble with encapsulated fluorescent Ad particles. 
 

b. Evaluation of human complement to effectively inactivate unencapsulated and partial 
encapsulated particles: Surrogate Ad particle inactivation with human complement will 
be evaluated. (Months 12-14) 

 
Accomplishment. In vitro assays were performed to determine the effect of complement 
on Ad particle infectivity. These data were utilized for subsequent experiments to 
sufficiently inactivate unenapsulated and partially encapsulated particles following 
microbubble packaging.   
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Figure 6. Effect of complement on Ad infectivity.  
 

c. Quantification of functional Ad packaged per microbubble: The number of functional 
Ad particles successfully packaged within the microbubbles will be determined. (Months 
15-17) 

 
Accomplishment. Using fluorescently-labeled Ad particles and flow cytometry, we 
determined that approximately 6% of microbubbles contain Ad particles following the 
encapsulation process (Figure 7). The functionality of these Ad-packaged microbubbles 
was determined by measuring the level of cellular infectivity with and without complement 
inactivation (Figure 8). 
 

 
Figure 7. Quantification of microbubbles containing Ad particles. The percentage of 
microbubbles packaged with Ad particles was determined using (A) unlabeled Ad particles 
and (B) Ad particles labeled with red fluorescent protein (RFP). The population with 
increased fluorescence (FL1) was identified as the microbubbles packaged with Ad 
particles.  
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Figure 8. Number of functional Ad particles per microbubble. Complement was used to 
inactivate unencapsulated and partially encapsulated adenovirus following microbubble 
packaging.  
 

d. Biodistribution of packaged microbubbles: Microbubble packaged, radioactive Ad 
particles will be systemically injected into xenograft animal model (65 athymic nude 
mice) followed by ultrasound and biodistribution analysis to evaluate Ad fate 
determination. (Months 15-18)  

 
Accomplishment.  Radiolabeled P-selectin targeted MBs were significantly higher in 
tumor tissue, as compared with adjacent skeletal tissue or tumor retention of radiolabeled 
IgG-control-MB (Figure 9, from Warram et al manuscript). 
 

 
 
Figure 9. Comparison of percent injected dose per gram (%ID/g) values in tumor and 
muscle tissue at 5 min and 60 min P-selectin targeted microbubbles (MB), IgG targeted 
control MB, P-selectin antibody and IgG control groups. Data are means +/- SD. 
 
Task 3:  Specific Aim #3: Determine the efficacy of the diagnostic vector combined 
with the US delivery system to detect malignant prostate cancer. (Start month 18 and 
continue to month 36) 
 

!  
+ -‐ 
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a. In vivo analysis of diagnostic vector in xenograft animal model (30 athymic nude mice) 
to determine detection sensitivity. (Months 18-24) 

 
Accomplishment.  SEAP and mCherry levels with the diagnostic Ad in animal models 
showed excellent correlation of both signals with cancer aggressiveness.  Extensive animal 
experiments were conducted during year 2 to augment preliminary studies in year 1, and 
the mCherry imaging and SEAP data from year 2 experiments were added to the 
manuscript that was published in 2014 (Richter et al, Gene Therapy, 2014)   
 
To evaluate the potential of the vector to diagnose prostate cancer in vivo, flank tumors 
were formed using three different prostate cancer cell lines with low (LNCaP), moderate 
(PC3) and high (Du145) expression levels of Id1. At the time of vector injection, there 
were no significant differences in tumor size between any of the groups (LNCaP: 207 ± 
32mm3; PC3: 203 ± 37mm3; Du145: 171 ± 29mm3). Elevated plasma levels of PSA were 
detected in mice bearing LNCaP tumors (1860 ± 144 pg/ml), whereas mice with PC3 and 
Du145 tumors did not have detectable amounts of PSA. SEAP and mCherry reporter 
expression were monitored in all mice over a 14-day time period (Figures 10a and 11a). 
For SEAP analyses, post-treatment levels were compared with baseline SEAP expression 
measured at day 0 prior to vector injection. Two days after intra-tumoral (IT) injection of 
Ad5/3-Id1-SEAP-Id1-mCherry, SEAP reporter expression was significantly elevated over 
baseline levels for the Du145 group, and mCherry reporter fluorescence permitted visual 
localization of these tumors. SEAP reporter expression was detectable in mice bearing PC3 
tumors beginning 2 days after IT injection, and tumor fluorescence was detected at day 6. 
Post-treatment SEAP levels in mice with LNCaP tumors were slightly elevated above 
baseline levels beginning at day 6, and mCherry fluorescence was not observed in these 
tumors at any time point. The SEAP measured in plasma over the entire 14-day time course 
following vector injection was totaled to represent the effect of making multiple post-
treatment diagnostic readings (Figure 10b). The combined effect of successive SEAP 
measurements revealed an elevated post-treatment SEAP level for each of the tumor types 
that was significantly greater than the baseline level. Furthermore, a proportional 
relationship between total amount of measured SEAP and tumor Id1 was observed, with 
tumors formed by Du145 cells leading to the highest plasma levels of the SEAP reporter 
and LNCaP tumors having the least. This trend was also observed with mCherry reporter 
expression, as Du145 tumors had the brightest tumor fluorescence at all time points 
followed by PC3 tumors and finally LNCaP tumors, which showed negligible mCherry 
expression (Figure 11). A representative image of the tumor fluorescence visualized at day 
6 post vector injection is shown in Figure 11b. 
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Figure 10. In vivo SEAP reporter expression following IT injection of the diagnostic 
vector. (a) Plasma levels of the SEAP reporter were monitored over a 14-day period for 
tumors formed by prostate cancer cells with high (Du145), moderate (PC3) and low 
(LNCaP) levels of Id1. All data are reported as mean ±s.e.m. (n =5). *P<0.001 vs baseline 
and +P<0.01 vs baseline (the order of stacked symbols correspond to order of data points). 
(b) SEAP amounts measured over the entire time course were totaled and compared with 
baseline levels measured before vector injection. *P<0.001 vs baseline and +P<0.001 vs 
LNCaP and PC3. 
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Figure 11. mCherry tumor fluorescence following IT injection of the diagnostic vector. (a) 
mCherry reporter expression for tumors formed by prostate cancer cells with high (Du145), 
moderate (PC3) and low (LNCaP) levels of Id1 was monitored and quantified over a 14-
day time period. All data are reported as mean ±s.e.m. (n=5). +p<0.05 vs PC3; *p<0.01 vs 
LNCaP; ●p<0.05 vs LNCaP. (b) Representative images of mCherry fluorescence at day 6 
post IT injection of the diagnostic vector for LNCaP, PC3 and Du145 tumors. The other 
task 3 objectives were scheduled for year 3 of the funding period. 
 

Accomplishment: Ultrasound treatment improved Ad-mediated delivery of reporters to 
PC3 tumors. 
 
Figure 12 shows representative bioluminescence images illustrating enhancement of 
infectivity at 48 h in the tumors subjected to US-stimulated therapy, as compared with 
contralateral control tumors and baseline images.  Right tumors did not receive US 
stimulation, while left tumors did. 

 
Figure 12. Baseline and 48-post treatment images for mice with PC3 tumors.  Left tumors 
were provided US stimulation. 
The other task 3 objectives were for year 3 of the funding period. 
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4. Key Research Accomplishments:  
 
Ø We evaluated ID1 expression in a panel of prostate cancer cell lines. 
 
Ø We identified differences in Ad infectivity of prostate cancer cell lines, which could be 

used to normalize the cell lines for comparisons. 
 
Ø Unlike measurements of PSA, which showed no correlation with cellular Id1, 

expression of the blood-based SEAP reporter showed a significant correlation with 
prostate cancer cell aggressiveness. 

 
Ø We demonstrated that ultrasound did not change Ad infectivity. 
 
Ø We visualized microbubbles packaged with fluorescently-labeled Ad particles 
 
Ø We quantified the amount of microbubbles with encapsulated Ad and determined the 

functionality of the Ad particles in complement inactivated microbubbles  
 
Ø We demonstrated that ultrasound with microbubbles improved Ad infectivity in a 

prostate cancer model (manuscript published, Sorace et al 2013). 
 
Ø SEAP and mCherry levels with the diagnostic Ad in animal models showed excellent 

correlation of both signals with cancer aggressiveness. 
 
5. Conclusions: 
 
In year 2, a dual reporter vector, Ad5/3-Id1-SEAP-Id1-mCherry, was evaluated for its 
ability to noninvasively detect and monitor prostate cancer using expression of a SEAP 
reporter for blood-based detection and mCherry reporter for fluorescence imaging. 
Reporter expression of the diagnostic system was driven by the cancer-specific expression 
of Id1, which is a documented indicator of tumor malignancy with no expression found in 
BPH and normal prostate. Detection of prostate-specific antigen (PSA) as a screening 
strategy for prostate cancer is limited by the inability of the PSA test to differentiate 
between malignant cancer and benign hyperplasia. Here, we report the use of a cancer-
specific promoter, inhibition of differentiation-1 (Id1), to drive a dual-reporter system 
(Ad5/3-Id1-SEAP-Id1-mCherry) designed for detection of prostate cancer using a blood-
based reporter-secreted embryonic alkaline phosphatase (SEAP) and tumor visualization 
using a fluorescent reporter protein, mCherry. In human prostate tumors, Id1 levels are 
correlated with increased Gleason grade and disease progression. To evaluate in vivo 
performance, flank tumors were grown in athymic male mice using three prostate cancer 
cell lines. Following intra-tumoral injection of the vector, tumors formed by cells with high 
Id1 had the greatest reporter expression. Interestingly, tumors with the lowest levels of Id1 
and reporter expression produced the greatest amounts of PSA. These data support the use 
of Ad5/3-Id1-SEAP-Id1-mCherry as a predictor of prostate cancer malignancy and as a 
strategy for tumor localization. 
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The dependency of the diagnostic vector on adequate expression of Id1 represents a 
limitation of the current system for detecting less aggressive cancers. However, by 
achieving targeted delivery and increased tumor infectivity, the visual detection limits of 
the diagnostic vector can be surpassed. Our future work will aim to develop strategies to 
target vector delivery and infectivity of both aggressive and non-aggressive prostate cancer 
to allow for sensitive localization to aid in tumor resection. In the past year we have 
discussed localized delivery to the prostate of the diagnostic vector with interventional 
radiology approaches. 
 
In conclusion, the present work introduces a novel strategy for detection and localization of 
prostate cancer that overcomes the current limitations of the PSA test to distinguish 
between aggressive cancer and indolent conditions like BPH. The correlation between 
reporter expression and cellular Id1 enables SEAP levels to be used as a predictive measure 
of prostate cancer aggressiveness and mCherry fluorescence as an aid for tumor 
visualization. This strategy would assist clinicians in the detection and treatment of prostate 
cancer and ultimately reduce the mortality associated with this disease. 
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Abstract—Improving the efficiency of adenovirus (Ad) delivery to target tissues has the potential to advance the
translation of cancer gene therapy. Ultrasound (US)-stimulated therapy uses microbubbles (MBs) exposed to low-
intensity US energy to improve localized delivery. We hypothesize that US-stimulated gene therapy can improve
Ad infection in a primary prostate tumor through enhanced tumor uptake and retention of the Ad vector. In vitro
studies were performed to analyze the degree of Ad infectivity after application of US-stimulated gene therapy. A
luciferase-based Ad on a ubiquitous cytomegalovirus (CMV) promoter (Ad5/3-CMV-Luc) was used in an animal
model of prostate cancer (bilateral tumor growth) to evaluate Ad transduction efficiency after US-stimulated
therapy. Bioluminescence imaging was employed for in vivo analysis to quantify Ad infection within the tumor.
In vitro studies revealed no difference in Ad transduction between groups receiving US-stimulated therapy using
high, low or sham US intensity exposures at various multiplicities of infection (MOIs) (p 5 0.80). In vivo results
indicated that tumors receiving US-stimulated therapy after intra-tumoral injection of Ad5/3-CMV-Luc
(1 3 106 plaque-forming units) exhibited a 95.1% enhancement in tumor delivery compared with control tumors
receiving sham US (p 5 0.03). US-stimulated therapy has significant potential to immediately affect Ad-based
cancer gene therapy by improving virus bioavailability in target tissues. (E-mail: hoyt@uab.edu) � 2013 World
Federation for Ultrasound in Medicine & Biology.

Key Words: Cancer, Gene therapy, Microbubble contrast agent, Ultrasound, Adenovirus, Transduction.

INTRODUCTION

There is an urgent need to improve delivery of recombi-
nant adenovirus (Ad) to advance cancer gene therapy.
Ad vectors have immense potential in cancer therapy
because of their ability to infect tumor cells while not
injuring healthy tissue. Multiple applications using Ad
vectors in cancer have been explored. Therapeutic strate-
gies often involve the triggering of cell death via a death-
inducing reporter that is specifically driven by a cancer
promoter (Choi et al. 2012). Other utilities involve immu-
notherapeutic approaches aimed at inducing host anti-
tumor immune responses (Lupold and Rodriguez 2005).
Direct cancer cell death can be accomplished through
delivery of replication oncolytic viruses or non-

replicating vectors encoding tumor suppressor genes,
suicide genes or anti-angiogenic genes (Kaplan 2005).
Tumor cells can be destroyed at both primary and meta-
static locations through induction of host anti-tumor
immune responses. Although gene therapy has advanced
in the last decade, there are many limitations that prevent
routine applications. The effectiveness of gene therapy is
directly dependent on successful site-specific delivery
(Choi et al. 2013). Limitations of delivery include anti-
Ad host immune response, inadequate efficiency of tumor
cell transduction and extravasation of the large molecules
to their intended site; in addition, the ubiquitous Ad
receptor can lead to virus uptake in cell types other than
the targeted region (Choi et al. 2012; Fukazawa et al.
2010; Yun 2013). Additional hurdles include the
inability to overcome filtration from the liver and the
limited infectivity of Ad serotype 5 (Ad5). These
limitations lead to necessary advancements in the field
of Ad delivery.
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Ultrasound (US)-stimulated therapy provides
a localized technique to enhance agent delivery. Micro-
bubbles (MBs) are clinically used US contrast agents
and have proven to be non-immunogenic and non-toxic
in nature (Calliada et al. 1998; Cosgrove 2006). In this
unique therapy, US-exposed MBs both increase cell
membrane permeability and induce localized molecular
extravasation (Dijkmans et al. 2004; Ferrara et al. 2007;
Lindner et al. 2004; Song et al. 2002; Sorace et al.
2012b). Although there is some evidence disputing the
exact duration of this effect, this therapeutic stimulation
has been shown to last up to 30 min post-US exposure
(Sorace et al. 2013). Depending on the US setup and vari-
ance between US parameters used for US therapy, differ-
ences in sustained permeability have been found on the
order of minutes to hours, and there have even been
permanent non-reversible reactions (B€ohmer et al.
2010; Caskey et al. 2009; Chin et al. 2009; Stieger
et al. 2007; Tamosi�unas et al. 2012). US-stimulated
therapy has been increasingly popular in pre-clinical
models because it is generally non-invasive and has
significant potential for translation. US-stimulated
therapy has been found to increase delivery of cytotoxic
agents to cancer cells and to improve response by greater
than 50% compared with drug alone (Casey et al. 2010;
Heath et al. 2012; Sorace et al. 2012b). It has also been
found that positive effects can be achieved after only
a single dose (Sorace et al. 2013). Other applications of
this therapy include delivery of drugs through the
blood-brain barrier and enhancement of delivery of
DNA (Klibanov 2006; McDannold et al. 2012; Sirsi and
Borden 2012; Treat et al. 2012). Studies have also
indicated that Ad particles can be safely delivered to
a localized region by MB packaging to avoid
ubiquitous uptake in other cells and liver filtration
(Howard et al. 2006; Warram et al. 2012). Improvement
of gene delivery through increased extravasation can
occur by displacing endothelial cells and improving
pathways for delivery. Thus, US exposure is a good
adjuvant treatment for standard gene and drug delivery.
Ultrasonic techniques have been explored as an
application in gene delivery through heat-sensitive lipo-
somes and head shock protein promoters. This approach
allows for a triggered release after elevating the tissue
temperature with US (Frenkel 2008). Another US-based
approach to gene delivery is pre-treatment with pulsed
high-intensity focused ultrasound, which allows for
increased extravasation. In particular, high-intensity
focused ultrasound has been found to be a positive treat-
ment in addition to targeted antibody therapy plus adeno-
virus delivery, resulting in improved tumor regression
(Patel et al. 2007). US-stimulated gene delivery using mi-
crobubble cavitation and low-intensity fields has recently
been explored to improve oncolytic virus transduction

and was found to improve tumor uptake analysis without
damaging surrounding tissue (Bazan-Peregrino et al.
2013). To the best of our knowledge, applying MBs and
low-intensity US-stimulated therapy to enhance a ubiqui-
tous Ad for tumor delivery is a novel application of this
US technology.

To establish genetic-based therapeutics as a routine
treatment option for cancer patients, delivery barriers
must be overcome (de Vrij et al. 2010). In the study
described here, US-stimulated therapy was evaluated
for its potential to improve Ad vector transduction in an
animal model of prostate cancer. Considering the relative
tolerability of US-stimulated therapy, positive evaluation
of this technique could immediately affect Ad-based
therapy trials, leading to improved treatment success
and patient survival.

METHODS

Adenovirus preparation
A non-replicative, luciferase reporter-based, sero-

type 5 Ad on a ubiquitous cytomegalovirus (CMV)
promoter (Ad5/3-CMV-Luc) was used to evaluate Ad
transduction because of the ease of bioluminescence
imaging for evaluation of response. To improve infec-
tivity by eliminating Coxsackie Ad receptor-mediated
infection, the Ad5/3-CMV-Luc contains a chimeric infec-
tivity motif that consists of an Ad serotype 3 knob on an
Ad serotype 5 fiber (Borovjagin et al. 2005). For the
study, particles were amplified in HEK-293 cells and
purified using cesium chloride centrifugation gradients.
A standard agarose-overlay plaque assay was conducted
with HEK-293 cells to determine a viral titer of
1.1 3 1011 plaque-forming units (PFU) per milliliter.

Cell culture
PC3 human prostate cancer cells were purchased

from the American Tissue Type Collection (Manassas,
VA, USA). The cell line was maintained in Dulbecco’s
modified Eagle medium (DMEM) with 10% fetal bovine
serum and 1% L-glutamine. All cells were grown to 80%
to 90% confluence before passaging. Cell numbers were
determined using a standard hemocytometer, and cell
viability was measured by trypan blue dye exclusion.

In vitro experimentation

Experiment 1. Aliquots (0.1 mL in phosphate-
buffered saline [PBS]) of Ad5/3-CMV-Luc were placed
in 1.5-mL polypropylene micro-centrifuge tubes at
various PFU amounts (0, 3.5, 3.5 3 101, 3.5 3 102 and
3.5 3 103 infectious virus particles). Groups were then
subdivided into low-pressure US, high-pressure US and
sham US exposure (control) groups. All groups were
evaluated in triplicate. To each tube, 10 mL of MBs (total
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of 9.3 3 107 MBs, Definity, Lantheus Medical Imaging,
North Billerica, MA, USA) was added immediately
before US-stimulated therapy. Groups were exposed to
US in a 37�C water bath with the following acoustic
parameters: transmit frequency5 1.0MHz, peak negative
pressures 5 0.85 MPa (higher-pressure condition) or
0.1 MPa (low-pressure condition), pulse repetition
period 5 0.1 s, 10% duty cycle 5 10%, duration of US
exposure 5 5 min. An unfocused, single-element (0.75-
in.) immersion transducer (Olympus, Waltham, MA,
USA) was placed in series with a signal generator
(AFG3002B, Tektronix, Beaverton, OR,USA) and power
amplifier (A075, Electronics and Innovation, Rochester,
NY, USA). US intensity measurements were performed
in a 37�C water bath using a hydrophone (Model HGL-
0400, ONDA, Sunnyvale, CA) and pre-amplifier setup
in series with a digital oscilloscope for voltage signal
monitoring and recording. The immersed transducer was
manipulated with a precision stepper motor (Velmex,
Bloomfield, NY, USA) to locate the spatial peak pressure
maximum. Peak negative pressure measurements were
determined by converting voltage to pressure measure-
ments using hydrophone calibration data. Tumor and
cell samples were placed in the near field.

Adenovirus groups were then added at variousmulti-
plicities of infection (MOIs) (0, 0.01, 0.1, 1, and 10) to
PC3 cells (3.5 3 102 cells per well in a 24-black-well
plate) plated 24 h earlier. Note that an MOI value is
defined as the ratio of Ad particles to infectious targets
(i.e., number of cells per well). Virus aliquots were al-
lowed to incubate for 1 h and were then removed and re-
placed with complete medium. After a 24-h incubation
period (after Ad vector exposure), luciferin was added
and bioluminescence imaging completed. Luciferin
(2.5 mg, Caliper Life Sciences, Hopkinton, MA, USA)
was diluted into 25 mL of PBS. Medium was removed
from the plates and replacedwith 1mL of diluted luciferin
(100 mg) per well to over-saturate the cells. Biolumines-
cence imaging was performed using the IVIS-100 System
(Xenogen, Hopkinton, MA, USA) with an image acquisi-
tion time of 300 s (binning of 8 and f/stop of 1) at a fixed
stage height. Exposure time was chosen to heighten the
signal, while avoiding over-saturation. A region of
interest was drawn around each well, and the biolumines-
cence signal was summarized as total photon counts using
equipment software (Living Image 4.2, Xenogen).

Experiment 2.Aliquots (0.1 mL in PBS) of PC3 cells
(3.5 3 102) and Ad5/3-CMV-Luc (3.5 3 102 PFU,
MOI 5 1) in polypropylene micro-centrifuge tubes
underwent high-pressure US treatment (N 5 13) or
sham US treatment (N 5 13) in the presence of MBs in
a 37�C water bath using the same high-pressure US
parameters used in experiment 1. After US therapy, cells

and Ad were plated in a 24-well plate and then rinsed and
replaced with complete medium after 1 h. Twenty-four
hours later, plates were imaged for the presence of biolu-
minescence as described in the previous section.

In vivo experimentation
Animal studies were approved by the Institute of

Animal Care and Use Committee at the University of
Alabama at Birmingham. PC3 cancer cells (23 106 cells
per 100 mL DMEM without fetal bovine serum) were im-
planted subcutaneously into the left and right flanks of
5-wk-old nude athymic male mice (Frederick Cancer
Research, Hartford, CT, USA) (N 5 24 animals,
N 5 48 tumors). Tumors were allowed to grow approxi-
mately 5 wk to equal tumor size according to caliper
measurements (final tumor size 5 34.1 6 2.8 mm2).
Each animal received a 30-mL (2.8 3 108 MBs) tail
vein injection of MBs (Definity) diluted to a final volume
of 100 mL with saline. Animals were then submerged in
a custom-built 37�C water bath and remained under iso-
flurane gas anesthesia for the entire US-stimulated
therapy. Two minutes after MB injection, the left flank
tumor was exposed to US (at the higher pressure in to
these experiments, 0.85 MPa). Right flank tumors were
not exposed to US. US-stimulated therapy was adminis-
tered using the previously detailed parameters. This setup
allowed exposure of the entire target tumor to US energy
while the contralateral tumor was outside the path of US
transmission. Immediately after US, the Ad5/3-CMV-
Luc vector was injected intra-tumorally into both the
left and right flank tumors. Animals were divided into
three groups and administered different Ad concentra-
tions: 1 3 106 PFU (N 5 12), 1 3 107 PFU (N 5 5)
and 1 3 109 PFU (N 5 7), which, for the remainder of
this article, are referred to as the ‘‘low,’’ ‘‘medium’’ and
‘‘high’’ concentrations of Ad, respectively. Intra-
tumoral doses were administered in a total volume of
50 mL. Animals were imaged for bioluminescence
expression before therapy on day 0 (baseline) and again
on day 2 (48 h post-therapy) using the following methods.
Animals were injected intra-peritoneally with firefly
luciferin (2.5 mg), which is catalyzed by luciferase to
produce a bioluminescence reporter signal after lucif-
erase gene expression. After a 15-min period allowing
for systemic circulation, all animals were oriented so
both tumors were visualized and then imaged for biolu-
minescence expression using the IVIS-100 system
(Xenogen Corporation) and established data acquisition
protocols. Five animals were imaged simultaneously
using a 300-s exposure, f/stop of 1, binning of 8 and fixed
stage height. Standardized regions of interest were gener-
ated using instrument software to analyze photon counts.
Day 0 was used as background signal and was subtracted
from the day 2 signals.
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Statistical analysis
All experimental data were expressed as

means 6 standard errors of the mean and reported as
percentage change or bioluminescence count. Analysis
of variance was completed to assess differences within
in vitro data in experiment 1. An unpaired, two-sample
t-test was used to measure differences in US-stimulated
and control cell groups within in vitro data in experiment
2. A two-sample paired t-test was used to calculate statis-
tical differences between control and US-stimulated
tumors within each group. No direct comparisons were
made between the various Ad concentration groups. A
p-value less than 0.05 was considered to indicate statis-
tical significance. Analyses were completed using the
SAS statistical software package (Cary, NC, USA).

RESULTS

During in vitro experiment 1, various concentrations
of Ad particles were subjected to US-stimulated therapy
in the absence of cells to determine the effect of US treat-
ment on the infectivity potential of the virus. After US
exposure, the Ad was added to plated cells at various
MOIs and allowed in incubate. Bioluminescence imaging

resulting from successful Ad infection revealed that there
is no significant difference in virus infectivity or vector
transduction between exposures to high, low or no
(sham) US pressures (p5 0.80) (Fig. 1a, c). Only control
and high-pressure therapy are illustrated, as exposure to
low pressure also results in no qualitative or quantitative
differences. The importance of this finding is that it
confirms that exposure of the Ad vector to the US inten-
sity levels necessary for inducing membrane permeabili-
zation during US-stimulated therapy has no negative
effect on the infectivity potential of the Ad. The various
MOIs tested confirm that this observation was consistent
across various concentrations of Ad.

For in vitro experiment 2, Ad particles were sub-
jected to US-stimulated therapy in the presence of
PC3 cells (MOI 5 1) to determine the effects of US
treatment on cellular response to infection. The control
group contained Ad5/3-CMV-Luc, cancer cells and
MBs without US treatment. Figure 1b and d illustrate
that there was no difference in bioluminescence expres-
sion after Ad infection between the therapy group
(5.4 3 105 6 1.9 3 104 counts) and the control group
(5.33 105 6 2.03 104 counts) (p5 0.92). These results
suggest that there was no cellular internalization of the

Fig. 1. Representative bioluminescence images of plated cancer cells incubated with adenovirus (Ad) vectors after expo-
sure to high-pressure ultrasound (US)-stimulated therapy or sham (control) US (a). Detailed analysis of the biolumines-
cence signal (counts) representing Ad infection efficiency after the Ad vector was exposed to acoustic conditions akin to
those used during US-stimulated therapy (c). Sham or US exposure at low or high acoustic pressures did not produce any
differential effects on or alterations in Ad infectivity potential. US-stimulated therapy of cancer cell cultures incubated
with an Ad vector resulted in no significant differences in bioluminescence images (b) or Ad infectivity rates (d), which
again indicates US had no negative effects on Ad vector infectivity or the transduction pathway. Illustrated here are

means 6 standard errors of the means. MOI 5 multiplicity of infection.
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Ad. US-stimulated therapy had neither negative nor posi-
tive effects when applied to a combination of MBs, cells
and Ad.

Ultrasound-stimulated gene therapy effects on Ad5/
3-CMV-Luc transduction in an in vivo model of prostate
cancer were also analyzed. Bilateral flank tumors were to
provide in situ control tumors that did were not exposed
to US. After US-stimulated therapy of treatment tumors,
Ad5/3-CMV-Luc was immediately administered to the
three animal groups via an intra-tumoral injection using
low, moderate and high concentrations of Ad. Forty-
eight hours after treatment, the low concentration therapy
group had a 95.1 6 35.1% increase in bioluminescence
expression compared with the control group (p 5 0.03).
At the moderate concentration, the therapy group ex-
hibited a 12.1 6 6.4% increase compared with the
control, trending toward significance (p 5 0.06). Finally,
at the high concentration, the therapy group exhibited no
difference (10.1 6 22.8% increase) compared with the
control group (p 5 0.09) (Fig. 2a). The average photon/
second tumor expressions for the different concentrations
are (therapy) and 157.1 (control) for low, 629.1 (therapy)
and 546.8 (control) for moderate and 212,877.9 (therapy)
and 154,899 (control) for high. Qualitative analysis re-
vealed the visual differences in overall bioluminescence
expression between treated and control tumors receiving
low, moderate and high Ad concentrations, at baseline
and 48 h. Figure 2b comprises representative biolumines-
cence images illustrating enhancement of infectivity at
48 h in the tumors subjected to US-stimulated therapy,
as compared with contralateral control tumors and base-
line images. Further analysis of the low Ad concentration
group revealed that at baseline, there were no statistical
significant differences between control tumors and
tumors subjected to US therapy (p 5 0.27). Individual
analysis of the animals in the group administered the
low concentration of Ad indicates that in 75% of the
animals infectivity increased, and in 17% there was rela-
tively no change (which is defined as less than 20%
change as compared with the control); one animal had
a negative response (Fig. 3).

DISCUSSION

Enhanced tissue-specific delivery of Ad-based
vectors has the potential to significantly improve current
cancer gene therapy protocols. The strategies investigated
here represent original advances in delivery of Ad to in-
tended regions to improve virus transduction within the
target tumor tissue. The in vitro studies confirmed that
Ad infectivity was not affected by either the high or
low US pressure condition (frequency 5 1.0 MHz).
Although in the approach used in this study the virus
was injected after US-stimulated therapy, evaluation of

Fig. 2. Ultrasound (US)-stimulated therapy improves delivery
of the adenovirus (Ad) vector to target flank tumors, especially
at low Ad concentrations (a). Representative bioluminescence
images at baseline and 48 h after US-stimulated therapy for
various Ad concentrations denoted as low, moderate and high
(b). US-stimulated therapy produced an increase in biolumines-
cence signal measurements (via increased Ad infection) over
contralateral control tumors at various Ad concentrations. Illus-

trated here are means 6 standard errors of the means.
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the direct effects of US-stimulated therapy onAd particles
was necessary for future translation and investigations.
We can thus be confident that in future studies, adminis-
tration of multi-dose or intra-tumoral injections before
therapy will not alter the gene therapy vector during expo-
sure to the US energy levels detailed in this article.
Another limitation of the in vitro studies is that there is
a difference in the US intensity that reaches the cells
in vitro and in vivo because of the polypropylene tubes
that house the cells in suspension. This was also calcu-
lated with hydrophone measurements, and adjustments
in vitro have to be made accordingly to equalize the pres-
sures received.Differences in intensity have been found to
decrease by 15%–50% when cells in suspension versus
monolayers are analyzed (Sorace et al. 2012a). It is diffi-
cult to directly compare in vitro and in vivo conditions in
any study; therefore, assumptions are made.

Internalization of the Ad vector, which ultimately
leads to tissue infection, is triggered by interaction of
the viral penton with epithelial integrins. From there it
is processed to the nucleus and is eventually expressed
(Lupold and Rodriguez 2005). The Ad requires
receptor-mediated internalization; therefore, intra-
cellular delivery through membrane permeabilization
could decrease expression (Greber et al. 1993). In vitro
experiments indicated that increased Ad transduction
did not occur and thereforewas not due to increased infec-
tion by altering the mechanisms of the adenoviral process
or internalization. This is consistent with previous studies
analyzing gene transfer with US-stimulated therapy
(Miller and Quddus 2000; Price et al. 1998).
Bioluminescence signal measurements between in vitro
experiments indicated the precision of infection at

a MOI of 1. US alone has the capacity to increase the
temperature of the surrounding medium, which could
potentially alter infection rate; however, there was no
change in water bath temperature as monitored
throughout each US treatment session. No differences
were found in Ad infectivity in vitro when US-
stimulated therapy was applied directly to cells. Previous
experiments had indicated no decreases in cell viability
under similar US-stimulated conditions (Sorace et al.
2012b). The MOI of 1 was chosen for this experiment
so as not to over-saturate the cells tomore accurately eval-
uate and quantify interactions between cells and Ad.
Considering that receptor-mediated internalization is
required for successful virus infection, US-induced inter-
nalization would not lead to reporter transduction. There-
fore, observation of a decrease in bioluminescence signal
within the US group would indicate that the viral particles
were sequestered inside the cell and not available for
traditional infection. Because no such observation was
made, it was concluded that US-stimulated internaliza-
tion did not occur. It is proposed that the large size of
the Ad vector compared with drug molecules decreases
its ability to be internalized through a membrane perme-
abilization effect of US-stimulated therapy.

Detailed in vivo studies evaluated enhancement of
Ad delivery after US-stimulated therapy in an animal
model of prostate cancer. US-stimulated therapy is effec-
tive because when induced with lower-intensity US
parameters, MBs mechanically oscillate and interact
with endothelial cells. This massaging mechanism allows
for displacement of cells and breaking of gap junctions,
allowing further permeability and extravasation into the
tumor (Frenkel 2008). The greatest enhancement of Ad
transduction was observed at the lowest vector dose,
whereas little or no change was observed at the highest
doses. At the highest dose, Ad availability at the cancer
cell level was not a boundary for transduction because
of the high concentration (tissue saturation) of the Ad
vector. Considering that the purpose of the study was to
highlight enhancement of transduction by US-
stimulated therapy, the lowest dose provided the greatest
potential for improvement. Although 75% of the animals
studied had a positive outcome when administered a low
concentration of Ad in combination with US-stimulated
therapy, one animal had a decrease in Ad tumor delivery.
The negative response in this animal could possibly be the
result of poor intra-tumoral injection. An additional
source of variation within the group could be the vari-
ability between tumor vascularity and differences in
necrotic regions within the tumor. Nevertheless, the use
of this promising US technology would improve the
bioavailability of low Ad vector doses and allow a lower
dose to achieve the same therapeutic effect as a high dose.
This outcome could help reduce toxic effects in patients,

Fig. 3. Analysis of individual animals in the low adenovirus
(Ad) concentration group, which exhibited the greatest
enhancement after ultrasound (US)-stimulated therapy. Of the
animals investigated, 75% of the tumors produced increased
bioluminescence signals compared with contralateral tumors.
These findings were attributed to improved Ad retention and
infectivity in the target tumor receiving US-stimulated therapy.
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which currently hinder widespread use of gene therapy
techniques in the clinic. As opposed to intra-venous injec-
tions, intra-tumoral injections can offset the limitations of
adenoviral gene delivery such as the anti-Ad host immune
response and the ubiquitous Ad receptor leading to
adenoviral uptake in all cell types.

Several studies detailed in the literature have inves-
tigated enhancement of gene transfection efficiency with
US-stimulated delivery in various tissue types. Specifi-
cally, with plasmid DNA integrated into a MB shell,
once the injected agents reached the target tumor tissue,
high-intensity US energy destroys the MB and triggers
localized payload (DNA) delivery (Sirsi et al. 2012).
Using bioluminescence imaging techniques, this group
was able to determine a significantly higher region of
expression within the tumor than in normal tissue.
Research analyzing the longitudinal effects of anti-
angiogenic gene therapy on hepatocellular carcinoma re-
vealed a significant decrease in micro-vessel density and
increase in apoptosis using US-stimulated therapy with
plasmid compared with plasmid alone (Nie et al. 2008).
Various other studies have investigated US-stimulated
delivery of genetic material in the heart (Bekeredjian
et al. 2005; Shohet et al. 2000; Tsunoda et al. 2005),
pancreas (Chen et al. 2006), skeletal muscle (Wang
et al. 2005; Zhang et al. 2006), kidney (Koike et al.
2005), central nervous system (Shimamura et al. 2005)
and solid tumors (Nie et al. 2008; Wang et al. 2009;
Warram et al. 2012).

Phase I and II trials to evaluate Ad vector delivery in
humans are underway. Ad vectors are being explored
because of their high transduction efficiency compared
with a retrovirus or lentivirus. Phase II clinical studies
on Ad-based prostate-specific antigen (PSA) vaccine
are also being conducted. The PSA vaccine has been
deemed tolerable with minimal toxic effects compared
with more conventional anti-cancer drugs, and the inves-
tigators hope that the Ad vector will produce immunity to
the PSA and destroy cancer cells producing PSA
(NCT00583024) (Department of Defense 2007 [cited
from 2013]). Along with the vaccines that are being
studied, there is also a phase I trial using an Ad5.SSTR/
TK.RGD gene therapy vector, which is an infectivity-
enhanced Ad that expresses a therapeutic thymidine
kinase suicide gene and a somatostatin receptor (SSTR)
for imaging patients with recurrent gynecologic cancer.
When used in combination with a chemotherapeutic
drug (ganciclovir), this novel Ad vector has been found
to induce cancer cell apoptosis (Kim et al. 2012). This
particular study used an Ad to image gene transfer and
monitor therapeutic response and represents one of the
first studies of its kind to prove tolerability and efficacy
in humans. Notwithstanding, these authors noted that
further refinements in enhancing Ad vector infectivity

are needed. Incorporation of US-stimulated gene therapy
may help overcome this problem.

The ability to protect Ad vectors from systemic
clearance and liver retention while enhancing their
bioavailability within the tumor is an important advance-
ment in gene delivery to target tumors. Previous research
has indicated that US-stimulated therapy can enhance
delivery of both drugs and plasmids for cancer treatment.
To the best of our knowledge, this article represents the
first study using US-stimulated therapy to improve
delivery of Ad to the target tumor. Our result illustrating
that Ad infection can be considerably enhanced after
a single session of US-stimulated therapy is a significant
finding in the field of cancer gene therapy and warrants
further investigation.
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Biodistribution of P-selectin targeted microbubbles
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Abstract

Purpose: To evaluate binding of P-selectin targeted microbubbles (MB) in tumor vasculature;
a whole-body imaging and biodistribution study was performed in a tumor bearing mouse
model.
Methods: Antibodies were radiolabeled with Tc-99 m using the HYNIC method. Tc-99 m labeled
anti-P-selectin antibodies were avidin-bound to lipid-shelled, perfluorocarbon gas-filled MB and
intravenously injected into mice bearing MDA-MB-231 breast tumors. Whole-body biodistribu-
tion was performed at 5 min (n¼ 12) and 60 min (n¼ 4) using a gamma counter. Tc-99 m-
labeled IgG bound IgG-control-MB group (n¼ 12 at 5 min; n¼ 4 at 60 min), Tc-99 m-labeled
IgG-control-Ab group (n¼ 5 at 5 min; n¼ 3 at 60 min) and Tc-99 m-labeled anti P-selectin-Ab
group (n¼ 5 at 5 min; n¼ 3 at 60 min) were also evaluated. Planar gamma camera imaging was
also performed at each time point.
Results: Targeted-MB retention in tumor (60 min: 1.8� 0.3% ID/g) was significantly greater
(p¼ 0.01) than targeted-MB levels in adjacent skeletal muscle at both time points (5 min:
0.7� 0.2% ID/g; 60 min: 0.2� 0.1% ID/g) while there was no significant difference (p¼ 0.17)
between muscle and tumor retention for the IgG-control-MB group at 5 min.
Conclusions: P-selectin targeted MBs were significantly higher in tumor tissue, as compared with
adjacent skeletal tissue or tumor retention of IgG-control-MB.
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Introduction

Improving targeted delivery of anti-cancer drugs to a solid

primary tumor can improve overall effectiveness of current

systemic and targeted therapies, while reducing total dose and

systemic toxicity. Ultrasound contrast agents are perfluor-

ocarbon, gas-filled, lipid microbubbles (MBs) with a diameter

of 1–3 mm. The stability of MBs within microvasculature,

combined with their non-toxic and non-immunogenic proper-

ties has led to pre-clinical investigations of MBs to improve

tumor delivery of therapeutic compounds [1], plasmids [2]

and viral vectors [3]. Various drug delivery strategies have

been investigated using MBs to improve cancer therapy. Some

pre-clinical research utilizing MB-assisted delivery involves a

physical association between the MB and therapeutic com-

pound [2,4]. One such approach includes labeling hydrophilic

pDNA to the exterior of protein-shelled MBs using non-

covalent interactions [5]. Other studies have taken advantage

of the unique lipid shell component in conjunction with

lipophilic compounds, such as Paclitaxel, to physically join

the compound to the MB core [1,6,7]. Additional approaches

involve double-emulsified MBs that physically encapsulate

hydrophilic macromolecules such as pDNA [8], Doxorubicin

[9] and adenovirus [10]. In the latter studies, complete

encapsulation of the agent was proven advantageous for

systemic or localized delivery because the payload was

shielded from immune response and sequestering mechan-

isms. In all of these strategies, the performance of the MB to

transport and deliver a molecule to the targeted region is

dependent upon the ability of the MB to specifically

accumulate within that tissue.

Targeting MBs to commonly over-expressed receptors in a

specified region-of-interest have been shown to improve

overall MB accumulation at target sites [11,12]. The active

targeting of MBs is achieved by conjugating receptor-specific

ligands to the outer shell via biotin–avidin chemistry or

covalent linkage [13]. Ligand-modified MBs bind specifically

to molecular receptors within the vasculature of the targeted

tissue, while unbound MBs are filtered from the circulation

[14]. Improved MB accumulation using targeted strategies has

been demonstrated in the molecular imaging of tumor

angiogenesis [15–17], inflammation [13,18,19] and intravas-

cular thrombi [6,7,20]. Radiolabeling MBs is not a novel

concept, as many groups are exploring these techniques for

dual-modality US/SPECT or US/PET imaging [21–23], as

well as assessing MB distribution [24]. Using these estab-

lished tools, it is hypothesized that we can better evaluate full

body evaluation of P-selectin targeted MBs for imaging and

drug delivery. One cellular target currently under investiga-

tion is the cell adhesion molecule, P-selectin (CD-62 P),
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which is commonly over-expressed in tumor endothelial cells

[25]. P-selectin is expressed on stimulated endothelial cells

and activated platelets; it contributes to the recruitment of

leukocytes in areas of inflammation common in tumor

vasculature [26,27]. In addition, the presence of P-selectin

permits the adhesion of platelets and cancer cells to the tumor

endothelium. Strategies for improving MB accumulation have

utilized the expression of P-selectin in echocardiography,

atherosclerotic plaque detection, and tumor detection [28–30].

The overexpression of P-selectin in the tumor vasculature by

stimulated endothelial cells makes it a viable target for

improving intravascular MB retention. In comparison to other

targeting options for drug delivery, such as VEGFR2 and

aVb3 integrin, our group has previously demonstrated that

P-selectin showed the highest binding efficiency in SVR

mouse endothelial cells, which is the basis for it being chosen

in this study for further exploration [30].

The challenges associated with systemically delivered

therapeutic agents include both non-specific sequestration and

immunogenicity from toxic chemical compounds and viral

therapy. The well characterized safety of MBs [31], combined

with the ability to target specific molecules within the tumor

makes this approach a viable tool for the safe and specific

delivery of these agents to improve overall patient treatment

and survival. The current study propels this drug delivery

technique forward by elucidating the whole-body biodistribu-

tion of P-selectin targeted MBs.

Materials and methods

Culture methods and tumor model

MDA-MB-231 breast cancer cell lines were purchased from

the American Tissue Type Collection (Manassas, VA) and

maintained in DMEM, 10% FBS and 1% L-glutamine. The

cell line was cultured at 37 �C and 5% CO2 while maintained

to 70–90% confluence before passaging. To generate the

tumor model, 2� 106 cells were subcutaneously implanted in

the flank of 6-week-old athymic female nude mice (Frederick

Cancer Research, Hartford, CT). Cell numbers were deter-

mined with hemocytometer and trypan blue dye exclusion.

Tumors were allowed to grow to a mean diameter range of

8–10 mm. Institutional Animal Care and Use Committee

(IACUC) at the University of Alabama at Birmingham

approved all animal protocols.

Preparation of radiolabeled antibodies

Radiolabeling of biotinylated rat IgG anti mouse CD-62 P

(PSGL-1; 553743, BD Pharmingen, San Diego, CA) and

biotinylated rat IgG antibody (SouthernBiotech, Birmingham,

AL) was performed using the HYNIC method as previously

described [32]. Briefly, a fresh 1.8 mmol/L solution of

succinimidyl 6-hydrazinonicotinate (HYNIC) in dimethylfor-

mamide was prepared. Forty picomoles were transferred to

glass vials, followed by freezing at �90 �C, and then solutions

were vacuum dried using an Advantage Benchtop Freeze

Dryer (Virtis Co., Inc., Gardiner, NY) with the shelf

temperature at �75 �C and trap at �90 �C. The vials were

sealed under vacuum and kept frozen at �80 �C until use.

Each vial was reconstituted with 1.0 mL of sodium phosphate

buffer (0.15 mol/L, pH 7.8) containing 0.3 mg of IgG antibody

(HYNIC/antibody molar ratio of 18) [33]. After 3 h incuba-

tion at room temperature, the mixture was transferred to a

Slide-A-Lyzer dialysis cassette having 10 000 molecular

weight cutoff (Pierce, Rockford, IL) and immersed in 1.0 L

phosphate buffered saline (PBS, pH 7.4) overnight at 4 �C.

The HYNIC-modified antibody was labeled with Tc-99 m

using SnCl2/tricine as the transfer ligand [34], and unbound

Tc-99 m was removed by G-25 Sephadex size-exclusion

chromatography. Protein concentrations of the collected

fractions were measured by Lowry assay [35]. The level of

free Tc-99 m was measured by thin layer chromatography

(TLC) using separate strips eluted with saturated saline and

methyl ethyl ketone. Experiments were separated into 2 days.

Targeted microbubbles

Streptavidin coated MBs (Targestar-SA) were obtained from

Targeson (San Diego, CA). MBs were conjugated to the

antibodies by means of biotin–streptavidin chemistry as

previously described [30]. Briefly, streptavidin-bound MBs

were incubated with the respective antibodies (100mg per

group) for 20 min followed by two times centrifuge washing

(400� for 3 min) to wash out unbound particles. The amount

of antibody used during conjugation served to saturate the

available streptavidin on the MB. MB concentration was

determined via hemocytometer to ensure equal amounts of

MBs were injected between groups.

The amount of antibody within the MB dose administered

per injection was calculated by dividing activity injected by

the decay-corrected specific activity (mCi/mg). To determine

the mg/MB, the amount of antibody injected was divided by

the number of MB administered per injection. This value was

converted to micromoles, and then multiplied by 6.023� 1017

(molecules per micromole) to yield number of molecules

per MB.

Whole-body biodistribution

Prior to experiments, mice were sorted based on tumor sizes

to achieve equal distribution of tumor size in all groups.

Experiments were performed over a 2-day period with day

one biodistribution performed 5 min post-intravenous (tail

vein) injection of P-selectin-MB (n¼ 12; 0.274 mg, 2.88� 105

MB), IgG-control-MB (n¼ 12; 0.363 mg, 2.88� 105 MB),

P-selectin-Ab (n¼ 5; 0.274 mg) and IgG-control-Ab (n¼ 5;

0.363 mg). Day two biodistribution was performed 60 min

post-intravenous (tail vein) injection of P-selectin-MB (n¼ 4;

0.239 mg, 2.49� 105 MB), IgG-control-MB (n¼ 4; 0.378mg,

2.88� 105 MB), P-selectin-Ab (n¼ 3; 0.239 mg) and

IgG-control-Ab (n¼ 3; 0.378mg). All injections for MBs

and antibody alone were diluted to a total volume of 60 ml

with saline. Planar gamma camera imaging was performed on

day 2. The biodistribution procedure was performed as

previously described [36]. Briefly, syringes containing dose

were counted before and after injection using an Atomlab

100-dose calibrator (Biodex Medical Systems, Shirley, NY) to

determine the exact dose. At 5 min and 60 min post-dose,

animals were sacrificed and all tissues collected in previously

weighed scintillation vials. All tissue samples were then

weighed and the Tc-99 m activity was measured using a

2 J. M. Warram et al. J Drug Target, Early Online: 1–8
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calibrated gamma ray counter (MINAXIg Auto-gamma 5000

series Gamma Counter; Packard Instrument Company), decay

corrected to dosing time, and converted to absolute radio-

activity. The percentage of injected dose per gram of tissue

(%ID/g) was determined and used for comparison.

Gamma camera imaging

Imaging studies were conducted using X-SPECT, a SPECT/

CT dual-modality imaging instrument manufactured by

Gamma Medica, Inc. (Northridge, CA). Acquisitions (60 s)

were performed in planar mode using high-resolution low-

energy parallel-hole collimators. Imaging was performed

during day two at 4 min and 59 min post-injection. Injection

of radioactivity and subsequent imaging was staggered

between the groups to account to radionuclide and MB

decay. Quantitative analysis was performed using exported

images and ImageJ software. ROI masks were generated and

applied to each tumor to uniformly measure mean pixel

intensity. Data shown as mean pixel intensity� SD.

Statistical analysis

Statistical analysis was completed using the SAS 9.2 software

(Cary, NC). Analysis of variance (ANOVA) was used to

analyze the differences between the group means and

variation among and within the groups. Comparisons were

performed using a Tukey–Kramer method (Tukey’s HSD)

multiple comparisons test. When comparing % ID/g per tissue

within the same animal (e.g. muscle versus tumor), a paired

t-test was utilized. All data is given as mean� standard

deviation (SD). A difference of p50.05 was considered

statistically significant.

Results

Radiolabeling

The antibodies and MBs were successfully labeled with

Tc-99 m, with 4% or less free Tc-99 m in the preparations.

For day one radiolabeling, specific activity was determined to

be 37.25 mCi/mg for the anti P-selectin radiolabeled antibody

and 33.61mCi/mg for the rat IgG radiolabeled antibody.

During day 2 radiolabeling, specific activity was determined

to be 22.04 mCi/mg for the anti P-selectin radiolabeled

antibody and 29.54mCi/mg for the rat IgG radiolabeled

antibody. Values for mg/MB and antibody molecules/MB are

presented in Table 1.

P-selectin-MB retention in liver, spleen and lungs

Liver retention was significantly higher (p50.05) for the

IgG-control-MB group (48.5� 7.3% ID/g at 5 min,

42.7� 2.1% ID/g at 60 min) compared to all other groups

(Figure 1a). Liver retention in all groups remained stable from

5 to 60 min with the exception of the P-selectin-Ab which

decreased significantly (p50.05) from 15.7� 1.8% ID/g at

5 min to 9.2� 3.1% ID/g at 60 min. Notably, liver retention

was 82 and 84% higher at both 5 and 60 min in the IgG-

control-MB group compared to the P-selectin-MB group. For

the spleen, retention levels were greater for the MB groups

compared with Ab groups, with no significant difference

(p40.05) between P-selectin-MB (16.9� 6.4% ID/g at 5 min,

23.4� 6.5% ID/g at 60 min) and IgG-control-MB

(20.6� 7.4% ID/g at 5 min, 18.0� 6.6% ID/g at 60 min) at

the 5 and 60 min time points (Figure 1b). Lung retention

remained highest in the MB groups at both time points,

however IgG-control-MB was significantly higher (p50.05)

than P-selectin-MB at both 5 min (100.2� 19.3% ID/g for

IgG-control-MB, 56.3� 10.1% ID/g for P-selectin-MB) and

60 min (61.7� 4.1% ID/g for IgG-control-MB, 42.4� 4.1%

ID/g for P-selectin-MB; Figure 1c).

P-selectin-MB clearance in blood and kidney

Blood clearance from 5 min (26.4� 4.4% ID/g) to 60 min

(3.6� 0.5% ID/g) was greatest (p50.01) for the P-selectin-MB

group (87%), while the IgG-control-MB group (9.9� 0.9%

ID/g at 5 min, 9.4� 1.2% ID/g at 60 min) was not significantly

different (p40.05; Figure 2a). Likewise, the blood clearance

was significantly greater (p50.05) for the P-selectin-Ab (79%)

over the control antibody (42%) from 5 min to 60 min. For

the kidneys, there was significantly greater (p50.05)

retention of the P-selectin-MB (12.9� 1.4% ID/g) over

IgG-control-MB (8.8� 2.3% ID/g) at the 5 min time point.

However, P-selectin-MB were significantly cleared (p50.05)

at the 60 min time point (9.1� 0.6% ID/g), while the

IgG-control-MB retention was not significantly different at

the 60 min time point (10.2� 2.3% ID/g; Figure 2b).

P-selectin-MB retention in other tissues

Figure 3 shows the retention of P-selectin-MB at the 5 and

60 min time points in heart, stomach, large intestine, small

intestine, cecum, reproductive organs, brain and femur. The

greatest P-selectin-MB retention was observed in the stomach

(12.2� 0.9% ID/g) at 60 min. The stomach also demonstrated

the greatest increase in retention from 5 min to 60 min

(3.2� 1.4% ID/g at 5 min). The cecum also demonstrated an

increase in P-selectin-MB retention from 5 min (12.2� 0.8%

ID/g) to 60 min (12.2� 0.8% ID/g). The heart (6.8� 1.6% ID/g

at 5 min, 1.77� 0.1% ID/g at 60 min) and brain (0.7� 0.2%

ID/g at 5 min, 0.2� 0.03% ID/g at 60 min) showed the

only significant decrease (p50.05) in retention over time.

IgG-control-MB exhibited similar trends in these tissues

compared to P-selectin-MB (p40.05).

P-selectin-MB retention in tumor and muscle

For the tumor, there was significantly higher (p50.05)

retention of P-selectin-MB (1.3� 0.4% ID/g) over IgG-

control-MB (0.4� 0.1% ID/g) at 5 min (Figure 4). Tumor

retention for all groups increased from 5 to 60 min, which was

unique to tumor. P-selectin-MB retention in tumor

Table 1. mg/MB and antibody molecules/MB for P-selectin-MB and
IgG-control-MB.

P-selectin-
MB

(day 1)

P-selectin-
MB

(day 2)

IgG-
control-MB

(day 1)

IgG-
control-MB

(day 2)

mg/MB 9.55� 10�7 8.33� 10�7 1.26� 10�6 1.32� 10�6

Antibody
molecules/MB

3.83� 106 3.34� 106 5.07� 106 5.28� 106
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Figure 1. Comparison of percent injected dose per gram (%ID/g) values at 5 min and 60 min for P-selectin targeted microbubbles (MB), IgG targeted
control MB, P-selectin antibody, and IgG control in (a) liver, (b) spleen, and (c) lungs. Data are means� SD. Asterisk denotes statistically significant
difference, p50.05.

Figure 2. Comparison of percent injected
dose per gram (%ID/g) values at 5 min and
60 min for P-selectin targeted microbubbles
(MB), IgG targeted control MB, P-selectin
antibody, and IgG control in (a) blood and
(b) kidney. Data are means� SD. Asterisk
denotes statistically significant difference,
p50.05.
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(1.3� 0.4% ID/g at 5 min, 1.8� 0.4% ID/g at 60 min) was

significantly greater (p50.01) than P-selectin-MB levels in

adjacent skeletal muscle at both time points (0.6� 0.2% ID/g

at 5 min, 0.2� 0.1% ID/g at 60 min). There was no significant

difference (p¼ 0.17) between muscle (0.3� 0.1% ID/g) and

tumor (0.4� 0.1% ID/g) retention for the IgG-control-MB

group at 5 min. The greatest tumor retention occurred at

the 60 min time point with the P-selectin-Ab group

(3.5� 0.3% ID/g).

Planar gamma camera imaging

Planar gamma camera imaging was performed to compare

with whole-body biodistribution. Figure 5(a) shows analysis

of mean pixel intensity in tumor at 5 and 60 min time points

for P-selectin-MB and IgG-control-MB groups. The trend of

increased tumor retention for the MB groups was observed in

the P-selectin-MB exhibiting a 98% increase (p¼ 0.03) over

time (6.0� 2.23% at 5 min, 11.9� 3.93 at 60 min). The

IgG-control-MB group showed a 57% increase (p¼ 0.07)

from 5 to 60 min (4.4� 0.4% at 5 min, 6.9� 1.8% at 60 min).

In Figure 5(b), a representative image of planar gamma

camera imaging shows Tc-99 m tumor retention for the

P-selectin-MB group at 60 min.

Discussion

Accurate measurement of targeted MBs and appropriate

controls, in all tissues will aid in the development of these

novel-imaging agents. These steps establish specific targeting,

as well as non-target tissues involved in elimination. Reported

here is the whole body biodistribution of tumor bearing mice

after intravenous injection of P-selectin-MBs at 5 and 60 min

following systemic injections. Due to the relatively short half-

life of MBs, these time points were chosen to best represent

initial uptake in individual organs (5 min), as well as retention

and clearance in those organs (60 min). This full body

biodistribution comparing P-selectin-MBs and control

MBs can be more generally applied for other mechanisms

to target MBs.

Tumor retention of P-selectin-MBs was greater than

IgG-control-MBs with a 3.2-fold enhancement of MB

Figure 4. Comparison of percent injected dose per gram (%ID/g) values in tumor and muscle tissue at 5 min and 60 min P-selectin targeted
microbubbles (MB), IgG targeted control MB, P-selectin antibody and IgG control groups. Data are means� SD.

Figure 3. Comparison of percent injected dose per gram (% ID/g) values at 5 min and 60 min for P-selectin targeted microbubbles in heart, stomach,
large intestine, small intestine, cecum, reproductive organs, brain and femur. Data are means� SD. Asterisk denotes statistically significant difference,
p50.05.

DOI: 10.3109/1061186X.2013.869822 Biodistribution of P-selectin targeted microbubbles 5

Jo
ur

na
l o

f 
D

ru
g 

T
ar

ge
tin

g 
D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
U

ni
ve

rs
ity

 O
f 

A
la

ba
m

a 
B

ir
m

in
gh

am
 o

n 
04

/1
4/

14
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



accumulation. In addition, there was greater retention of

P-selectin-MBs in the tumor compared with adjacent skeletal

muscle at both time points, 2-fold at 5 min and 9.3-fold at

60 min. This trend of enhanced tumor accumulation by

P-selectin targeting was also observed in the antibody alone

groups with greater tumor retention of P-selectin-Ab

compared to the IgG-control-Ab. These results confirm the

hypothesis that P-selectin targeting is beneficial for MB

delivery to tumor. An observed trend that was unique to the

tumor tissue was the increase in retention from 5 min to

60 min for all groups. This could be attributed to the enhanced

permeability and retention (EPR) effect common to tumor

tissue [37]. At 60 min post-injection, it is hypothesized that all

the MBs have disintegrated and released their targeted

antibodies or have been excreted due to their estimated

2-min half-life. Therefore, the EPR effect is generally

suggesting entrapment of the targeted antibodies within the

tumor, which can be especially beneficial for tumor drug

delivery [38]. Differences in this EPR effect within the tumor

as known to vary by tumor vascularity, tumor type, as well as

size and properties of the molecule delivered. In a study by

Willmann et al. [24], F-18 labeled anti-VEGFR2 MBs were

evaluated in angiosarcoma tumor bearing mice using dynamic

micro-PET imaging [24]. In that study, tumor retention was

reported to be 1.14%ID/g at 4 min post-iv injection and

1.35%ID/g at 60 min post-iv injection while skeletal muscle

retention was reported unchanged at 0.84% ID/g at 4 and

60 min. These results were relatively similar to the current

study findings, however the deviation between the tumor and

muscle tissue was greater for the P-selectin-MBs, which could

also be attributed to the different modality, tumor type and

receptor density used within the studies.

For the filtration organs, Tc-99 m liver accumulation

remained stable from 5 to 60 min for all groups except the

P-selectin-Ab group, which was significantly reduced by 41%.

This observation of static retention in the liver was also

observed in the previously mentioned study performed by

Willmann et al. These findings would imply that the capacity

of the liver to sequester and process the injected doses

requires more than 60 min. Delayed liver clearance was also

shown to occur in a similar study of un-targeted MB

biodistribution where MB clearance in the liver was first

observed at the 6 h time point [39]. This retention by the liver

is most likely due to MB uptake by Kupffer cells, whose

normal function is to phagocytose foreign particles, and have

been shown to play a crucial role in MB uptake in the liver

[3]. At each time point, the lung and liver retention was

significantly higher for the IgG-control-MB group compared

to the P-selectin-MB group. However, P-selectin-MB reten-

tion was greater than IgG-control-MB group in the blood and

tumor at each time point, which would account for the lack of

retention in liver and lung. Unique to the lung, Tc-99 m

retention was significantly greater in the MB groups at both

time points compared to antibody alone. Considering the

minor amount of pulmonary macrophage contribution to lung

clearance in mice [40], the increased MB retention could be

explained by the non-specific pulmonary entrapment that

often occurs using MBs with a diameter greater than 5mm

[41]. In the spleen, there was a slightly higher retention of MB

groups compared with antibody alone; this was most likely

caused by previously reported involvement of splenic macro-

phages and mononuclear phagocyte system in the clearance of

MBs [2]. There was no significant difference in the spleen for

the MB groups at 5 and 60 min however there was a

significant decrease in targeted and control antibody from 5 to

60 min, a trend that further supported the role of splenic

macrophages to engulf MBs in the spleen. In the kidneys,

there was greater retention of the radiolabeled antibody

groups compared to the MB groups at 5 min, a trend that was

also observed in the Willmann et al. [24] study. However,

there was a significant clearance of both P-selectin-MB and

P-selectin-Ab in the kidneys that was not observed in the IgG

control groups suggesting an additional benefit of targeting to

improve P-selectin-MB circulation and bioavailability while

limiting kidney accumulation over time. Expediting kidney

clearance could prove useful in decreasing systemic circula-

tion of unbound particles. As expected, organs filtered MBs

and antibodies differently, illustrating the importance of the

Figure 5. (a) Comparison of percent injected dose (%ID) at 5 min and 60 min during planar gamma camera imaging between P-selectin targeted
microbubbles (MB) and IgG targeted control MB in tumor tissue. Data are means� SD. (b) Representative image of P-selectin targeted MB during
planar gamma camera imaging at 60 min. Asterisk denotes statistically significant difference, p50.05.
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control groups used during the whole-body biodistribution.

This analysis also demonstrates the differences between

targeted and control MBs, with decreased filtration of targeted

MBs compared to controls.

When analyzing P-selectin-MBs alone, retention was

highest at the 5 min time point in the lung (56.3% ID/g)

followed by the blood (26.4% ID/g) and then the liver (26.1%

ID/g). The relatively high signal in the stomach and cecum is

attributed to the normal gut localization of free Tc-99 m

pertechnetate that ultimately is an artifact of the radiolabeling

strategy used in this study [42]. At the 60-min time point,

P-selectin-MB retention remained relatively constant in the

lung, liver, and spleen however there was an 86% clearance in

the blood. This represented the greatest amount of blood

clearance observed in all groups from 5 to 60 min.

The constant levels in lung, liver and spleen suggest the

Tc-99 m-labeled P-selectin was not released from the MBs in

those tissues. Similarly, the blood clearance suggests the

Tc-99 m-labeled P-selectin remained with the MBs and was

also not released into the circulation where a longer half-life

would be expected.

While P-selectin is overexpressed in tumor vasculature,

it is also expressed in other regions of the body, including

inflammation processes. This could be a limitation to the

study; however, it was shown that targeting does enhance the

retention of the targeted groups in the tumor when compared

to controls. Other targeted agents explored in cancer therapies

including VEGFR2, ICAM-1 and integrin aVb3 are also

expressed in other tissues, and not specific to the tumor.

Further studies would be beneficial to compare the perform-

ance of P-selectin targeted MBs to alternate targeted MBs.

Also, there was significant amount of blood clearance after

injection of the P-selectin-MB group in comparison to the

other groups, exhibiting the necessary traits for filtration.

Differences in the blood flow and shear stress can directly

affect targeting and retention of molecules within a region-

of-interest. There has recently been studies examining

P-selectin targeting in ischemic tissues where blood flow is

altered [43,44], however it has also been shown that targeting

and shear stress is not linearly related [45]. The difference in

blood flow is a limitation when comparing skeletal muscle to

tumor. This study relies on targeting a receptor which is

overexpressed within the tumor, and limitations included, still

shows increased retention of targeted MBs over control MBs.

Differences in blood flow also directly affect Abs and MBs

differently, as MBs have a much shorter half-life than Ab.

Ab have an estimated 11-day half-life [46], while MBs have

an estimated 2-min half-life [2]. These differences can

directly affect tumor uptake, as well as organ filtration and

sequestration. MB half-life is dependent both on size of the

MB and concentration in which they are injected, which can

have a direct effect of the stability of the delivery system. The

more stable a drug or molecule, the greater chance at

heightened efficiency to for delivery to the intended site,

leading to improved drug delivery and imaging.

One limitation of this study was the use of avidin

chemistry to adhere the antibody to the MB. While this

strategy ensures a stable bioconjugate, the avidin utility

reduces the translational potential of the targeted MB

construct due to the immunogenicity of the avidin molecule.

Alternative strategies of MB targeting being developed

include the use of targeted peptides that are covalently

bound to MBs. Initial studies using this motif have been

performed and results suggest the strategy to be safe and

specific [16,47]. One study recently concluded a phase 0

clinical trial using VEGFR2 as the targeting moiety during

prostate cancer evaluation [48]. This component would allow

for a more feasible clinical translation of targeted MBs for

both imaging and drug delivery. This study reveals interesting

results for whole body interactions of targeted microbubble

drug delivery, which has potential to lead to future investi-

gations regarding individual organ uptake. A limitation to this

study is organ information is only available at the 5- and

60-min time point. Utilizing ultrasound, SPECT or PET,

future investigations with dynamic imaging of targeted

microbubbles could also be evaluated in specific individual

organs or tumor for addition information regarding uptake and

clearance. Although there are limitations, this study provides

initial evidence of a promising tool for targeted drug delivery

using P-selectin and ultrasound contrast agents.

Conclusions

If MBs are continued to be investigated as drug delivery

carriers, this study demonstrates that targeting improves

tumor retention compared to non-targeting. The study also

shows that targeting MBs to P-selectin reduces liver and lung

retention compared to non-targeted MBs. While there is more

MB retention in all tissues compared to tumor tissue, there is

less retention of targeted MBs in tissues and greater tumor

retention relative to non-targeted MBs. With the potential of

targeted MBs to improve CEUS and drug delivery in patients,

the current work is invaluable to elucidate the systemic

biodistribution of targeted MBs in general. The innate role of

P-selectin to sequester platelets and rolling monocytes is well

suited to reproduce the desired mechanism for vascular MB

adhesion. The P-selectin molecule is a promising candidate to

improve MB accumulation in target tissues; however other

cell adhesion molecules and receptors should be continually

investigated and may prove to be more efficacious. This study

provides validation of P-selectin targeted MBs as a more

specific approach for systemic drug delivery in a solid tumor.
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Abstract—This article evaluated volumetric molecular 

ultrasound (US) imaging with multi-targeted microbubble (MB) 

contrast agents for detection of angiogenic imaging biomarkers in 

a preclinical cancer model. Imaging was performed using a 

modified US system (Ultrasonix Medical Corp) equipped with a 4-

dimensional (4D) transducer. Image processing software 

separated the US signal originating from intravascular MBs that 

were bound to the overexpressed targets from the freely 

circulating and unattached contrast agent. Molecular US imaging 

using targeted MBs was compared to results obtained using non-

specific control MBs in the same prostate-cancer bearing mouse. 

Molecular US signals were significantly higher when imaging the 

targeted MBs versus imaging of control contrast agent (p < 0.001). 

Specifically, it was found that molecular US imaging of the 

targeted MB contrast agent produced a considerable mean 

intratumoral enhancement of 19.5 ± 2.2 dB. A significant inverse 

correlation was found between the molecular US signal and 

fractional tumor enhancement (ρ = -0.56, p = 0.02). This suggests 

that as the spatial distribution of the molecular US signal 

increases, the average intensity of the intratumoral reporter signal 

decreases. This finding could identify when the neovascularity is 

inadequate to meet the metabolic demands of the tumor, creating 

a strong angiogenic response. This high angiogenic response is 

typically found in aggressive cancers and during early stages of 

tumor growth. Therefore, molecular US imaging may improve US 

for the early detection of cancer and help distinguish indolent from 

aggressive disease.   

Keywords—angiogenesis; contrast agent; microbubbles; 

molecular imaging; prostate cancer; ultrasound  

I. INTRODUCTION 

An early development that differentiates normal from 

cancerous tissue is the angiogenic process by which the tumor 

develops its blood supply from pre-existing vessels. The 

morphology of this neovascularity is often quantified as the 

intratumoral microvessel density (MVD) and has been shown 

to be an independent predictor of malignant disease [1, 2]. 

Angiogenesis is essential for tumor growth beyond a few 

millimeters in size and plays a major factor in metastatic 

disease. Neovascularity can form a substantial portion of the 

mass of malignant tumors [3]. Given that knowledge, medical 

imaging techniques are being investigated for discriminating 

malignant from benign disease based on tumor vascularization 

profiles. Tumor angiogenesis is an important biomarker for 

disease which can be visualized with cancer imaging 

techniques. This advances the potential to noninvasively 

characterize tissues for detection and monitoring of cancer. 

Molecular imaging permits noninvasive visualization of 

molecular and cellular events inside the human body. With the 

development of red blood cell-sized intravascular microbubble 

(MB) contrast agents, ultrasound (US) is an emerging and 

promising molecular imaging modality. Importantly, the 

surface of these MBs can be coated with ligands whose target 

receptors are known to be overexpressed in diseased tissue. 

While unbound circulating MBs are cleared from the 

bloodstream within minutes, targeted agents attach to specific 

endothelial markers providing contrast enhancement via 

localized accumulation. Recent studies have demonstrated the 

benefit of targeted MBs for molecular US imaging of 

overexpressed receptors associated with tumor angiogenesis [4-

7]. Importantly, changes in receptor expression (e.g., due to 

disease progression or response to drug intervention) were 

shown during in vitro studies to be positively correlated to 

targeted MB binding and accumulation [8] and in vivo to 

molecular US imaging-based receptor measurements [9].  

Being a relatively new modality, molecular US imaging has 

predominately been restricted to planar measurements, which 

inherently limits a comprehensive, spatial study of the entire 

disease or tumor burden. In fact, it has been suggested that 

planar studies risk misrepresenting more complex 

heterogeneous tissues and that volumetric analyses provide a 

more robust molecular US imaging assessment of disease 

biomarkers [10]. Our group recently detailed contrast-enhanced 

US imaging implemented on commercially available 

technology that acquires volumetric image data for the purpose 

of vascularity mapping [11, 12] and monitoring early response 

to drug treatment [13]. Here we introduce a volumetric 

molecular US imaging technique using the same platform 

technology and evaluate performance with a preclinical animal 

model of prostate cancer.  

II. METHODOLOGY 

A. Contrast agent preparation 

Streptavidin-coated MB contrast agent (Targestar-SA, San 
Diego, CA) was conjugated with biotinylated rat IgG antibodies 



against mouse VEGFR2 (20 µg; 13-5821, eBioscience, San 
Diego, CA), p-selectin (20 µg; 553743, BD Biosciences, San 
Jose, CA), and αVβ3-integrin (20 µg; 13-0512, eBioscience). 
Briefly, streptavidin-bound MBs were incubated with antibody 
for 20 min, followed by centrifuge washing to remove any 
unbound particles. For a control group, 60 µg of biotinylated rat 
IgG antibody (Southern Biotech, Birmingham, AL) was used to 
generate an isotype targeted contrast agent. All MB 
concentrations were approximated using a hemocytometer. 

B. Cell culture and animal preparation 

Human PC3 prostate cancer cells were purchased from the 
American Type Culture Collection (Manassas, VA). Cells were 
maintained in Dulbecco’s modified Eagle’s medium, 10% fetal 
bovine serum, and 1% L-glutamine. Cells were grown at 37°C 
in 5% carbon dioxide. Cell numbers were determined with a 
hemocytometer and trypan blue dye exclusion. Eighteen 6-
week-old athymic male nude mice were obtained from the 
Frederick Cancer Research Center (Frederick, MD). Animals 

were implanted with 2106 PC3 cells in the left flank. Tumor 
implants were monitored by caliper measurements and allowed 
to grow for 6 weeks (average tumor size, 3.06 ± 0.71 cm2). 
Animals were randomly divided into two groups. 

C. Molecular ultrasound imaging 

Either targeted or control MB contrast agent was 

intravenously injected (4107 MBs per animal in a 0.1 mL dose) 
in the tail vein. Two min after injection, each animal was imaged 
for 10 sec using a low-intensity pulse-inversion harmonic 
imaging mode implemented on the portable SONIX Tablet US 
system (Ultrasonix Medical Corp, Richmond, BC) equipped 
with a 4DL14-5/38 transducer (5 MHz transmit and 10 MHz 
receive). At this initial phase of imaging, US images of the tumor 
depicted both bound and systemically flowing MB contrast 
agent. An external unfocused single-element US transducer 
(2.25 MHz, Olympus Panametrics, Waltham, MA) was 
positioned at the far field distance over the tumor and short high-
intensity pulse sequence (mechanical index > 1.0) was used to 
destroy (flash) all MBs. Thereafter, low-intensity US imaging 
was performed again for 20 sec to capture tumor reperfusion of 
the MB contrast agent. After a 2 h delay to allow MB dissolution 
and clearance from the circulatory system, all animals that 
received targeted MBs during the first imaging session were 
reimaged using the control contrast agent and vice versa.  

D. Image processing 

Custom programs were developed using Matlab software 
(Mathworks Inc, Natick, MA) for processing post scan-
converted US image data. For each dataset, an image 
visualization module displayed contrast-enhanced US images at 
a given time point in the transverse, sagittal, and coronal planes. 
After identifying the largest tumor cross-section in each 
orientation, a polygonal region-of-interest (ROI) was manually 
traced around the tumor boundary in each of the views. For 
simplicity, the final segmented tumor volume was derived 
numerically as the intersection set from projections of these 
three orthogonal planes and applied throughout the temporal 
dimension. A predefined image intensity threshold of 10% was 
applied to minimize background noise for all processed images. 
The mean voxel intensity from segmented pre-flash volumes 
was digitally subtracted from the post-flash volume data. This 

image intensity difference determines the molecular US signal, 
Fig. 1. Additionally, fractional tumor enhancement (FTE) 
measures were computed as the percentage of voxels above the 
intensity threshold compared to the total number of voxels 
defining the segmented tumor space. Lastly, segmented tumor 
volumes were reconstructed and rendered for visualization 
purposes.  

E. Immunohistology 

All animals were euthanized after completion of the imaging 
study. Tumors from a random subset of nine animals were 
excised for immunohistologic analysis. Tumor tissue was 
formalin fixed and embedded in paraffin blocks. Serial sections 
of 5 µm thicknesses were cut from the blocks and transferred to 
glass slides (Super-Frost Plus, Fisher Scientific, Pittsburg, PA). 
Sections were stained with hematoxylin and eosin (H&E), and 

 
Fig. 1. Illustration of targeted US contrast agents attached to receptors 
over-expressed on tumor endothelial cells after intravenous administration 

and systemic circulation (top). A portion of injected MBs do not attach to 

the target receptors and freely circulate through tumor microvascularity. 
After destruction of all MBs in the tumor volume (both attached and freely 

circulating) using a high-intensity US pulse sequence, reperfusion with 

only freely circulating MBs occurs (middle). The difference in contrast-
enhanced US image intensity before and after MB destruction is a surrogate 

measure of attached MBs to the target angiogenic biomarkers representing 

the molecular US signal (bottom).   



CD31, VEGFR2, p-selectin, and αVβ3-integrin antibodies using 
techniques detailed previously [5]. H&E sections were 
examined by an experienced reader blinded to the experimental 
protocol to identify presence of cellular necrosis and to 
determine the percent of viable tumor tissue as a fraction of the 
entire tumor cross-section. Similarly, each CD31, VEGFR2, p-
selectin, and αVβ3-integrin stained tissue section were reviewed 
to qualitatively identify the relatively dense stained regions 
which were delineated on the microscopy images and recorded 
as percent tissue stained of the entire tumor cross-section.  

F. Statistical analysis 

Data was summarized as mean ± standard error. The 
Wilcoxon signed-rank test was used to compare molecular US 
imaging results from animals injected with control and targeted 
MBs. A two-way ANOVA test evaluated differences in 
immunohistologic measurements. A relationship between US 
imaging and immunohistologic measurements was determined 
using a Spearman’s correlation test. A p-value less than 0.05 was 
considered statistically significant.  

III. RESULTS 

From the original dataset of eighteen animals, data acquired 
from two animals was removed from further consideration due 
to a bad tail vein injection in one and incomplete MB contrast 
agent destruction in the other. Temporal sequences of whole 
tumor contrast-enhanced US images were collected in the same 
prostate cancer-bearing animals using both control and targeted 
microbubbles. MBs bound to select angiogenic receptors were 
evaluated for both contrast agent types to determine the utility of 
molecular US imaging of prostate cancer biomarkers. 
Representative volume reconstructions from whole tumor 
contrast-enhanced US imaging of MB presence in the same 
prostate tumor are illustrated in Fig. 2. For comparison, images 
are shown describing control and targeted MB contrast agent 
results both before and after agent destruction from the field-of-
view (FOV). It is important to note that after a short 2 min delay 
following intravenous administration of the contrast media, 
targeted MBs produce a significant enhancement in ultrasound 
image intensity as compared to the same animal dosed with 
controls MBs (p = 0.001). These images reflect the detected 
ultrasound signal from both the freely circulating and biomarker 
bound MB contrast agents. The difference in image intensity 
before and after MB destruction was then used as surrogate 

measure of the receptor (biomarker) bound MB contrast agents 
as this simple numerical technique functions as a pseudo filter 
for removing any undesirable signal from the freely circulating 
agents. The whole tumor molecular US signal measurements 
from the same animals, administered with either control or 
targeted MB contrast agents, were summarized. In general, 
molecular US signals were consistently higher when imaging the 
tumor angiogenesis with targeted MBs versus US imaging of 
control contrast agent (37.1 ± 3.9 and 5.8 ± 1.7, respectively; p 
< 0.001). Fig. 3 details the overall intra-animal molecular US 
signal gain (due to MB binding) computed as the relative 
difference in molecular US image enhancement using targeted 
and control MB contrast agents. Although noticeably variable 
from one animal to the next, a mean tumor enhancement of 19.5 
± 2.2 dB was found. 

FTE measures were found to be 10.9 ± 1.6%. While no 
correlation was found between the molecular US signal (using 
targeted MB contrast agent) and tumor volume measurements  
(ρ = -0.05, p = 0.85), there was a statistically significant inverse 
relationship between the molecular US signal and FTE                  
(ρ = -0.56, p = 0.02), Fig. 4.  

Immunohistologic results from processing excised prostate 
tumor samples were summarized. For the angiogenic receptors 
targeted during the molecular US imaging study, the average 
intratumoral density was found to be 63.9 ± 4.9%, 59.1 ± 6.4%, 
and 52.3 ± 5.5%, for the VEGFR2, αVβ3-integrin, and p-selectin 
stained tissue samples, respectively (p > 0.72). Angiogenic 
receptors were found to be heterogeneous in spatial distribution. 

 
Fig. 2. Rendered volumes from preclinical contrast-enhanced US imaging 
of prostate cancer (left) before and (right) after contrast agent destruction 

from the field-of-view. Imaging data was collected in the same tumor using 

both (top) control and (bottom) targeted MB contrast agents. Note MB 
accumulation using targeted agents compared to controls.    

 
Fig. 3. Intrasubject molecular US signal gain measured as the relative 
differences in intratumoral image enhancement levels produced using 

targeted versus control MB contrast agents. 

 
Fig. 4. Scatterplot describing the relationship between molecular US signal 
(using contrast agent targeted to angiogenic receptors) and fractional tumor 

enhancement (FTE) measurements in prostate cancer-bearing animals. A linear 

trendline is superimposed to assist visualization of the inverse relationship 
between imaging variables.  



A correlation was not found between the molecular US signal 
and angiogenic immunohistochemistry measurements (ρ < 0.27,    
p > 0.49). No relationship was found between FTE values and 
VEGFR2 or αVβ3-integrin measurements (ρ < 0.23, p > 0.55). 
However, there was a significant correlation between tumor FTE 
and p-selection expression (ρ = 0.80, p = 0.04).  

IV. DISCUSSION 

This article described a volumetric molecular US imaging 
system using targeted MB contrast agents for detection of 
angiogenic imaging biomarkers associated with tumor growth. 
Custom image processing software was used to separate the 
backscattered US signal originating from intravascular MBs that 
were bound to the overexpressed biomarker targets from the 
freely circulating and unattached contrast agent. For the purpose 
of performance evaluation, molecular US imaging using 
targeted MBs was compared to US imaging results obtained 
using non-specific control MBs in the same animal. 
Consequently, it was found that molecular US imaging of the 
targeted MB contrast agent produced a considerable mean 
intratumoral enhancement of 19.5 ± 2.2 dB. Variability of signal 
enhancement between tumors is expected as vascularity differs, 
however the trend remains significant. This finding indicates 
whole tumor molecular US imaging is a sensitive modality for 
determining imaging biomarkers (FTE, molecular US image 
enhancement) associated with angiogenesis and cancer 
vascularity throughout the entire tumor burden.     

FTE measures were found to be 10.9 ± 1.6% and consistent 
with the fact that tumor vascularity can be up to 10% of total 
tumor volume [3]. There was an inverse correlation between the 
molecular US signal and FTE (ρ = -0.56, p = 0.02), which 
suggests that as the spatial distribution of the molecular US 
signal increases, the average intensity of the same intratumoral 
reporter signal decreases. This finding is of particular interest 
because it could signify that when the neovascularity is 
inadequate to meet the metabolic demands of the tumor, there is 
a strong angiogenic response as detected using molecular US 
imaging. This strong angiogenic response is typically found in 
aggressive cancers and during the early (hypoxic) states of tumor 
growth. Therefore, molecular US imaging may improve US for 
the early detection of aggressive prostate cancers and guiding 
biopsy of suspicious lesions.   

Analysis of immunohistologic results revealed a strong 
correlation between the molecular US imaging-based FTE 
measure and p-selection expression density (ρ = 0.80, p = 0.04) 
but not with VEGFR2 or αVβ3-integrin (ρ < 0.23, p > 0.55). 
Given FTE and the biomarker values are spatial density 
estimates, a stronger correlation can be expected although 
analysis of the later is inherently subjective. A limitation of the 
immunohistologic analysis was that it evaluated receptor 
expression throughout the entire tumor sample and did not 
restrict estimation to only endothelial cells which the targeted 
MB contrast agents attach to produce the molecular US signal. 
Future work should include a more detailed quantitative analysis 
of receptor expression from tumor specimens, which might 
reveal a stronger correlation between these receptor expression 
levels and results obtained using whole tumor molecular US 
imaging.  

V. CONCLUSION 

 This study investigated the use of whole tumor molecular 

US imaging for the sensitive detection of tumor angiogenesis. 

With continued development of clinically translatable targeted 

MB contrast agents and advanced multi-dimensional imaging 

technology, molecular US imaging could emerge as a useful 

clinical resource. Over the next several years, there will be a 

growing demand for medical imaging equipment that 

eliminates unnecessary diagnostic procedures, reduces 

healthcare costs, and improves diagnostic accuracy. Molecular 

US imaging can clearly be positioned to address these demands. 
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ORIGINAL ARTICLE

A dual-reporter, diagnostic vector for prostate cancer detection
and tumor imaging
JR Richter1, M Mahoney2, JM Warram3, S Samuel1 and KR Zinn1

Detection of prostate-specific antigen (PSA) as a screening strategy for prostate cancer is limited by the inability of the PSA test to
differentiate between malignant cancer and benign hyperplasia. Here, we report the use of a cancer-specific promoter, inhibition of
differentiation-1 (Id1), to drive a dual-reporter system (Ad5/3-Id1-SEAP-Id1-mCherry) designed for detection of prostate cancer
using a blood-based reporter-secreted embryonic alkaline phosphatase (SEAP) and tumor visualization using a fluorescent reporter
protein, mCherry. In human prostate tumors, Id1 levels are correlated with increased Gleason grade and disease progression.
To evaluate the performance of the dual-reporter system, a prostate cell panel with varying aggressive phenotypes was tested.
Following infection with the Ad5/3-Id1-SEAP-Id1-mCherry vector, expression of the SEAP and mCherry reporters was shown to
increase with increasing levels of cellular Id1. No correlation was observed between Id1 and PSA. To evaluate in vivo performance,
flank tumors were grown in athymic male mice using three prostate cancer cell lines. Following intra-tumoral injection of the
vector, tumors formed by cells with high Id1 had the greatest reporter expression. Interestingly, tumors with the lowest levels of Id1
and reporter expression produced the greatest amounts of PSA. These data support the use of Ad5/3-Id1-SEAP-Id1-mCherry as a
predictor of prostate cancer malignancy and as a strategy for tumor localization.

Gene Therapy advance online publication, 24 July 2014; doi:10.1038/gt.2014.68

INTRODUCTION
Since 1986, screening for prostate cancer has relied heavily on the
detection of prostate-specific antigen (PSA) in the blood. The
relative levels of PSA predict the abnormal presence of
hyperplasia in the prostate. However, the PSA test cannot
distinguish between lethal and non-lethal disease, owing to the
low specificity of the test to differentiate aggressive cancer.1–5

Considering these limitations, an improved method for prostate
cancer screening is needed to accurately distinguish between
aggressive and indolent cancers.
Inhibitor of differentiation (Id1) is a member of the inhibitor of

differentiation family of transcription factors. They form inactive
heterodimers with the basic helix–loop–helix family of transcrip-
tion factors that control cellular processes, such as cell-fate
determination, proliferation, cell-cycle regulation, angiogenesis,
invasion and migration.6,7 Id1 gene expression is cancer-specific
and has been demonstrated to have increasing levels in human
prostate tumors, which correlate with increasing Gleason grade
and progression.8,9 Several studies10–14 have shown expression of
Id1 to be an indicator of malignancy, with no expression found in
cases of benign prostate hyperplasia and normal prostate tissue.
The correlation between increased Id1 expression and cancer
aggressiveness supports the use of the Id1 promoter for
controlling diagnostic reporter function.
Recently, the diagnostic vector Ad5/3-Id1-SEAP-Id1-mCherry

was constructed and shown to be highly specific and sensitive for
breast cancer detection in both in vitro and in vivo models.15,16

With this vector, dual-reporter expression of secreted embryonic
alkaline phosphatase (SEAP) and the fluorescent protein mCherry
is driven by the cancer-specific promoter Id1 and allows for both

blood-based screening and localized visualization of cancer.
Introduction of two Id1 promoters upstream of each reporter
allows for equal and effective promoter control of SEAP and
mCherry expression, which can be used in collaboration or
independently. Furthermore, this diagnostic adenovirus (Ad) is
designed to shuttle the reporter genes more effectively to cancer
cells by replacement of the Ad5 fiber knob domain with that of
the Ad3 fiber. This modification overcomes the limited availability
of the native coxsackievirus and Ad receptor, which is commonly
downregulated in cancer cells.17

SEAP is a truncated and secreted form of human embryonic
alkaline phosphatase that is extremely stable and nonimmuno-
genic. Owing to its heat stability and resistance to the
phosphatase inhibitor L-homoarginine, reporter SEAP levels can
be measured independently from endogenous alkaline phospha-
tase activity with high sensitivity. The imaging reporter mCherry,
has an excitation peak of 587 nm and emission peak of 610 nm,
and is a mutated variant of the widely used mRFP1. The mCherry
protein matures more quickly and completely than mRFP1,
yielding a higher extinction coefficient and brightness, yet
bleaches 10 times more slowly.18 The longer wavelength of
mCherry decreases the interference from tissue auto-fluorescence
and allows for greater tissue penetration. mCherry can be
detected by fluorescence imaging in the surgical setting using
laparoscopic techniques, including robotic surgery (e.g., daVinchi),
to improve surgical treatment of relevant prostate cancer.
Importantly, as both the SEAP and mCherry reporters are under
the control of Id1, reporter expression using the diagnostic vector
Ad5/3-Id1-SEAP-Id1-mCherry is predicted to be an indicator of
cancer prognosis.
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In the present study, Ad5/3-Id1-SEAP-Id1-mCherry was evalu-
ated as a diagnostic system for screening prostate cancer using
normal cells and cancer cell lines of differing aggressive
phenotypes. By correlating Id1 expression with SEAP levels and
mCherry fluorescence, the effectiveness of Ad5/3-Id1-SEAP-Id1-
mCherry in predicting cancer cell phenotype was compared with
PSA results. In addition, the applicability of the diagnostic vector
for in vivo cancer detection and localization was determined. The
dual-reporter vector represents a novel method for non-invasively
measuring cancer aggressiveness and visually monitoring prostate
cancer, ultimately overcoming the limitations associated with PSA-
based diagnoses.

RESULTS
Id1 expression, but not PSA level, is an indicator of prostate cancer
cell aggressiveness
Six prostate cell lines were categorized based on their reported
behaviors19–24 and measured levels of PSA secretion (Table 1).
Normal prostate cells (WPMY-1) secreted a baseline amount of
314.1 ± 8.1 pgml− 1 PSA. Two of the four cell lines with reportedly
aggressive phenotypes (Du145 and PC3) had relatively lower PSA
levels, ranging from 230 to 266 pgml− 1, whereas the remaining
aggressive cells lines (VCaP and MDA-PCA-2b) had significantly
(Po0.001) greater levels of PSA as compared with WPMY-1. The
one non-aggressive cell type, LNCaP, also secreted significantly
increased amounts of PSA in comparison with baseline levels. Id1
expression was elevated in all aggressive prostate cancer cell

types compared with normal prostate cells and less-aggressive
cells (Figure 1a). There was no statistical correlation between Id1
expression and PSA level (P= 0.65; Figure 1b).

SEAP and mCherry reporter expression correlate with Id1 levels
and are indicators of prostate cell aggressiveness
A quantitative luciferase (luc) assay was performed to account for
differences between cell lines in their susceptibility to infection
with the tropism-modified Ad5/3 vector caused by possible
differences in Ad3 receptor levels. The relative levels of infectivity
of the Ad5/3-CMV-Luc vector for each cell type are shown in
Figure 2a. These luciferase counts were subsequently used to
normalize diagnostic reporter expression. SEAP and mCherry
reporter expressions were therefore only a reflection of Id1
promoter activity. After infection with Ad5/3-Id1-SEAP-Id1-
mCherry, the prostate cancer lines with aggressive phenotypes
(VCaP, MDA-PCA-2b, PC3 and Du145) had increased levels of SEAP
reporter compared with non-aggressive (LNCaP) and normal
(WPMY-1) cells (Figure 2b). For PC3 and Du145, Ad3-normalized
SEAP expression was significantly elevated at 4 and 6 days post
infection compared with non-aggressive LNCaP cells at the
corresponding time points. On the basis of the quantification of
cellular Id1 presented in Figure 1a, the cell types were grouped
based on low (o0.25 a.u.), moderate (0.25–1.5 a.u.) or high
(41.5 a.u.) Id1 levels in order to assess the relationship between
SEAP reporter and Id1 promoter levels. Cells with moderate Id1
levels had increased SEAP reporter expression as compared with
cells with low Id1. Cells with high Id1 levels had significantly
increased SEAP reporter expression as compared with cells with
moderate and low Id1 (Figure 2c). Likewise, representative
fluorescent images of the mCherry reporter confirmed diagnostic
vector efficiency (Figure 3). mCherry intensity corresponded to
cellular Id1 levels, with the greatest fluorescence observed in the
aggressive Du145 cells (49.1 ± 5.2 fluorescent counts), followed by
VCaP cells (35.6 ± 7.5 fluorescent counts) and WPMY-1 cells
(16.4 ± 3.5 fluorescent counts).

In vivo reporter expression correlates with prostate cancer
malignancy despite PSA levels
To evaluate the potential of the vector to diagnose prostate
cancer in vivo, flank tumors were formed using three different
prostate cancer cell lines with low (LNCaP), moderate (PC3) and
high (Du145) expression levels of Id1. At the time of vector
injection, there were no significant differences in tumor size

Figure 1. Id1 expression of the prostate cell panel and its lack of correlation with PSA. (a) Id1 expression was evaluated in cell lysates by
western blot and quanitified with densitometry. Id1 intensity was normalized to the corresponding level of of β-actin. (b) Linear regression
analysis was used to demonstrate no correlation between cellular Id1 levels and the PSA levels reported in Table 1. PSA data are shown as
mean± s.e.m. (n= 3).

Table 1. Description of cell lines used for analyses of Ad5/3-Id1-SEAP-
Id1-mCherry diagnostic efficacy

Cell Line Origin Behavior PSA (pg ml)a

WPMY-1 Normal stromal
myofibroblast

Normal16 324.6± 21.5

Du145 Brain metastasis Aggressive17 230.1± 8.3**

PC3 Bone metastasis Aggressive18 266.2± 36.7*
VCaP Vertebral metastasis Aggressive19 762.9± 36.4**

MDA-PCA-2b Bone metastasis Aggressive20 11,227± 1274**

LNCaP Node metastasis Non-aggressive21 13,042± 315**

Abbreviation: PSA, prostate-specific antigen. aPSA values reported as
mean± s.e.m. (n= 3). *Po0.05 and **Po0.001 vs WPMY-1 level.
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between any of the groups (LNCaP: 207 ± 32mm3; PC3: 203 ± 37
mm3; Du145: 171 ± 29mm3). Elevated plasma levels of PSA were
detected in mice bearing LNCaP tumors (1860 ± 144 pgml− 1),
whereas mice with PC3 and Du145 tumors did not have
detectable amounts of PSA.
SEAP and mCherry reporter expression were monitored in all

mice over a 14-day time period (Figures 4a and 5a). For SEAP

analyses, post-treatment levels were compared with baseline SEAP
expression measured at day 0 prior to vector injection. Two days
after intra-tumoral (IT) injection of Ad5/3-Id1-SEAP-Id1-mCherry,
SEAP reporter expression was significantly elevated over baseline
levels for the Du145 group, and mCherry reporter fluorescence
permitted visual localization of these tumors. SEAP reporter
expression was detectable in mice bearing PC3 tumors beginning
2 days after IT injection, and tumor fluorescence was detected at
day 6. Post-treatment SEAP levels in mice with LNCaP tumors were
slightly elevated above baseline levels beginning at day 6, and
mCherry fluorescence was not observed in these tumors at any
time point. The SEAP measured in plasma over the entire 14-day
time course following vector injection was totaled to represent the
effect of making multiple post-treatment diagnostic readings
(Figure 4b). The combined effect of successive SEAP measure-
ments revealed an elevated post-treatment SEAP level for each of
the tumor types that was significantly greater than the baseline
level. Furthermore, a proportional relationship between total
amount of measured SEAP and tumor Id1 was observed, with
tumors formed by Du145 cells leading to the highest plasma levels
of the SEAP reporter and LNCaP tumors having the least. This
trend was also observed with mCherry reporter expression, as
Du145 tumors had the brightest tumor fluorescence at all time
points followed by PC3 tumors and finally LNCaP tumors, which
showed negligible mCherry expression (Figure 5). A representative
image of the tumor fluorescence visualized at day 6 post vector
injection is shown in Figure 5b.

DISCUSSION
Gene therapies have great potential for both treatment and
diagnosis of cancer. In particular, the use of adenoviral vectors for
molecular imaging of cancer offers opportunities to non-invasively
gain information regarding tumor location as well as disease-
specific information with regard to metabolism, receptor expres-
sion or tumor vascularity.25 Much of the development and clinical
application of viral-based vector strategies, however, has been
limited by their associated immunogenicity, pathogenicity and
natural tropism. The diagnostic Ad Ad5/3-Id1-SEAP-Id1-mCherry
investigated in this work overcomes many of the challenges
commonly associated with viral vectors, as it is replication
defective and engineered to demonstrate enhanced cancer-
specific infectivity. The hybrid Ad5/3 fiber of this vector ablates
tropism of coxsackievirus and Ad receptor and overcomes its
limited availability in cancer by introducing the Ad3 serotype fiber.
Thus, the hybrid Ad5/3 fiber allows for improved and selective
infectivity. In addition, as the dual-reporter system is under the
control of the cancer-specific promoter Id1, reporter expression is
designed to be cancer-specific and an indicator of prognosis.
The current work evaluated the ability of the dual-reporter

vector, Ad5/3-Id1-SEAP-Id1-mCherry, to non-invasively detect and
monitor prostate cancer using expression of a SEAP reporter for
blood-based detection and mCherry reporter for fluorescence
imaging. Using a panel of prostate cancer cells and normal
prostate cells, it was demonstrated that, unlike PSA, cellular
expression of both the SEAP and mCherry reporters was directly
proportional to cellular levels of Id1. Given the direct relationship
between the aggressive nature of cancer and Id1 expression,
these findings support the use of Ad5/3-Id1-SEAP-Id1-mCherry for
evaluating prostate cancer aggressiveness. In vivo studies
confirmed the ability to measure blood-based levels of the SEAP
reporter and to identify mCherry tumor fluorescence in situ. These
results also confirmed that reporter expression correlated with Id1
levels and not the level of vector infectivity, as tumors formed by
Du145 cells with high Id1 expression had the highest reporter
levels and tumors formed by LNCaP cells with low Id1 expression
had the lowest levels of reporter expression, despite a higher level
of vector infectivity observed in LNCaP cells (Figure 2a).

Figure 2. SEAP reporter expression in the prostate cell panel and its
relationship with cellular Id1. (a) Susceptibility for infection via the
Ad3 fiber serotype was determined for each cell type using Ad5/3-
CMV-Luc (multiplicity of infection= 1). Luciferase activity was used
to normalize diagnostic reporter expression for differences in vector
infectivity due to varying levels of Ad3 receptor expression. (b) SEAP
reporter was measured in culture medium 2, 4 and 6 days post
infection with Ad5/3-Id1-SEAP-Id1-mCherry (multiplicity of infec-
tion= 1) and normalized with luciferase activity. *Po0.01 vs LNCap
at corresponding time point. All data are reported as mean± s.e.m.
(n= 4). (c) Cells types were group based on low (o0.25 a.u.),
moderate (0.25–1.5 a.u.) or high (41.5 a.u.) Id1 levels and SEAP
reporter expression averaged for each group. The low-Id1 group
consisted of two cell types (WPMY-1 and LNCaP), the moderate-Id1
group consisted of three cells types (PC3, VCaP and MDA-PCA-2b)
and the high-Id1 group consisted of one cell type (Du145). *Po0.01
vs low and **Po0.001 vs all groups.
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Furthermore, these data demonstrate that PSA was an inaccurate
measure of cancer malignancy as the non-aggessive LNCaP
tumors led to elevated plasma PSA, whereas the aggressive
Du145 and PC3 cells had non-detectable levels of PSA. Together,
these data suggest that the Ad5/3-Id1-SEAP-Id1-mCherry diag-
nostic vector could serve as a sensitive and non-invasive strategy
for diagnosing prostate cancer that would overcome the current
limitations associated with the PSA test by providing measures
that are based on tumor cell aggressiveness.
Our previous work demonstrated the detection sensitivity of the

Ad5/3-Id1-SEAP-Id1-mCherry diagnostic system, showing that the
threshold value for detecting the SEAP reporter could be achieved

with as little as 7000 infected breast cancer cells.15 The present
work is proof of principle that this same diagnostic vector can be
applied for detection of prostate cancer and that, similarly to the
breast cancer model, reporter activity is driven by the Id1
promoter. Using IT injections of the Ad vector, this work
demonstrates that tumor infectivity leads to production of the
SEAP and mCherry reporters that are sufficiently distinguishable
above background levels to aid in cancer detection and tumor
visualization. Future studies will address the need for targeted
delivery of the diagnostic vector to the tumor following systemic
injection.
The in vivo time course analyses of SEAP and mCherry reporter

expression following IT injection of the diagnostic vector revealed
differences in the temporal translation of the dual-reporter system.
Whereas SEAP levels appeared to peak at 3 days post injection,
maximum mCherry tumor fluorescence was not observed until
day 6 post treatment. These temporal differences in reporter
expression could be potentially explained by the continual
intracellular accumulation of the mCherry reporter accompanied
by its slower degradation versus the immediate secretion of SEAP
into the bloodstream, followed by its degradation and clearance.
These data suggest that in cases of tumors with low to moderate
levels of Id1, accumulation of mCherry is necessary to achieve a
fluorescent signal that can be detected above background. This is
evidenced by the fact that PC3 tumors with moderate Id1 levels
were not visually detected before 6 days post injection, whereas
Du145 tumors with high Id1 expression were visualized at the
earliest time point. Given the unknown half-life of the blood-based
SEAP reporter, the time course analyses do not delineate between
SEAP accumulation and the production of newly made and
expressed SEAP. However, it is clear from the LNCaP data
presented in Figure 4 that, for potential clinical applications
successive measurements over a series of several days may be
required to assess reporter function and accurately define tumor
behavior, especially for less-aggressive cancers.
The lower limit of detection for tumor visualization using

mCherry fluorescence was not surpassed with LNCaP tumors. As
reporter expression was dependent on cellular Id1 expression and
LNCaP cells have relatively low levels of Id1, mCherry expression
was not sufficient to produce a detectable fluorescent signal. The
dependency of the diagnostic vector on adequate expression of
Id1 represents a limitation of the current system for visually
locating less-aggressive cancers. In future applications, non-
aggressive prostate cancers could be diagnosed by non-elevated
SEAP levels, however, visual localization of the cancer based on
tumor fluorescence would be virtually impossible in the absence
of sufficient Id1 activation. Likewise, tumor size (i.e., the number of
cells available for transduction) is an important consideration for
the prognostic application of this Ad vector, as reporter expression
is proportional to cellular levels of Id1 within the tumor.
The present work introduces a novel strategy for detection and

localization of prostate cancer that overcomes the current
limitations of the PSA test to distinguish between aggressive
cancer and indolent conditions, such as benign prostate

Figure 3. mCherry reporter fluorescence in normal prostate cells and cancerous cells with moderate and high levels of Id1. Representative
fluorescence images of (a) normal prostate cells (WPMY-1) and cancerous cells with (b) moderate Id1 expression (VCaP) and (c) high Id1
expression (Du145). Inserts are corresponding bright-field images. All images were acquired using a × 10 objective.

Figure 4. In vivo SEAP reporter expression following IT injection of
the diagnostic vector. (a) Plasma levels of the SEAP reporter were
monitored over a 14-day period for tumors formed by prostate
cancer cells with high (Du145), moderate (PC3) and low (LNCaP)
levels of Id1. All data are reported as mean± s.e.m. (n= 5). *Po0.001
vs baseline and +Po0.01 vs baseline (the order of stacked symbols
correspond to order of data points). (b) SEAP amounts measured
over the entire time course were totaled and compared with
baseline levels measured before vector injection. *Po0.001 vs
baseline and +Po0.001 vs LNCaP and PC3.
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hyperplasia. The correlation between reporter expression and
cellular Id1 enables SEAP levels to be used as a predictive measure
of prostate cancer aggressiveness, and mCherry fluorescence as
an aid for tumor visualization. A major challenge of viral-based
delivery systems for gene therapy applications is achieving
targeted tumor delivery and sufficient infectivity. Future studies
will develop strategies to target vector delivery and infectivity of
both aggressive and non-aggressive prostate cancer. This strategy
would assist clinicians in the detection and treatment of prostate
cancer and ultimately reduce the mortality associated with this
disease.

MATERIALS AND METHODS
Cell culture
The efficacy of the diagnostic vector was evaluated using six prostate
cancer cell lines: WMPY-1, MDA-PCa-2b, VCaP, PC3, Du145 and LNCaP
(American Type Culture Collection, Manassas, VA, USA). Two commonly
used prostate cell lines (RWPE-1 and Ca-HPV-10) were excluded from the
cell panel, due to immortalization vector HPV-18 interaction with
endogenous Id1 protein.26–28 LNCaP cells were maintained in RPMI-1640
with 10% fetal bovine serum (FBS) and 1% L-glutamine. Du145 cells were
grown in Eagle's minimum essential medium with 10% FBS and 1%
L-glutamine. VCap cells were maintained in Dulbecco's modified Eagle's
medium containing 10% FBS and 1% L-glutamine. WMPY-1 cells were
grown in Dulbecco's modified Eagle medium with 5% FBS and 1%
L-glutamine. PC3 cells were grown in F12k basal medium with 10% FBS.
MDA-PCa-2b cells were maintained in F12k basal medium containing 20%
FBS, 25 ngml− 1 cholera toxin, 10 ngml− 1 mouse epidermal growth factor,
5 nM phosphoethanolamine, 100 pgml− 1 hydrocortisone, 45 nM selenious
acid and 5 μgml− 1 bovine insulin. All cells were cultured at 37 °C and 5%
CO2. Cells were allowed to reach 75–90% confluency before passaging.

In vitro experiments
Cells (1.0 × 105 cells cm− 2) were plated in quadruplicate 24 h before
infection with Ad5/3-Id1-SEAP-Id1-mCherry. Cells were infected at a
multiplicity of infection ratio of one. Virus concentration (PFUml− 1) was
calculated based on the plaque-forming units using a standard agarose-
overlay plaque assay. Media was collected at 2, 4 and 6 days post infection
and SEAP levels measured using the Great EscAPe SEAP Fluorescence
Detection kit (Clontech Laboratories, Mountain View, CA, USA). Media was
also collected from uninfected cells to measure background fluorescence.
In addition, PSA levels were quantified in the culture medium of each cell
type by an enzyme-linked immunosorbent assay specific for human PSA
(AbCam, Cambridge, MA, USA).
In order to qualify SEAP reporter expression as a singular function of Id1

promoter activity, a normalization assay was performed using an Ad5/3-
CMV-Luc Ad to quantify vector infectivity. This Ad was generated using the
same Ad5/3 adenoviral backbone used to construct the Ad5/3-Id1-SEAP-
Id1-mCherry Ad. For all cell lines, 1.0 × 105 cells were infected with Ad5/3-
CMV-Luc (multiplicity of infection = 1). Forty-eight hours post infection,

cells were imaged with an IVIS-100 CCD imaging system (Caliper Life
Sciences, Mountain View, CA, USA). Matched region of interest analysis was
performed using instrument software (Living Image 4.2, Xenogen,
Hopkinton, MA, USA) to quantify total luciferase counts per well. Luciferase
counts represented a relative level of Ad5/3 infectivity for each cell type
and were subsequently used to normalize the SEAP measurements.
For data analysis, background fluorescence from uninfected cells was

subtracted from the measured fluorescence of infected cells and SEAP
levels were normalized to corresponding vector infectivity. To evaluate the
relationship between SEAP reporter expression and cellular Id1, cells were
grouped based on their level of Id1 expression as determined by western
blot (low Id1 level: o0.25 a.u.; moderate Id1 level: 0.25–1.5 a.u.; high Id1
level: 41.5 a.u.). On the basis of these guidelines, the low-Id1 group
consisted of WPMY-1 and LNCaP cells, the moderate-Id1 group consisted
of PC3, VCaP and MDA-PCA-2b cells and the high-Id1 group consisted of
Du145 cells. Day 4 SEAP reporter expression was averaged for the cell
types in each group and compared.

Western blot
Protein lysates from all cell lines were collected with RIPA-modified buffer
(Sigma-Aldrich, St Louis, MO, USA) with 1% SDS and phosphatase inhibitors
(1 mM sodium orthovanadate, 25mM b-glycerophosphate and 100mM

sodium fluoride) and protease inhibitors (10mgml− 1 leupeptin, 10
mgml− 1 aprotinin and 1 mM phenylmethylsulfonyl fluoride). Protein
lysates (15 μg, determined by the Lowry assay) were separated with 4–12%
bis-Tris electrophoresis gel (Life Technology, Carlsbad, CA, USA), followed
by transfer to polyvinylidene fluoride membranes (Millipore Immobilon,
Billerica, MA, USA). Membranes were blocked with 5% bovine serum
albumin and probed with rabbit monoclonal anti-mouse Id1, clone 195-14
(CalBioreagents, San Mateo, CA, USA), followed by horseradish peroxidase-
conjugated goat anti-rabbit Ig (SouthernBiotech, Birmingham, AL, USA). All
membranes were washed three times with tris-buffered saline and tween
20 buffer for 20min per wash. Id1 protein was visualized using
chemiluminescent substrate (SuperSignal West Pico Chemiluminescent
Substrate, ThermoScientific, Rockford, IL, USA). Densitometry was per-
formed using ImageJ software (version 1.47t, National Institutes of Health,
Bethesda, MD, USA), and Id1 levels were normalized to the respective β-
actin controls.

In vivo analyses
Animal studies were performed in accordance with the National Institutes
of Health recommendations and the approval of the Institutional Animal
Care and Use Committee at the University of Alabama at Birmingham.
Athymic male nude mice were obtained from Frederick Cancer Research
(Hartford, CT, USA). Flank tumors were grown over a 6–8-week time period
following implantation of 4 × 106 prostate cancer cells (LNCaP, PC3 or
Du145). For implantation of PC3 and Du145 cells, the cells were harvested,
resuspended in cold phosphate-buffered saline and injected subcuta-
neously into the left flank. The gelatin sponge Vetspon (Novartis Animal
Health, Greensboro, NC, USA) was used to facilitate LNCaP tumor
development. For inoculation of LNCaP cells with Vetspon, the material
was cut to 0.5 cm3 and 4× 106 cells in 0.15ml cold phosphate-buffered

Figure 5. mCherry tumor fluorescence following IT injection of the diagnostic vector. (a) mCherry reporter expression for tumors formed by
prostate cancer cells with high (Du145), moderate (PC3) and low (LNCaP) levels of Id1 was monitored and quantified over a 14-day time
period. All data are reported as mean± s.e.m. (n= 5). +Po0.05 vs PC3; *Po0.01 vs LNCaP; ●Po0.05 vs LNCaP. (b) Representative images of
mCherry fluorescence at day 6 post IT injection of the diagnostic vector for LNCaP, PC3 and Du145 tumors.
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saline were seeded into the Vetspon by gently pipetting until the cells
were completely absorbed. A small incision was created on the left flank
and the cell-soaked Vetspon placed under the skin. The wound was closed
with two prolene sutures. Mature tumors were injected intra-tumorally
with 1 × 109 PFU of the diagnostic vector Ad5/3-Id1-SEAP-Id1-mCherry. To
measure SEAP reporter expression, blood was collected retro-orbitally into
heparinized capillary tubes and plasma levels of SEAP measured using the
Great EscAPe Detection kit (Clontech Laboratories). SEAP levels and
mCherry tumor fluorescence were monitored on days 2, 3, 6, 10 and 14
post injection.

Fluorescence imaging
Representative in vitro fluorescent images were acquired on day 2 post
infection with Ad5/3-Id1-SEAP-Id1-mCherry. Cell images (×100) were
rendered using an mCherry 587 nm excitation/600-nm-long pass filter on
an inverted microscope with a halogen light source and Nuance multi-
spectral camera (CRi, Woburn, WA, USA). A liquid-crystal tunable
wavelength filter in the camera was set for collection of emission images
from 600 to 720 nm in 5-nm increments. Composite images (unmixed
composites) were generated for each image cube by unmixing the spectral
signature of the mCherry reporter from those of background auto-
fluorescence. For in vivo images, mice were anesthetized with isoflurane
and tumors were imaged with a Leica stereomicrosope (Model MZ-FLIII,
Vashaw Scientific, Norcross, GA, USA). Filter, camera and image processing
from the in vitro imaging methods were used in coordination with the
stereomicroscope. Quantitative region of interest analysis for mCherry
fluorescence with background subtraction was performed with ImageJ
software and total counts from size-matched regions of interest were
recorded.

Statistical analyses
Results are reported as the mean plus or minus s.e.m. Data were analyzed
for statistical significance using the Student’s t-test or analysis of variance
with Bonferroni’s multiple comparison test where appropriate using Prism
(version 6.0, GraphPad Software, La Jolla, CA, USA). For statistical analyses
of PSA data, values for the normal prostate cells (WPMY-1) were used as a
baseline PSA level and comparisons with baseline were made using the
Student’s t-test. Linear regression analysis was used to evaluate the
correlation between PSA levels and cellular Id1. For in vivo quantification of
the mCherry reporter, background fluorescence was subtracted from the
fluorescence intensity of the infected tumors. Student’s t-tests were used
to make pairwise comparisons of in vivo mCherry tumor fluorescence and
SEAP expression.
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