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A B S T R A C T

Pancreatic ductal adenocarcinoma (PDAC) is a major cause of cancer mortality with a dismal overall survival
rate and an urgent need for detection of minute tumors. Current diagnostic modalities have high sensitivity and
specificity for larger tumors, but not for minute PDAC. In this study, we test the feasibility of a precision di-
agnostic platform for detecting and localizing minute human PDAC in mice. This platform includes: 1) defining
BIRC5 as an early PDAC-upregulated gene and utilizing an enhanced BIRC5 super-promoter to drive expression
of dual Gaussia luciferase (GLuc) and sr39 thymidine kinase (sr39TK) reporter genes exponentially and speci-
fically in PDAC; 2) utilizing a genetically-engineered AAV2

RGD to ensure targeted delivery of GLuc and sr39TK
specifically to PDAC; 3) using serologic GLuc and sr39TK microPET/CT imaging to detect and localize minute
human PDAC in mice. The study demonstrates feasibility of a precision diagnostic platform using an integrated
technology through a multiple-stage amplification strategy of dual reporter genes to enhance the specificity and
sensitivity of detection and localization of minute PDAC tumors and currently undetectable disease.

1. Introduction

Pancreatic ductal adenocarcinoma (PDAC) is the fourth leading
cause of cancer mortality in the United States [1]. In 2017, there were
53,670 new cases and 43,090 deaths resulting from PDAC, which ac-
counted for approximately 3% of all new cancer cases and 7% of all
cancer deaths [1]. The estimated overall PDAC 5-year survival rate is
8%, and the 5-year survival in advanced stages is only 3% [1]. Early
diagnosis significantly improves the survival of PDAC, the 5-year sur-
vival rate for patients with minute tumors smaller than 10mm (TS1a)
following surgery can reach 80–86% [2]. Therefore, a precision diag-
nostic platform for early detection and localization of minute PDAC
tumors is urgently needed.

Pancreatic cancer is one of the most aggressive cancers. It is
common for metastasis to have already occurred by the time a patient

receives a diagnosis. However, metastases are frequently missed, and
many patients with undetectable metastasis undergo surgery that does
not provide significant survival benefit. On the other hand, benign
pancreatic masses are often treated as minute PDAC tumors. Therefore,
unnecessary surgeries are performed because traditional imaging
techniques cannot discriminate minute PDAC tumors from benign
pancreatic masses and cannot detect small metastases [3,4]. Non-
invasive reporter gene imaging (NRGI) can provide noninvasive as-
sessments of endogenous biologic processes in patients and can be
performed using different imaging modalities [5], however, insufficient
transgene expression and lack of tumor specificity limit clinically ef-
fective NRGI. Non-imaging based diagnostic modalities for PDAC have
included circulating biomarkers based on “omics” analyses, such as
proteins, nucleic acids, circulating tumor cells (CTCs), and exosomes,
and are promising, but have not yet reached clinical applicability.
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33–46% of patients treated with pancreatic surgery have undetectable
metastases or benign pancreatic masses that do not justify surgical in-
tervention. Therefore, a precision diagnostic platform that can differ-
entiate minute resectable PDAC from currently undetectable metastases
or benign masses is needed to improve survival for patients with re-
sectable PDAC and avoid unnecessary surgical risk. One strategy for
that is an integrated technology using a multiple-stage amplification
strategy of dual reporter genes to enhance the specificity and sensitivity
of detection and localization of minute PDAC tumors and currently
undetectable disease. The sensitivity and specificity of this precision
diagnostic platform was tested in in vitro and in vivo human PDAC
models as a feasibility study.

2. Materials and methods

2.1. Cell lines, vectors, and antibodies

2.1.1. Cell lines
Human pancreatic cancer cell lines (PANC-1, Mia PaCa2, Capan2,

and AsPc1) were purchased from the American Type Culture Collection
(ATCC, Bethesda, MD) every 6 months. Human embryonic kidney cells,
HEK 293FT, were purchased from ThermoFisher Scientific
(ThermoFisher Scientific, MA). The cell lines were maintained in
Dulbecco's modified Eagle medium (ThermoFisher Scientific, MA)
supplemented with 100,000U/L of penicillin, 100,000μg/L of strepto-
mycin, and 10% fetal bovine serum (FBS). Human primary pancreatic
cells epithelial cells (HPPE) were purchased from Cell Biologics, Inc.
(Chicago, IL). Human pancreatic ductal epithelial (HPDE) cell line was
kindly provided by Ming-Sound Tsao (University of Toronto, Toronto,
Ontario, Canada) and authenticated by short tandem repeat analysis
(STR) using Promega kit with 16 STR loci every 6 months. Patient
derived cell lines (PDCL-15, original name TKCC-15-Lo) was kindly
provided by Dr. Andrew Biankin from Wolfson Wohl Cancer Research
Centre, UK with authentication by STR. PDCL-15 was maintained in
M199/F12 (Ham mixture) media mixed 1:1 with Ham's F-12 and sup-
plemented with 15mM HEPES, 1x MEM vitamin solution, 20mM glu-
tamine, 25 μg/mL human apo-transferrin, 20 ng/mL human re-
combinant EGF, 0.2IU/mL Insulin, 0.5 pg/mL Triiodothyronine, 40 ng/
mL hydrocortisone, 2 μg/mL Ophosphorylethanolamine, 0.06% glucose
solution, and 7.5% Fetal Calf Serum (FCS).

2.1.2. Vectors
AAVpro Helper Free System (AAV2) and AAVpro™ Extraction

Solution were purchased from Clontech (Mountain View, CA). Human
p53-(1–320) (p53(1−320)) was a gift from Cheryl Arrowsmith (Addgene
plasmid #24864). pBabe-Kras G12D was a gift from Channing Der
(Addgene plasmid # 58902). AAV:ITR-U6-sgRNA(Kras)-U6-
sgRNA(p53)-U6-sgRNA(Lkb1)-pEFS-Rluc-2A-Cre-shortPA-
KrasG12D_HDRdonor-ITR (AAV-KPL)(Plasmid #60224), lentiGuide-
Puro (Plasmid #52963), lentiCas9-Blast (Plasmid #52962), psPAX2
(plasmid #12260), and pMD2.G (plasmid #12259) were gifts from
Feng Zhang (Addgene).

2.1.3. Antibodies
Anti-human and mouse KrasG12D (14429S) and human p53 (2527T)

were purchased from Cell Signaling Technology (Danvers, MA). Anti-
Integrin αVβ5, Alexa Fluor® 488 conjugated, anti-Heparin/Heparan
Sulfate, Anti-Integrin αVβ3 Antibody, and Alexa Fluor®488 conjugated
were purchased from Millipore (Billerica, Massachusetts). Anti-HSV-1
thymidine kinase (sc-28038), human HPA-1 (sc-25825), human anti-
Smad4 (sc-7966) and anti-p15/p16 (sc-377412), and mouse anti-p53
(sc-6243) were bought from Santa Cruz (Dallas, TX). Anti-β-Actin an-
tibody, anti-HA antibody, and anti-FLAG® M2 antibody were purchased
from Sigma-Aldrich (St. Louis, MO). Anti-adeno-associated Virus, VP1,
VP2, and VP3, antibodies were purchased from GeneTex Inc. (Irvine,
CA). Human Survivin (ab76424), mouse Rabbit-Survivin (ab469), Anti-

Rabbit IgG H&L (Cy3 ®) preadsorbed (ab6939), Anti-Rabbit IgG H&L
(Alexa Fluor® 555) (ab150074), Anti-Mouse IgG H&L (Alexa Fluor®

488), Anti-Mouse IgG H&L (Alexa Fluor® 594), and Anti-Goat IgG H&L
(Alexa Fluor® 488) (ab150129) were purchased from Abcam
(Cambridge, MA).

2.2. Construction and preparation of lentiviral vectors

LentiCas9-tdtomato-blast (LentiCas9-tdT) was generated by ligation
of Cas9 and tdTomoto through T2A peptide. A LentiGuide vector was
generated by cloning GFP in pCDH-CMV-MCS-EF1-Neo (System
Biosciences, Mountain View, CA) followed by insertion of a human
KrasG12D homology directed repair (HDR) donor (for human) or a
mouse HDR donor (for mouse). Gene-specific sgRNA oligos were cloned
into the lentiGuide-Puro. The sgRNA sequences targeting KrasG12D,
TP53, P16, and SMAD4 were designed by the CRISPR Design Tool
(http://crispr.mit.edu/) and synthesized by IDT. All the sgRNA se-
quences were listed. All constructs were sequence verified. Lentiviruses
were produced by transfecting HEK 293T cells with the vector, pMD2.G
and psPAX2 DNAs in 5:2:3 ratio with PEI. After 48 h of culturing, the
viral supernatant was collected and passed through a 45 μm filter.
Lentiviral particles were precipitated and concentrated with PEG-it by
centrifugation at 1,500g for 30min at 4 °C. The lentiviruses were re-
suspended in 500 μl PBS and frozen in a −80 °C freezer.

2.3. Culture of human primary pancreatic ductal epithelial cells and murine
organoids

2.3.1. Human primary pancreatic cells epithelial cells (HPPE)
Human primary pancreatic cells epithelial cells (HPPE) were pur-

chased from Cell Biologics, Inc. (Chicago, IL) and grown in T25 tissue
culture flasks pre-coated with gelatin-based coating solution for 2min
and incubated in Cell Biologics’ Culture Complete Growth Medium
(H6621, Cell Biologics Inc. IL). Human pancreatic ductal epithelial
(HPDE) cell line was kindly provided by Ming-Sound Tsao (University
of Toronto, Toronto, Ontario, Canada) and maintained in the kerati-
nocyte-SFM supplemented with EGF and BPE (ThermoFisher Scientific,
MA).

2.3.2. Culture of mouse pancreatic ductal organoids
Normal pancreatic ducts were harvested after enzymatic digestion

of pancreas with 0.012% (w/v) collagenase XI (Sigma) and 0.012% (w/
v) dispase II (Sigma) in DMEM media containing 1% FBS (Gibco). They
were seeded in growth factor-reduced (GFR) Matrigel (BD) and cultured
in human complete medium, as previously described [6]. In brief, the
pancreatic tissue was minced and digested in digestion medium (DMEM
supplemented with Penicillin/Streptomycin, 1% FBS, 0.012% (w/v)
collagenase XI (Sigma) and 0.012% (w/v) dispase II) at 37 °C with
continuous rotation for 20min. The supernatant was transferred into a
clean Petri dish. Pancreatic ducts were dissected and collected into the
15ml tube and centrifuged at 140g for 5min at 4 °C. After removal of
supernatant, pancreatic ducts were suspended in Matrigel and seeded in
24-well plate. The remain pancreatic tissue were continuously digested
and pancreatic ducts were collected after every 10min incubation. The
complete feeding medium (see supplemental data) was added into the
24-well plate where the Matrigel has been solidified after 20min in-
cubation at 37 °C.

2.4. CRISPR/Cas9 genomic editing with lentiviral infection

To introduce driver mutations in the HPPE cells, HPPE cells were co-
infected with Lentiviral Cas9-tdT and Lentiviral-sgRNAs-
HDRKrasG12D_donors per protocol [7]. The sgRNA for human Kras mu-
tation was designed to change the DNA code GGT that encoded glycine
(G) at 12 to be aspartic acid (D) (sTable 1). The sgRNA for p53, p16 and
SMAD4 were designed to induce indels at Q5 (glutamine 5) of P53, R51

S.-H. Liu, et al. Cancer Letters 457 (2019) 10–19

11

http://crispr.mit.edu/


(arginine 51) of p16 and Q284 (glutamine 284) of SMAD4. The sgRNA
for murine organoid CRISPR/Cas9 engineering was following the pub-
lished research design [8] Organoids were broken down into small cell
clusters, which were re-suspended in 250 μl of 2 x feeding medium
supplemented with 4 μg/ml of polybrene (Sigma-Aldrich, MO) followed
by mixing with 250 μl of viral mixture and then transferred into a 48-
well culture plate. The plate was centrifuged at 800 rpm at 32 °C for
60min, followed by another 6 h of incubation at 37 °C. The cells were
transferred into 1.5 ml Eppendorf tube and spun down at 800 rpm for
5min. The supernatant was discarded, and the pellet was re-suspended
in 100 μl Matrigel (BD Biosciences) and split into two wells of a 24-well
culture plate. After solidification at 37 °C for 60min, each well was
overlaid with 500 μl of infection medium. Media were replaced twice a
week, and spheres were collected after 2–3 weeks for passaging. Static
images of spheres were collected using an Olympus fluorescence in-
verted microscope (Olympus, Japan).

2.5. AAV vector particle production

AAV-targeting vectors and AAV2 were generated using the AAVpro™
Helper Free System (AAV2) (Clontech, Mountain View, CA). For pro-
duction of the targeting vectors, pRC2-mi342 was engineered by in-
sertion of tumor homing peptide sequence. pAAV2-CMV vectors were
engineered to generate pAAV2-CMV-GLuc, pAAV2-CMV-eGFP, pAAV2-
CMV-FLuc, pAAV2-BIRC5-SPTSTA-GLuc-2A-sr39TK vectors and
pAAV2

RGD-BIRC5-SPTSTA-GLuc-2A-sr39TK vectors. AAV2
RGD-BIRC5-

SPTSTA-GLuc-2A-sr39TK vector is a highly-specific PDAC viral vector
that has been engineered to display RGD peptide on its surface aimed to
attach to PDAC cells to deliver GLuc and sr39TK genes into PDAC
specifically. Whereas GLuc and sr39TK genes are linked by 2A sequence
and controlled by TSTA-enhanced BIRC5 super-promoter, which are
therefore only expressed in PDAC cells. GLuc-2A-srTK39 proteins are
then into GLuc and srTK39 reporters in PDAC cells.

For production of AAV2 wild-type (AAV2
WT) and AAV2 genetically

engineered (AAV2
GE), HEK-293FT cells were transfected with plasmids

pAAV2, pRC2-mi342, and pHelper vector in an equal molar ratio mixed
with PEI. Cells were harvested, pelleted by centrifugation, and lysed
post 48 h of transfection. Cell lysates were treated with 50 U/ml
Benzonase (Sigma-Aldrich,) at 30min, 37 °C. Lysates (3,500 g, 20 min,
4 °C) were purified by iodixanol gradient purification for 2 h at
290,000 g in a Beckman 70Ti rotor and harvested from the 40% io-
dixanol layer.

2.6. Optical imaging and serum GLuc measurement

Animal experiments were performed in accordance with IACUC
guidelines. Ten to 8-week-old male Nude/Nude mice (Charles River
Laboratories, Inc. Wilmington, MA) were subcutaneously implanted
with 1×106 Mia PaCa2 or Capan2 cells stably expressing GLuc-2A-
sr39TK with Matrigel. Optical imaging was performed with an IVIS CCD
camera (IVIS Lumina II, Perkin Elmer, Waltham, MA) on day 8, 14, 21,
and 30. Mice were anesthetized with isoflurane, and then given 100 μg/
50 μl of water-soluble coelenterazine per mouse (Nanolight
Technology, Pinetop, AZ) via tail vein and immediately imaged and
analyzed using the Living Image Software (Caliper Life Sciences). For
measurement of serum GLuc levels, 50 μl blood per mouse were col-
lected from xenograft tumor mice via tail vein on days 2, 4, 7, 14, 21,
and 30 after cancer cell implantation and serum was extracted; 50 μl
serum was used for evaluation of GLuc levels.

2.7. MicroPET/CT imaging

Engineered patient-derived PDAC cell line-15 (PDCL-
15CMV−GLuc−2A-sr39TK) cells versus control PDCL-15WT cells were im-
planted in the right and left flanks, respectively, of the same mouse. On
day 8, tumors reached 10mm, defined as a minute human PDAC tumor,

animals were optically imaged followed by injection with 200 μCi [18F]
FHBG via the tail vein. Following an hour of substrate uptake, the entire
animal was scanned for 20min in a micro-PET/CT scanner (Genisys,
Sofie Biosciences, CA), and imaged for 15min at 50 keV, 325 μA, and
196 total angles of rotation in two bed positions. After 24 h, mice were
injected with 200 μCi [18F]FDG via the tail vein, and micro-PET/CT
scanning was performed. All microPET/CT data analyses and 3-D
images were compiled using AMIDE.

2.8. Targeting AAV2 detection virus delivery and tumor imaging

Ten 6 to 8-week-old nude mice were engrafted subcutaneously with
1×106 PANC-1 tumor cells. When tumors reached 4.5mm, defined as
a minute human PDAC tumor, 8× 1011 genome copies (gc) of AAV2

WT-
CMV-GLuc-2A-sr39TK, AAV2

RGD-CMV-GLuc-2A-sr39TK or AAV2
RGD-

BIRC5-SPTSTA-GLuc-2A-sr39TK were injected via tail vein and luciferase
signals were detected by optical imaging 1-week post-injection.

2.9. Statistical analysis

Data from western blot, reporter assays, and immunohistochemistry
experiments were analyzed by two-tailed t-test in Excel. All error bars
indicate s.d. unless stated otherwise. Organoid size and shape mea-
surements were analyzed by t-test using GraphPad Prism. One-way
ANOVA was used to compare and correlate multiple groups using
GraphPad Prism 6.

3. Results

3.1. AAV2
RGD-BIRC5-SPTSTA-GLuc-2A-sr39TK is highly efficient and

specific for detection and localization of minute human PDAC tumors in
mice

AAV2
RGD-BIRC5-SPTSTA-GLuc-2A-sr39TK vector is a viral vector that

is highly specific for PDAC, as the engineered viral surface RGD spe-
cifically binds to integrin on PDAC cell surface and the TSTA enhanced
BIRC5 super promoter is only activated in the PDAC cells. In addition,
enhanced super-promoter contributes to highly sensitive detection of
BIRC5 expression. To evaluate the sensitivity and specificity of
AAV2

RGD-BIRC5-SPTSTA-GLuc-2A-sr39TK to detect minute PDAC tumors
in xenograft mice, 1× 106 PANC1 cells were implanted into the flank
of nude mice and allowed to grow for two weeks to a size of 4.5mm,
defined as a minute human PDAC tumor. Control mice were non-tumor
bearing. PANC-1 cells were chosen, as they express BIRC5 and integrin
and harbor KrasG12D and p53R273H mutations. AAV2

RGD-BIRC5-SPTSTA-
GLuc-2A-sr39TK (versus control vectors AAV2

RGD-CMV-GLuc-2A-
sr39TK or AAV2

WT-CMV-GLuc-2A-sr39TK) was systemically admini-
strated via tail vein injection (2× 1011 vp; n= 10/group; 5 males; 5
females). Imaging studies and serologic GLuc levels were performed at
1 week; no toxicity was observed in any group. AAV2

RGD-BIRC5-SPTSTA-
GLuc-2A-sr39TK resulted in a strong signal from a 4.5mm PANC-1
tumor with complete absence of non-specific signals (Fig. 1 A1; red
circle). Control AAV2

RGD-CMV-GLuc-2A-sr39TK resulted in significantly
less tumor signaling with extensive non-specific signaling (Fig. 1 A2;
red circle). Control vector AAV2

WT-CMV-GLuc-2A-sr39TK resulted in
negligible tumor signaling with extensive, diffuse and non-specific
signals (Fig. 1 A3; yellow circle). Correspondingly, quantification of
bioluminescence images revealed high, low, and minimal photon levels
for tumor imaging, respectively (Fig. 1 B1, B2 and B3), as well as ab-
sent, moderate and high levels of photons for background signals in
mice given AAV2

RGD-BIRC5-SPTSTA-GLuc-2A-sr39TK, AAV2
RGD-CMV-

GLuc-2A-sr39TK, or AAV2
WT-CMV-GLuc-2A-sr39TK, respectively

(Fig. 1 C1, C2 and C3). There was high correlation of the images with
serologic GLuc levels in AAV2

RGD-BIRC5-SPTSTA-GLuc-2A-sr39TK, re-
sulting in high serum GLuc levels in PDAC tumor bearing mice (Fig. 1
D1; black bar) and no levels seen in non-tumor mice (Fig. 1 D1; white
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bar). Both control vectors resulted in serologic GLuc levels in both
tumor bearing (Fig. 1 D2; black bar; D3; black bar) and non-tumor
bearing mice (Fig. 1 D2; white bar; D3; white bar), demonstrating the
lack of specificity to detect expression of GLuc in PDAC versus benign
tissues in mice. Mice were sacrificed and necropsy was performed; tu-
mors were excised and viral thymidine kinase (vTK) expression was
measured in tumors and benign tissues. AAV2

RGD-BIRC5-SPTSTA-GLuc-
2A-sr39TK resulted in high expression of sr39TK with no expression in
benign tissues (Fig. 1, E). These data demonstrate the feasibility of a
precision diagnostic platform utilizing AAV2

RGD-BIRC5-SPTSTA-GLuc-
2A-sr39TK to sensitively and specifically detect and localize minute
human PDAC tumors in mice.

3.2. Selection of BIRC5 as a prototype target gene of PDAC in vitro

Studies, including our own, have shown that BIRC5 is overexpressed
in the majority of PDAC [9–11]. Therefore, we selected BIRC5 as the
prototype PDAC-upregulated gene for the platform.

To investigate BIRC5 expression in engineered models of PDAC,
KrasG12D or/and truncated P53 were over-expressed in benign human
primary pancreatic ductal epithelial (HPPE) cells. Western blot analysis
showed that BIRC5 expression was initiated in HPPE cells expressing
KrasG12D and was augmented in HPPE expressing KrasG12D/truncated
p53 (p53(1−320)) (Fig. 2A and B). Driver mutations, KrasG12D, p53 de-
letion (p53Del), p16Del, and SMAD4Del were introduced into HPPE cells
using CRISPR/Cas9. Co-transfection with sgRNAs and Cas9 was in-
dicated by the presence of green and red colors in HPPE cells, respec-
tively (Fig. 2C); cells were further sorted and enriched by flow cyto-
metry (Fig. 2D). Mutations were confirmed by Sanger sequencing,
colony PCR assays (sTable 1) and analyzed using CRISPR-ID web based
software [12]. 37/40 KrasG12D (S1 A, B), 37/40 of p53Del (S1 C), 31/40
of p16Del (S1 D) and 34/40 of SMAD4Del colonies (S1 E) were

successfully mutated. Upregulation of BIRC5 was evaluated using
western blot analysis (Fig. 2E). KrasG12D alone resulted in low level
BIRC5 expression in engineered HPPE cells, with a robust increase in
BIRC5 expression following the addition of p53Del mutation (Fig. 2E).
However, there were no further increases in BIRC5 expression following
the addition of p16Del and SMAD4Del (Fig. 2E). Therefore, we chose to
focus on KrasG12D and p53Del mutations for the following studies.

The time course for growth of state-of-the-art mouse 3D pancreatic
ductal organoids with and without KrasG12D and p53Del driver muta-
tions was captured using time-lapse video (IncuCyte S3, Essen
Bioscience, Ann Arbor, Michigan) (Movie S1, S2). Co-transfection of
lenti-gRNA (green) and lenti-Cas9tdt (red) was indicated within the
organoids (Fig. 2F). Transformed organoids had tumor-like growth
patterns (Fig. 2G, upper panel) with sgRNAs and KrasG12D-HDR (GFP)
and Cas9 (tdTomato), whereas wild-type organoids exhibited a circular
pattern (Fig. 2G, bottom panel). Transformed organoids were observed
within 5 days and displayed early PDAC morphology (Fig. 2F). Trans-
formed organoid cross-sectional H&E staining, confirmed by 3 in-
dependent pathologists, was consistent with PDAC morphology,
whereas that of wild-type organoids resembled normal ductal struc-
tures. Therefore, CRISPR/Cas9 engineering of pancreatic ductal orga-
noids with driver mutations provides an excellent in vitro model to re-
capitulate development of minute PDAC.

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.canlet.2019.04.036.

Immunohistochemistry and western blot analyses were performed
on transformed versus wild-type organoids on day 10 after infection
(Fig. 2F). Expression of KrasG12D and deletion of P53 in transformed
organoids were associated with BIRC5 upregulation (Fig. 2H, upper
panel), whereas absence of KrasG12D and expression of wild type P53 in
wild-type organoids was associated with complete absence of BIRC5
expression (Fig. 2H, bottom panel). These data demonstrate that BIRC5

Fig. 1. Feasibility of the precision diag-
nostic platform is demonstrated using sys-
temic delivery of 1) AAV2

RGD-BIRC5-SPTSTA-
GLuc-2A-sr39TK (1), 2) control AAV2

RGD-
CMV-GLuc-2A-sr39TK (2) or 3) control
AAV2

WT-CMV-GLuc-2A-sr39TK (3) into xe-
nograft PANC1 tumor model.
Bioluminescence imaging of xenograft
mouse model using systemic delivery of
AAV2

RGD-BIRC5-SPTSTA-GLuc-2A-sr39TK
demonstrated a highly specific PDAC tumor
signal (A1; red circle) with no background
noise, which were quantified in B1 and C1,
respectively. Systemic delivery of control
AAV2

RGD-CMV-SPTSTA-GLuc-2A-sr39TK de-
monstrated significantly less PDAC tumor
signal (A2; red circle) with significantly
greater non-specific background noise,
quantified in B2 and C2, respectively.
Systemic delivery of control AAV2-CMV-
SPTSTA-GLuc-2A-sr39TK demonstrated
minimal tumor signal (A3; yellow circle)
with even greater non-specific background
noise, quantified in B3 and C3, respectively.
Imaging data of AAV2

RGD-BIRC5-SPTSTA-
GLuc-2A-sr39TK highly correlated with
serologic GLuc levels (D1; black bar) vs
absence of GLuc in control mice without
tumor (D1; white bar). Imaging data of both
control vectors did not correlate with ser-
ologic GLuc levels (D2 and D3; black bars);
nonspecific GLuc levels were found in con-
trol mice without tumors (D2 and D3; white

bar). Immunofluorescence of tumors and benign tissues following systemic delivery of AAV2
RGD-BIRC5-SPTSTA-GLuc-2A-sr39TK demonstrated viral thymidine kinase

(vTK) was highly expressed only in PDAC tumors, but not in benign tissues (E). (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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upregulation in PDAC reflects activation of common PDAC driver mu-
tations and support our selection of BIRC5 as a prototype PDAC-upre-
gulated gene.

3.3. BIRC5 super-promoter enhances gene expression in PDAC cells

Utilizing our technique of engineering synthetic promoters of
overexpressed genes to target PDAC, a BIRC5 super-promoter (BIRC5-
SP) was generated based on the analysis of key cis- and trans-regulatory
elements located in the endogenous BIRC5 promoter between −327
and −1 (ATP), which were randomly repeated [13]. The elements of
the promoter included the binding sites for EGR-1 (Early growth re-
sponse protein 1), NF-kB, KLF5, STAT3, P53, E2F/RB, SP1, the CDE
(Cell Cycle-dependent Elements) and CHR (Cell Cycle Genes Homology
Region) (Fig. 3A) [14]. Fourteen BIRC5 synthetic promoter sequences
were cloned into firefly luciferase reporter vector (S2-4) and screened
in PDAC cells versus benign human pancreatic ductal cells (HPDE) and
HPPE cells using a bioluminescent reporter assay (S5). The one with
greatest promoter activity in PDAC cells and lowest activity in benign
cells was defined as BIRC5-SP for further studies (S5); BIRC5-SP_S2; red
arrows). BIRC5-SP drove GLuc expression with 15, 9, 13, and 6-fold
higher activity compared to BIRC5-endogenous promoter (BIRC5-EP) in
PANC-1, Mia PaCa2, Capan2, and AsPC-1 cells, respectively (p < 0.05)
(Fig. 3B); no activity was observed in benign HPPE and HPDE cells due
to absence of BIRC5 expression in these benign cells (p > 0.05). Fur-
thermore, BIRC5-SP's activity was further enhanced by a two-step
transcriptional amplification (TSTA) system (S6) [15]. TSTA sig-
nificantly enhanced BIRC5-SP's activity up to 10-fold in BIRC5-SPTSTA

transfected PDAC and PDAC patient-derived cell lines, which express
BIRC5, with no significant activity in benign HPDE cells, which do not
express BIRC5 (Fig. 3C). Enhanced BIRC5-SPTSTA activity was further

validated using a GFP reporter (S7). The brightest signals were ob-
served in the BIRC5-SPTSTA-GFP transfected PDAC cells, whereas no
signals were observed in benign HPPE cells. BIRC5-SPTSTA-GLuc was
further tested in transformed HPPE cells using BIRC5-SP-GLuc and
CMV-GLuc as controls. BIRC5-SPTSTA-GLuc resulted in significantly
greater secreted GLuc levels compared to BIRC5-SP-GLuc and CMV-
GLuc in both HPPEKrasG12D and HPPEKrasG12D/P53Del cells (Fig. 3D). Both
BIRC5-SPTSTA-GLuc and BIRC5-SP-GLuc resulted in no expression of
GLuc in benign HPPE cells, whereas CMV-GLuc resulted in high ex-
pression of GLuc in wild-type HPPE cells (Fig. 3D). Lentiviral vector
BIRC5-SPTSTA-GLuc was selected to infect transformed versus wild-type
mouse pancreatic ductal organoids (ORGs), resulting in secreted GLuc
sensitively detected in transformed ORGs, but not wild ORGs. Higher
GLuc levels were measured in medium of ORGKrasG12D/P53Del versus that
of ORGKrasG12D (Fig. 3E). GLuc levels in transformed ORGs were highly
correlative with BIRC5 expression, as determined by Western blot
(R=0.97) (Fig. 3F and G). Therefore, the assay using the enhanced
BIRC5-SPTSTA to drive the secreted reporter, GLuc, was highly sensitive
and specific in reflecting BIRC5 expression levels in transformed orga-
noids and PDAC cells in vitro.

3.4. Dual reporter genes: serologic and optical imaging Gaussia luciferase
and sr39TK microPET/CT imaging reporters can detect and localize minute
PDAC

To test the sensitivity of GLuc assay, stably transfected Mia
PaCa2CMV−GLuc and Capan2CMV−GLuc cells were studied. 100 PDAC
cells/ml of culture medium produced detectable levels of secreted GLuc
and the signal increased proportionally with cell growth (Fig. 4A),
suggesting remarkable sensitivity in vitro. To demonstrate that GLuc-
2A-sr39TK could serve a dual-diagnostic role for both detection and

Fig. 2. BIRC5 was selected as the prototype for PDAC overexpressed gene. Initiation of expression of BIRC5 was triggered by overexpression of KrasG12D or P53(1−320)

(expression of 1–320 amino acid of P53) in benign human primary pancreatic epithelial cells (HPPE) and significantly increased by overexpression of KrasG12D and
P53(1−320 as shown in immunostaining (A) and western blot analysis (B). The pattern of expression of BIRC5 was further confirmed by CRISPR/Cas9 engineered
HPPE cells and mouse pancreatic ductal organoids (ORGs). Driver mutation KrasG12D/p53Del engineered HPPE cells were obtained by co-transfection with both gRNA
(green) and Cas9 (red) (C) and enriched by flowtometry (D). The expression profiling of BIRC5 in driver mutation-engineered HPPE cells was determined by western
blot (E). Successful infection of ORGs with lentiviral Cas9 (red) and gRNA (green) (F) resulted in transformation of organoids (G upper 2 panels) compared to wild-
type organoids morphologically (G bottom panel). Absence of expression of p53 and over-expression of KrasG12D in transformed organoids resulted in over expression
of BIRC5, as shown in the immunofluorescence staining (H upper panel); wild-type organoids expressing p53 and an absence of KrasG12D had no expression of BIRC5
(H bottom panel) (scale bar= 50 μm). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. Generation of BIRC5 super-promoter. BIRC5 synthetic promoters were designed based on the regulatory elements of proximate BIRC5 endogenous promoter
(A). The BIRC5-SP was validated using the GLuc assay and demonstrated markedly increased expression of GLuc compared to BIRC5-EP in PDAC cell lines with no
expression seen in benign pancreatic cell lines (B). BIRC5-SP activity was further enhanced using two-step transcriptional amplification (BIRC5-SPTSTA), which
resulted in 10-fold higher promoter activity than that of BIRC5-SP in PDAC cells, and no significant expression in benign HPPE cells (C). Transient transfection of
HPPEKrasG12D, HPPEKrasG12D/P53Del and benign HPPEWT cells with BIRC5-SPTSTA-GLuc, BIRC5-SP-GLuc and CMV-GLuc revealed that BIRC5-SPTSTA-GLuc resulted in
significantly greater secreted GLuc levels and specifically in both HPPEKrasG12D and HPPEKrasG12D/P53Del cells compared to BIRC5-SP-GLuc and CMV-GLuc (D). Wild-
type and transformed organoids were infected by lentivirus BIRC5-SPTSTA-GLuc. GLuc culture media levels and BIRC5 expression levels were determined by bio-
luminescence assay western blot, respectively. Secreted GLuc levels (E) and BIRC5 expression levels (F) were each progressively higher in ORGKrasG12D, ORGKrasG12D/

P53Del, and MIA PaCa2 (positive controls), which were highly correlated (R= 0.97) (G). No secreted GLuc or expression of BIRC5 was observed in WT ORGs (E, F and
G). Therefore, BIRC5-SPTSTA-driven GLuc secretion is a highly sensitive assay of BIRC5 expression in PDAC cell lines.

Fig. 4. Evaluation of activities of GLuc and
sr39TK in GLuc-2A-sr39TK transfected cells.
GLuc levels in cell culture medium of Mia PaCa2
and Capan-2 cells expressing GLuc demonstrates
that 100 cells in one ml medium can be detected,
thus GLuc is a highly sensitive serologic reporter
(A). To determine if dual reporter Gluc-2A-
sr39TK affects GLuc secretion or sr39TK's ac-
tivity, transfection of Mia PaCa2 and Capan-
2 cells with CMV-GLuc-2A-sr39TK versus CMV-
GLuc or CMV-sr39TK was performed. Gluc-2A-
sr39TK neither reduced the secretion of GLuc in
Mia PaCa2 and Capan-2 cells (B), nor affected
TK's expression (C) and activity (D) in Mia
PaCa2 cells, as determined by immuno-
fluorescence assay (scale bar= 100 μm) and
18F-FHBG uptake assay, respectively. These in
vitro data support the hypothesis that GLuc-2A-
sr39TK can be used as dual diagnostic reporters
to detect and localize PDAC.
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localization of PDAC, we performed transient transfection of PDAC cells
with a CMV-driven GLuc-2A-sr39TK vector, which resulted in similar
levels of secreted GLuc to that of CMV-GLuc (Fig. 4B) and equivalent
expression of sr39TK to that of CMV-sr39TK (Fig. 4C). sr39TK activity
was not affected by the expression of GLuc-2A-sr39T (Fig. 4D). These
data demonstrate effective cleavage and separate expression of GLuc
and sr39TK in vitro.

Human PDAC xenograft mouse models were generated using en-
gineered patient-derived PDAC cell line-15, (PDCL-15CMV−GLuc−2A-

sr39TK), Mia PaCa2CMV−GLuc−2A-sr39TK, or non-transfected Mia PaCa2
cells (6 mice/group: 3 males/3 females). Serologic GLuc levels were
detected at 10mm3 (1mm diameter) PDAC tumor volume, whereas
GLuc levels were undetectable in control mice (Fig. 5A). Rising ser-
ologic GLuc levels highly correlated with increasing PDAC tumor vo-
lume (Fig. 5B). GLuc bioluminescent imaging signals were highly pro-
portional to tumor volume (R= 0.92; p=0.005) (Fig. 5C and D).
These data demonstrated remarkable sensitivity of serologic and optical
imaging GLuc for detection and localization of minute human PDAC in
vivo.

To evaluate microPET/CT imaging of human PDAC tumors, PDCL-
15CMV−GLuc−2A-sr39TK cells versus control PDCL-15WT cells were im-
planted in the right and left flanks, respectively, of the same mouse.
When tumors reached 10mm diameter, defined as a minute human
PDAC tumor, mice underwent [18F]FHBG microPET/CT (PDAC-specific
imaging) and [18F]FDG microPET/CT imaging (standard, non-specific
imaging), as well as bioluminescence imaging. Three hours after in-
jection of the specific TK probe, [18F]FHBG, microPET/CT revealed
highly specific imaging of minute PDAC tumors only in the right flank

(Fig. 5E), which was consistent with results seen with bioluminescence
imaging following injection of coelenterazine (Fig. 5F). Conversely,
injection of [18F]FDG microPET/CT, resulted in non-specific signals
seen in both tumors and normal tissues (Fig. 5G). Therefore, expression
of GLuc-2A-sr39TK in human PDAC tumors was sensitively and speci-
fically detected by microPET/CT imaging, which correlated with op-
tical imaging. These data support the hypothesis that PDAC expressing
dual reporter genes could be used to detect and localize minute human
PDAC tumors in mice using serologic and optical imaging GLuc and
sr39TK/microPET/CT imaging, respectively.

3.5. Genetically-engineered recombinant adeno-associated virus 2
(AAV2

RGD) enhances specific gene delivery in PDAC

AAV2 was chosen as the delivery system due to its high gene de-
livery efficiency and proven safety in clinical trials [16,17]. AAV2 uses
cell surface heparan sulfate (HS), a highly sulfated polysaccharide, as a
receptor to establish infections. However, PDAC cells lose HS expres-
sion on their surface due to high levels of heparinase-1 (HPA-1) ex-
pression (S8), which results in low infection by wild type AAV2.
Therefore, we engineered the fundamental cellular attachment receptor
of AAV2, heparin sulfate proteoglycan (HSPG), with tumor homing
peptides (TumorHoPe) on the viral capsid R588 site to enhance gene
delivery specifically to PDAC (S9). Eighteen TumorHoPe sequences
were selected from the TumorHoPe database (http://crdd.osdd.net/
raghava/tumorhope/) (sTable2), which contains 744 entries of ex-
perimentally characterized TumorHoPe. Capsid mutations at R585A
and R588A served as controls. PDAC-specific AAV2 viruses were

Fig. 5. Xenograft tumor models were gen-
erated by subcutaneous injection of Mia
PaCa2 or patient-derived PDAC cell line
(PDCL-15), both stably expressing GLuc-2A-
sr39TK. 50ul of blood were collected on day
2 and 7 after inoculation of PDAC cells.
Serum GLuc levels increased with tumor
growth (A) and correlation between serum
GLuc levels and minute tumor volume was
highly significant (B; R= 0.93, p=0.001).
Optical imaging of PDAC tumors demon-
strated strong signals in PDCL-15 and Mia
PaCa2 tumors expressing GLuc-2A-sr39TK
and no signal in control tumors (C) with a
highly significant correlation of tumor vo-
lume and bioluminescence emitted photons
(D; R=0.92; p=0.0005). In a second
study, PDCL-15 cells stably expressing
GLuc-2A-sr39TK were implanted in the
right flank and control patient derived
PDAC cells (PDCL-15) were implanted in
the left flank. In two weeks, [18F]FHBG
microPET/CT was performed and demon-
strated highly specific imaging of the
minute PDCL-15 tumor with no imaging of
the control cells and no background noise
(E; orange circles), which correlated to
bioluminescence imaging with coelenter-
azine, (F; orange circles). However, stan-
dard [18F]FDG microPET/CT imaging re-
vealed non-specific imaging of the both
PDCL-15 tumors expressing GLuc-2A-
sr39TK and control PDCL-15 tumors with
extensive non-specific background noise (G;
orange circles). These data demonstrate that
GLuc-2A-sr39TK is highly sensitive and
specific to localize minute PDAC tumors
using microPET/CT imaging, and support

the hypothesis that GLuc-2A-sr39TK can be used as a precision diagnostic platform for minute human PDAC. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)
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identified using a CMV-driven firefly luciferase (CMV-FLuc) reporter
assay in PDAC cell lines versus benign HPDE and HPPE cells (S10).
Optimal vectors in each cell line were selected based upon the highest
infection rate of PDAC cells and the lowest infection rate of benign
human pancreatic cells. AAV2

RGD optimized targeting in PANC-1,
Capan2, AsPC1 with no activity in benign HPDE and HPPE cells,
therefore these engineered viruses were selected for further validation
using GFP and GLuc reporter assays in PDAC cells. GFP expression
(Fig. 6A) and GLuc expression (Fig. 6B) in each matched cell line were
consistent with the findings of the FLuc reporter assay (S13). To further
determine whether the specificity of infection was dependent upon
specific ligand receptor binding, a competition assay was performed
and revealed that high dose peptides inhibited infection of each cell by
its corresponding virus (S11). Since integrin was highly expressed in the
PDAC cells, but not benign human pancreatic cells (S12) [18], AAV2

RGD

was selected as the delivery system and was shown to be highly specific
for PDAC cell delivery as seen in Fig. 1.

4. Discussion

In this feasibility study, a precision diagnostic platform was devel-
oped to detect and localize minute human PDAC tumors in mice using
an enhanced BIRC5 super-promoter to drive two reporter genes, de-
livered by an engineered PDAC-specific adeno-associated virus. BIRC5,
the gene that codes for the anti-apoptosis protein Survivin, has been
defined as a target in many cancers, including PDAC, and was chosen as
the prototype PDAC over-expressed gene [11]. BIRC5 is prominently
expressed during embryonal development, is absent in most terminally
differentiated tissues, and upregulated in a variety of human cancers
[19]. It is over-expressed in 77–94% of PDAC, including pre-invasive
PanIN3 and metastatic PDAC, but is absent in benign pancreatic tissue
[9–11]. The organoid model and cell lines in this study revealed that
BIRC5 is upregulated in the presence of Kras mutation and further
augmented with P53 deletion confirming that common PDAC Kras and
p53 driver mutations up-regulate expression of BIRC5 [20–23]. Inter-
estingly, our PDAC modeling using pancreatic ductal organoids re-
vealed tumor-like morphology, demonstrating that CRISPR/Cas9 en-
gineered organoids provide a powerful tool to recapitulate cancer
development in real time [6,24,25]. Introduction of KrasG12D alone
caused little change of morphology of ORGs in ten days with very mild

expression of BIRC5, which is consistent with transformations seen in
the transgenic KC mouse model [26]. However, introduction of
KrasG12D and p53Del resulted in aggressive pancreatic ductal organoid
morphological changes within five days, associated markedly increased
BIRC5 expression. This transformation is consistent with the KPC mouse
model, associated with aggressive pancreatic cancer and marked BIRC5
overexpression [26]. These data, along with published data on BIRC5
over-expression in PDAC and most solid cancers, support the selection
of BIRC5 as the prototype of PDAC over-expressed gene for the feasi-
bility study.

To achieve translation, the diagnostic platform needs to be more
sensitive and specific than existing diagnostic modalities for the de-
tection and localization of minute PDAC tumors, including currently
undetectable metastases. Traditional diagnostic modalities identify
larger pancreatic lesions; the diagnostic sensitivity of endoscopic ul-
trasound (EUS) is 95% for pancreatic tumors larger than 3 cm [27],
whereas computed tomography (CT) has a sensitivity of 89%–97% with
multiphasic helical detectors [28]. Endoscopic retrograde cholangio-
pancreatography (ERCP) and magnetic resonance cholangiopancreato-
graphy (MRCP) have a sensitivity of 86–92% [29]. However, each of
these imaging modalities has poor sensitivity and specificity for minute
PDAC tumors (< 10mm) and benign precursor lesions, such as pan-
creatic intraepithelial neoplasm (PanIN), mucinous cystic neoplasms
(MCN) and intraductal papillary mucinous neoplasms (IPMN). EUS has
proven superior for detection of early pancreatic neoplasms, as com-
pared to non-invasive imaging-based diagnostic modalities, such as CT
and MRCP [30]. Only EUS with fine needle aspiration (EUS-FNA) is
sufficient to definitively discriminate PDAC from other benign pan-
creatic lesions. However, the diagnostic accuracy of EUS-FNA is limited
by several factors: it is invasive, the mass needs to be localized near the
GI tract, and requires availability of onsite cytopathologists and highly
skilled endoscopists [4].

Radionuclide imaging using PET reporter probes are emerging as a
valuable tool for detection of cancer in small animal models and are
promising for clinical applications. HSV1-TK/[18F]FHBG, a noninvasive
reporter system for PET imaging, is the focus of current imaging plat-
forms [31]. However, inability to deliver HSV1-TK specifically to PDAC
tumors has been a significant limitation [32].

Clearly, there remains an urgent need for a precision diagnostic
platform that can detect and localize minute PDAC and differentiate

Fig. 6. Using a screening assay, five tumor
homing peptide-engineered AAV2 viruses
(AAV2

TumorHoPe) with the highest infectivity
were selected for validation in PDAC cells.
GFP assay demonstrated that AAV2

TumorHoPe

enhanced viral infectivity specifically in
PDAC cells, but not in benign HPDE cells
(6A; top panel). AAV2

WT had far less viral
infectivity in PDAC cells, and marked in-
fectivity in benign HPDE cells (6A; bottom
panel) (scale bar= 100 μm). GLuc reporter
assay demonstrated that AAV2

TumorHoPe en-
hanced viral infectivity specifically in PDAC
cells, but not in benign HPDE cells (6B; red
bars). AAV2

WT had significantly less viral
infectivity in PDAC cells, and equivalent
infectivity in benign HPDE cells (6B; blue
bars). The data demonstrate high specificity
of AAV2

TumorHoPe for PDAC delivery of re-
porter genes. (For interpretation of the re-
ferences to color in this figure legend, the
reader is referred to the Web version of this
article.)
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resectable masses from currently undetectable metastases or benign
pancreatic masses. To develop the platform, we employed a four part
strategy: 1. selection of BIRC5 as a PDAC overexpressed gene for gen-
eration of an enhanced BIRC5 super-promoter that would exponentially
express two reporter genes; 2. selection of GLuc as a dual reporter gene,
which is secreted by PDAC and therefore serologically detectable, as
well as a localizing reporter in mice using optical imaging; 3. selection
of a PET/CT reporter gene for localization of PDAC tumors in patients;
and 4. engineering of a PDAC-specific viral delivery system. We then
sought to determine whether the two reporter genes were sufficiently
expressed in minute human PDAC tumors in mice using two-step am-
plification via an enhanced BIRC5 super-promoter coupled with the
PDAC-specific AAV2 delivery system. As shown in Fig. 1, minute human
PDAC tumors were sensitively and specifically detected and localized in
mice with serologic Gaussia luciferase (GLuc) and optical imaging, re-
spectively, thus demonstrating feasibility of the platform. Control vec-
tors using a CMV promoter or an AAV2 virus lacking tumor homing
peptides showed lack of specificity and considerable leakage in benign
mouse tissues. There are recognized limitations of the feasibility study:
1. the human PDAC tumors were implanted subcutaneously, as opposed
to orthotopic tumors; 2. human PDAC cells selected for the study ex-
press BIRC5, whereas not all PDAC tumors overexpress BIRC5; 3. BIRC5
is expressed in low levels benign human tissues.

Tumor promoter-driven reporter assays for detection of gene ex-
pression have been used previously. However, endogenous promoters
are unable to detect low levels of gene expression. For this reason, we
chose to utilize an enhanced super-promoter of the PDAC overexpressed
gene, BIRC5. The BIRC5-SPTSTA resulted in greater than 100-fold in-
crease of promoter activity compared to endogenous BIRC5 promoter,
thus it is capable of detecting low levels of BIRC5 expression in both
engineered cells and PDAC cells. While synthetic promoters and the
TSTA system have been studied separately [33], the strategy of com-
bining them into an enhanced BIRC5 super-promoter for exponential
reporter gene expression is novel. The limitation of using the enhanced
BIRC5 super-promoter is that it could detect low levels of BIRC5 ex-
pressed in benign tissues of the human body and thus lead to false-
positives. However, the magnitude of such background levels would be
well-defined upon continued studies of this platform.

GLuc and sr39TK reported genes were selected for the diagnostic
platform, allowing simultaneous serologic testing, optical imaging and
microPET/CT imaging. While it is known that GLuc is secreted from
PDAC cells and can be readily measured in blood over time, rising
serologic GLuc levels correlated with increasing PDAC tumor volume,
demonstrating remarkable sensitivity of serologic GLuc for detection of
minute PDAC in mice [34]. The difference in blood volume between
mice and humans represents a potential limitation of detection of ser-
ologic GLuc. Optical imaging is not available for clinical uses. There-
fore, a PET/CT reporter gene was added to the vector for future
translational purposes, as pre-clinical and clinical trials have demon-
strated the feasibility of sr39TK in PET imaging of tumors [35]. Using
GLuc-2A-sr39TK as a dual expression vector, we demonstrated that
GLuc and sr39TK were well-cleaved without influencing their activity
[36]. Quantification of [18F]FHBG imaging in our study demonstrated
that sr39TK localized minute human PDAC tumors bearing GLuc-2A-
sr39TK in mice, therefore GLuc-2A-sr39TK serves as a single vector for
simultaneous serologic detection and PET/CT localization. [18F]FHBG
is an ideal substrate for the HSV1-sr39TK [37]. The highly specific
PDAC tumor images in this feasibility study with no visible background
noise, including in the pancreas and GI tract after a clearance period of
three hours, makes it suitable for imaging HSV1-sr39TK gene expres-
sion [38].

We chose AAV2 as the delivery system, as its safety profile has long
been established and it is the only FDA approved gene therapy vector
available to date [16,17,39,40]. Due to non-specific limitations of
AAV2, alterations of AAV2 tropism for cancer is an important aspect of
the strategy for targeted delivery of the reporter genes [41–43]. Studies

have shown that replacement of heparan sulfate proteoglycan (HSPG)
on the viral capsid with high-affinity peptides permits the virus to bind
specifically to tumors and prevents binding to normal cells [44,45].
Münch et al. inserted ankyrin repeat proteins specific to the HER2 re-
ceptor at the N terminus of the VP2 region of the AAV2 capsid, thereby
increasing the specificity of the vector to tumor cells overexpressing the
HER2 receptor by ∼30-fold in vitro and ∼20-fold in vivo [45]. We ge-
netically engineered the AAV2 capsid with incorporation of a panel of
PDAC-targeting tumor homing peptides at site R588, which have been
validated to have high binding affinity to the surface membrane of
tumors, thus improving viral infectivity and specificity [42,43,46].
AAV2

RGD showed the highest infection of PDAC cells due to high ex-
pression of integrin αvβ3, which is consistent with other reports
[44,47]. However, non-specific background signals have been observed
when AAV2

RGD is utilized alone due to expression of avb3 in benign
tissues, therefore, AAV2

RGD was coupled with the enhanced BIRC5-
SPTSTA to drive GLuc-2A-sr39TK dual reporter genes specifically in
PDAC, as seen in Fig. 1. Conversely, the use of the wildtype AAV2 or the
engineered virus with a CMV promoter demonstrated non-specific
leakage of reporter signals in benign mouse tissues. Therefore, the
combination of the engineered AAV2 and an enhanced BIRC5 super-
promoter resulted in strong reporter signals only in minute human
PDAC tumors with no leakage.

We recognize the future risk of administering an engineered AAV2

to patients and thus envision that the platform would be used for pa-
tients who are undergoing high risk surgery for pancreatic cancer.
Therefore, the rationale for developing the platform is to differentiate
PDAC from currently undetectable metastases or benign pancreatic
masses to improve surgical outcomes for patients with resectable PDAC
and to avoid unnecessary surgery. We anticipate that the diagnostic
platform would be used for patients who are about to undergo surgery
for resectable masses of the pancreas. For example, the vector would be
given one week before surgery, then the patient would undergo PET/CT
imaging and serologic testing for Gaussia luciferase pre-operatively to
determine whether the primary tumor is malignant or benign and
whether there are metastases. If the tumor is benign or if there is me-
tastatic disease, surgery would be avoided. One month post-operatively,
serologic testing for Gaussia luciferase and PET/CT would be performed
to determine whether all PDAC has been resected or whether any re-
sidual tumor or metastases are present. If the platform can reduce un-
necessary surgeries by determining whether there is metastatic PDAC or
benign pancreatic masses, the risk of the viral vector would be justifi-
able. Patients with truly resectable PDAC would experience a marked
improvement in survival following surgery. The data from this feasi-
bility study support the rationale to proceed with further studies de-
signed for translation of the precision diagnostic platform for detecting
and localizing minute human PDAC.
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