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Abstract

AIM: To generate an adenoviral vector specifically
targeting the EphA2 receptor (EphA2R) highly
expressed on pancreatic cancer cells /7 vivo.

METHODS: YSA, a small peptide ligand that binds
the EphA2R with high affinity, was inserted into the
HI loop of the adenovirus serotype 5 fiber knob. To
further increase the specificity of this vector, binding
sites for native adenoviral receptors, the coxsackie and
adenovirus receptor (CAR) and integrin, were ablated
from the viral capsid. The ablated retargeted adenoviral
vector was produced on 293T cells. Specific targeting
of this novel adenoviral vector to pancreatic cancer
was investigated on established human pancreatic
cancer cell lines. Upon demonstrating specific /n vitro
targeting, /n vivo targeting to subcutaneous growing
human pancreatic cancer was tested by intravenous
and intraperitoneal administration of the ablated
adenoviral vector.

RESULTS: Ablation of native cellular binding sites
reduced adenoviral transduction at least 100-fold.
Insertion of the YSA peptide in the HI loop restored
adenoviral transduction of EphA2R-expressing cells
but not of cells lacking this receptor. YSA-mediated

transduction was inhibited by addition of synthetic
YSA peptide. The transduction specificity of the
ablated retargeted vector towards human pancreatic
cancer cells was enhanced almost 10-fold /» vitro. In
a subsequent /n vivo study in a nude (nuy/nu) mouse
model however, no increased adenoviral targeting
to subcutaneously growing human pancreas cancer
nodules was seen upon injection into the tail vein, nor
upon injection into the peritoneum.

CONCLUSION: Targeting the EphA2 receptor
increases specificity of adenoviral transduction of
human pancreatic cancer cells /n vitro but fails to
enhance pancreatic cancer transduction /n vivo.

© 2009 The WIG Press and Baishideng. All rights reserved.
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INTRODUCTION

Pancreatic cancer is a devastating disease with a very
poot prognosis!'l. The lack of options for curative
treatment for pancreatic cancer and other gastrointestinal
malignancies warrants a search for novel targets and
novel therapies including gene therapy™’. Adenovirus
has been used widely as a gene therapy vector to treat
solid tumors. After initial negative results in clinical trials
with non-replicating vectors, conditional replicating
adenoviral vectors have been tested in clinical trials
recently. However, these have also shown disappointing
efficacy™!. Poor transduction efficiency and specificity
of adenoviral vectors appears to be a major problem.
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This seems to be the result of low expression of the
primary receptor involved in adenoviral transduction
on the tumors, the coxsackie and adenovirus receptor
(CAR). Development of targeted vectors to circumvent
CAR-mediated entry therefore seem to be required to
increase the therapeutic potential of this approach.

Incorporation of ligands that bind to receptors
highly expressed on cancer cells in the fiber HI loop
enhance adenoviral transduction efficiency!®. We have
shown that incorporation of an RGD peptide improved
transduction in pancreatic cancet!”. Tumor specificity
of RGD, however, is limited. Therefore, we decided to
introduce the YSA peptide (YSAYPDSVPMMSY) in the
HI loop (van Geer, in review). YSA is a ligand for the
EphA2 receptor (EphA2R) that is highly expressed on
pancreatic cancers® and other solid tumors®'". Since
the YSA peptide has a high affinity for this receptor,
it can be used for in vivo delivery of agents to tissues
and tumors exptessing the EphA2R". In addition,
binding of YSA activates the EphA2R and induces its
internalization which may enhance adenoviral uptake.
Adenoviral HI loop insertion of the YSA peptide
increased the transduction specificity and efficiency both
in human pancreatic tumor cell lines and in pancreatic
tumor resection specimens iz vitro (van Geer, in
preparation). In vivo however, the presence of the native
binding sites in the adenoviral capsid will compromise
specific targeting. Even 7n vitro, YSA-mediated entry
could only be proven upon inhibition of CAR-mediated
entry. As we aim to target pancreas cancer 7 vivo we
decided to ablate the native adenoviral binding sites of
the YSA-targeted vector.

A highly conserved cluster of amino acids on the
adenovirus fiber trimer is involved in CAR binding™.
Site-directed mutagenesis of amino acids in this region
was used to identify mutations that affect CAR binding.
Mutations in the AB loop!"*", the DE loop, and the
FG loop!"™ of the fiber knob all abolished CAR binding
n vitro.

In addition to CAR, binding to integrins can also
mediate adenoviral transduction. The presence of
integrins on virtually all normal cells will also limit
specific transduction of tumor cells. Removal of the
integrin-binding motif RGD from the adenoviral
penton base indeed enhances tumor specific targeting of
adenoviral vectors!'®,

To generate an adenoviral vector that targeted
pancreatic cancer iz vivo we therefore decided to combine
HI loop insertion of the YSA peptide with ablation of
the binding sites for CAR and integrin. The specificity
of this doubly-ablated retargeted vector (Ad/AF(FG)A

P-YSA) was determined iz vitro and subsequently 7z vivo.

MATERIALS AND METHODS

Materials

Anti-fiber monoclonal 4D2 antibody (NeoMarkers,
Fremont, California, USA); anti-EphA2R clone D7
(Sigma, Saint Louis, USA), synthetic peptide YSA
(Eurogentec, Seraing, Belgium), Basement Membrane

Matrix (BD Biosciences, Bedford, MA); luciferase activity
was determined using a commercial kit (Promega) and a
Berthold luminometet.

Cells

HEK293 cells, the established PC cell lines Capan-1 and
Hs766-T, the mouse pre-adipocyte cell line 3T3-L1 and
the mouse hepatoma Hepa 1-6 cell lines were obtained
from the American Type Culture Collection Rockville,
Maryland; BxPC-3 and MIA PaCa-2 were obtained
from Boehringer Ingelheim (Belgium). The pancreatic
carcinoma cell lines (p6.3 and p10.5) were obtained
from Dr. E Jaffee, Johns Hopkins University School of
Medicine, Baltimore, MD, USA. Human umbilical vein
endothelial cells (HUVECs, passage 1-3) were isolated as
described!" and cultured in Medium-199 (GIBCO-BRL,
Paisley, Scotland), supplemented with 20% (v/v) fetal
bovine serum, 50 pg/mL heparin (Sigma, St Louis, MO,
USA), 6-25 pg/ml endothelial cell growth supplement
(ECGS; Sigma), penicillin (100 IU/mL), streptomycin
(100 mg/mL) (GIBCO-BRL). Human fibroblasts
(passage < 10) were a gift from the department of
Genetic and Metabolic diseases AMC, Amsterdam.
Fiber-293 cells expressing adenovirus type 5 fiber
protein were used as the packaging cell line as previously
described. All cells were cultured in Dulbecco’s minimal
essential medium (DMEM) with 10% fetal bovine serum
(heat inactivated); L-glutamine (2 mmol/L) and penicillin
(100 TU/mL), streptomycin (100 mg/mL) all from
Cambrex Bio Science, Walkersville. All cell lines were
cultured at 37°C in 10% CO,atmosphere.

Plasmids

The E1-, E3-deleted adenovirus vector AdHM43
was used for propagation of integrin- and CAR-
binding mutated adenovirus®®. The RGD-peptide
coding sequence at the penton base was changed from
MNDHAIRGDTFATRAE to MNDTSRAE and the
FG-loop of the fiber was deleted (T489, A490, Y491,
T492). The cytomegalovirus (CMV) immediate-catly
promoter controlled enhanced green fluorescent protein
(eGFP) and the CMV-controlled luciferase gene were
inserted between the PI-Sce and Ceu-I sites of the
pAdHM43 plasmid (van Geer, in review). Insertion of
the YSA peptide (YSAPDSVPMMS) into pAdHM43-
CMV-GFP and CMV/Luc was performed by digestion
with BstB1 and ligation with 2 annealed primers: YSA
forward: CGAAGTACAGCGCCTACCCCGACGG-
CGTGCCCATGATGT. YSA reverse: CGACATCAT-
GGGCACGCTGTCGGGGTAGGCGCTGTACTT.
Clones identified by restriction enzyme analysis and PCR
were sequenced to exclude mutations.

Virus generation, propagation and analysis

Recombinant ablated adenoviral vectors were generated
by transfection of HEK 293 adeno fiber-expressing cells
with Pac I -linearized Ad-CMV-GFP/Luc-YSA. Normal
HEK 293 cells were used for the last propagation round
as previously described®!. Adenovirus was purified and
concentrated by performing 2 cesium chloride gradients
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and dialyzing against PBS. Glycerol was added to a final
concentration of 10% (v/v) and virus preparations were
stored at -80°C.

Modification of viral genomes were verified by
PCR and sequencing using the following primers: fiber-
forward: CAAACGCTGTTGGATTTATG; fiber-
reverse: GTGTAAGAGGATGTGGCAAAT; RGD
forward: TTGGATGTGGACGCCTAC; RGD reverse:
AGGTGTCGCCGCGAATGGC.

The anti-fiber monoclonal 4D2 antibody
(NeoMarkers, Fremont, California) was used to confirm
proper trimerization of the fibet®. The number of
viral genomic copies (gc) was determined by qPCR as
previously described™

EphA2 receptor expression

Expression of EphA2R was studied with Western
blotting using a 1:1000 dilution of a monoclonal
antibody (anti-EphA2R clone D7, Sigma, Saint Louis,
USA) and a peroxidase-conjugated anti IgG secondary
antibody (1:2500). Cell lysates were prepared in
25 mmol/L Ttis HCIl pH 7.6, 150 mmol/L NaCl, 1%
NP-40, 1% sodium deoxycholate, 0.1% SDS containing
a cocktail of protease inhibitors (1:250, Roche). The
protein concentration was determined with a BCA
assay kit (Sigma). Detection was performed using the
Lumi-light plus Western Blotting Substrate Kit (Roche,
Mannheim, Germany). For receptor localization studies
pancreatic tumor cells were gown on cover slips and
were fixated 2 d later and stained for EphA2R using
a 1:500 of the monoclonal antibody and a 1:2500
peroxidase-conjugated IgG secondary antibody.

Adenoviral transduction

5.0 X 10* cells were plated in 48-well plates and allowed
to adhere overnight at 37°C. The next day virus was
added (500 or 1000 VP/cell) in 2% DMEM. Blocking
was performed by pre-incubating the cells with
blocking agents in PBS for 20 min at room temperature.
EphA2R was blocked with the synthetic peptide YSA
(Eurogentec, Seraing, Belgium). For the bi-specific
antibody experiments, 500 gc of virus were incubated
for 60 min with 2.5 pL scFv bi-specific antibody (a kind
gift from Dr. VW van Beusechem®).

In vivo transduction

1.0 x 10" Capan-1 pancreatic cancer cells were 1:1
diluted with Basement Membrane Matrix (BD
Biosciences, Bedford, MA) and injected subcutaneously
in both flanks of 6-9 wk old female athymic NMRI
nu/nu mice (Hatlem). When the tumor nodule reached
a diameter of 0.4 to 0.7 cm, mice were injected
intravenously (i.v)) or intraperitoneally (i.p.) with 1.0 x 10"
gc of Ad-/AF([FG)AP or Ad-/AF(FG)AP-YSA in 100 pL.
PBS. Blood was sampled by orbital puncture at 10 min
after zz injection or at 90 min after zp. injection. Three
days after injection, mice were sacrificed and organs were
harvested, snap frozen and used to determine luciferase
activity according to standard procedures (Promega),
using a Berthold luminometer. Luciferase activity was

A Hu Bx Ca Hs Mi

EphA2 e B
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Figure 1 EphA-2 expression in human cell lines. A: Analysis of EphA2R
expression by Western blotting in human umbilical vein endothelial cells (Hu),
human pancreatic cancer cell lines BxPc-3 (Bx), Hs766-T (Hs), Capan-1 (Ca),
MIA PaCa-2 (Mia), p6.3, p10.5 and human fibroblasts (Fi). EphA2R was de-
tected using a monoclonal antibody and detection of actin levels was performed
as a loading control; B: Immunolocalization of EphA2R in human pancreatic
cancer cell lines BxPc-3 (left top), Capan-1 (right top), Hs766-T (bottom left),
MiaPaca-2 (bottom right). Cells were fixated with methanol, acetone, and water,
and a directed monoclonal antibody was used to detect EphA2R using a goat
anti-mouse labeled with PO to perform DAB detection. Magnification (x 600),
except for MiaPaca-2 (x 400).

normalized for protein content. Viral DNA in blood was
putified as desctibed previously™ and gc wetre quantified
by qPCR using the primers against the CMV promoter
(forward: AATGGGCGGTAGGCGTGTA, reverse
AGGCGATCTGACGGTTCACTA). Serum aspartate
aminotransferase (ASAT) and alanine aminotransferase
(ALAT) levels were determined using standard clinical
chemistry methods.

RESULTS

Expression of the EphA2R on human pancreatic cancer
cell lines and tissue specimens

The EphA2R is highly expressed on most solid tumors
including pancreatic cancer. To investigate which cell
lines are suitable as a model to study targeting, we
determined its expression on a panel of established
human pancreatic cancer cells and normal human cells
such as fibroblasts and endothelial cells. The expression
level of the EphA2R wvaried significantly in human
pancreas cancer cell lines (Figure 1A). High expression
was seen in Capanl, BxPc3, Hs766T and MIA PaCa-2,
while expression in p6.3 and p10.5 was low. Of the
normal cells, only human endothelial cells expressed
EphAZ2R. Since this receptor is absent on normal human
fibroblasts, we used these as negative control cells.

To investigate whether the EphA2R was accessible,
we determined its localization in the cell lines highly
expressing this receptor. The localization of this
receptor differed between cell lines (Figure 1B). In
Capan-1 and BxPc-3 cells, the EphA2R was detected on
the membrane while in MIA PaCa-2, it was mostly seen
in the cytoplasm. The signal seen in Hs766-T suggests
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Figure 2 YSA redirects adenovirus to the EphA2 receptor. A: Transduction of CAR-expressing A549 cells with wild-type, ablated and YSA-retargeted adenoviral
vectors with 1000 gc/cell: wt-Ad-Luc, Ad-Luc/AF(FG)AP and Ad-Luc/AF(FG)AP-YSA. Twenty four hours after infection cells were lysed to determine luciferase levels.
Data are expressed as mean + SD (n = 3). B: Incubation with bi-specific antibody restores infectivity of ablated adenoviral vectors in human fibroblasts. Cells were
transduced with 500 gc/cell of Ad-/AF(FG)AP or Ad-/AF(FG)AP-YSA with (black bars) or without (white bars) EGF receptor targeted bi-specific scFV molecules. Lucif-
erase activity was measured after 24 h and data are expressed as mean + SD (n = 3). C: Insertion of YSA peptide in the HI loop of ablated adenoviral vector partially
restores transduction of human pancreatic cancer cell lines Capan-1 and MiaPaca-2. Cells were transduced with 1000 gc/cell of wt-Ad-Luc (white bars), or Ad-Luc/A
F(FG)AP (gray bars) or Ad-Luc/AF(FG)AP-YSA (black bars). Luciferase activity was measured after 24 h. Data are expressed as mean £ SD (n = 3). D: Pre-incuba-
tion with synthetic peptide blocks YSA-mediated targeting of human pancreatic cancer cell line MiaPaca-2. Cells were preincubated with 250 (grey bars) or 500 (black
bars) umol/L synthetic YSA peptide and transduced with 500 gc/cell of Ad-Luc/AF(FG)AP or Ad-Luc/AF(FG)AP-YSA. Luciferase was measured after 24 h. Data are

expressed as mean £ SD (n = 3).

that, in this cell line, the EphA2R is present in nuclear
granules. Since, in Capan-1 cells, the presence of the
EphA2R on the membrane indicates that it is accessible
for YSA binding, we chose to use this cell line for our
subsequent studies.

Generation of ablated adenoviral vectors

We decided to use the FG loop mutation to ablate CAR
binding because it has been well characterized!'"*!. By
subsequent deletion of the RGD peptide from the
penton base we obtained a doubly-ablated vector Ad-/A
F(FG)AP which lacked both CAR and integrin binding,
We inserted the YSA peptide in the HI loop of this
doubly-ablated vector and generated Ad-/AF(FG)A
P-YSA.

The lack of binding to native cellular receptors
severely impairs the cellular entry of this doubly-ablated
vector. Therefore, it can not be propagated on normal
HEK 293 T cells. To overcome this, we used 293T
cells that express the adenovirus type 5 fiber protein.
Incorporation of the normal fiber expressed in trans into
the ablated vector allowed efficient cell entry and vector
production. The last round of virus propagation was on
normal 293T cells to generate the doubly-ablated vector.

Because of impaired cell entry, the infectious particle (ip)
titers of ablated vector stocks could not be preformed
by standard procedures. To determine the functional
titer of these vectors we therefore used a bi-specific
antibody™!. This antibody binds to the adenovirus knob
and the epidermal growth factor receptor (EGFR).
Upon binding to this antibody, the vector will enter the
cells via the EGFR only. Therefore, this antibody allows
direct comparison between the ip/gc ratio of the ablated
and of the retargeted vectors.

To confirm the absence of CAR- and integrin-
mediated entry, we compared the transduction efficiency
of wild-type adenovirus type 5 with that of Ad-/AFAP
and Ad-/AFAP-YSA on A549 cells that do express CAR
but not EphA2R. The 3 to 4 log lower transduction by
both ablated vectors confirmed efficient abolition of
binding to the native receptors (Figure 2A). As expected,
the transduction efficiency of both vectors on normal
human fibroblasts that do not express the EphA2R was
comparable but very low: 1.42 x 10° RLU for Ad-/A
F(FG)AP and 1.77 x 10° RLU for Ad-/AF(FG)AP-YSA
(P = 0.06) (Figure 2B). To confirm viability of the
ablated vectors, we incubated both vectors with the bi-
specific antibody, which resulted in a 2 log increase of
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Figure 3 YSA targets adenovirus to cells expressing murine EphA2R. A:
Western blotting demonstrates that mouse 3T3 and Hep1-6 cells, like human
pancreatic cancer cell lines Capan-1 and MIA PaCa-2, express the EphAZ2R.
EphAZ2R was detected using a monoclonal antibody and the housekeeping pro-
tein actin was used as a loading control. B: Efficient transduction of mouse 3T3
and Hep1-6 cells by YSA-retargeted adenoviral vector. Cells were transduced
with 1000 gc/cell of wt-Ad-Luc (white bars), Ad-Luc/AF(FG)AP (gray bars) or
Ad-Luc/AF(FG)AP-YSA (black bars). Luciferase was measured after 24 h.
Data are expressed as mean + SD (n = 3).

transduction efficiency for both vectors, Ad-/AF(FG)A
P: 1.5 x 10" RLU and Ad-/AF(FG)AP-YSA: 1.9 x 10’
RLU. The comparable transduction by both in the
presence of the antibody indicated that both had a
comparable ip/gc ratio (P = 0.094) and were viable.

To determine if insertion of the YSA peptide was
functional, we tested transduction of both vectors
on EphA2R-expressing Capan-1 and MiaPaca-2 cells.
Although both cell lines do express integrins!”, ablation
of native binding sites reduced their transduction by 3
to 1.5 logs. Insertion of the YSA peptide increased gene
transfer to Capan-1 cells by 7.6-fold (P = 0.0014) and
to MIA PaCa-2 cells by 4.5-fold (P < 0.0001). Insettion
of the YSA peptide did not increase transduction in
Hs766-T cells which only showed nuclear EphA2R
staining (not shown). To confirm that entry of the
retargeted vector was mediated by the YSA peptide,
we performed competition experiments. As shown in
Figure 2D, the 4-fold increased transduction efficiency
of Ad-/AF(FG)AP-YSA compared to Ad-/AF(FG)
AP was lost upon pre-incubation with synthetic YSA
peptide. This indicated that the increased efficiency
of the retargeted vectors was indeed mediated by the
inserted YSA peptide. Thus, HI loop insertion of the
YSA peptide in an adenovirus that lacks binding to CAR
and integrins, resulted in cell entry »ia the EphA2R.
Therefore, this vector appeared suitable for in vivo
targeting of pancreatic cancer.

Targeting of the EphA2R by the YSA peptide
has only been demonstrated in humans. Binding of
the YSA peptide to the murine EphA2R has not

been studied. Since binding to EphA2R expressed on
activated (murine) endothelial cells will affect targeting
of pancreatic cancer in a mouse model, we therefore
decided to investigate the transduction efficiency of
the YSA-retargeted adenoviral vector to mouse cells
expressing the EphA2R. As shown in Figure 3A, mouse
3T3 fibroblasts and hepatoma cells (hepal-6) both
expressed the murine EphA2R, albeit at a lower level
than in the human pancreatic cancer cell lines Capan-1
and MIA PaCa-2. Ablation of native cell binding sites
reduced adenoviral transduction of these 2 mouse cell
lines by 1 to 2 logs (Figure 3B). Insertion of the YSA
peptide completely rescued cell entry of the ablated
vector. Compared to the ablated vector, gene transfer
of the YSA-retargeted vector was enhanced 17-fold in
3T3 cells and 95-fold in Hepa 1-6 cells. This efficient
transduction of cells expressing the mouse EphA2R
rendered the mouse a suitable model to study the
efficiency of YSA-mediated targeting in vivo.

In vivo targeting in pancreatic cancer

To study 7 vivo targeting we used a 74/ nu mouse model
with subcutaneously growing human pancreatic tumor
nodules. The virus was injected into mice which had
nodules with a diameter of 0.4-0.7 cm, within 3 wk after
injection of Capan-1 cells. We administered 1.0 x 10" gc
of ablated [Ad-/AF(FG)AP] or of the redirected vector
Ad-/AF(FG)AP/-YSA, via the tail vein or i.p. Upon iw.
injection the clearance of both vectors was comparable.
At 10 min after injection, 9.4 x 10* + 6.3 x 10°® gc/mL
of Ad/AF(FG)AP and 1.1 x 10° £ 5.6 X 10* gc/mL
of Ad/AF(FG)AP-YSA were present in blood. Since
the total blood volume in a mouse is approximately
2.5 mlL, the initial concentration of the virus was 4 X
10" gc/ml.. Thus 95% of the injected virus was cleared
within 10 min. Based on the literature, we expected a
slower clearance after i.p. injection, and determined the
amount of virus in blood after 90 min. No significant
difference was seen after 90 min between Ad-/AF(FG)
AP-YSA (1.4 x 10®* £ 8.3 x 107 gc/mL) and Ad-/A
F(FG)AP (3.2 x 10* + 4.3 x 10°® gc/mL) (P = 0.3). Thus
clearance for both vectors after ip. injection was also
comparable. Clearance of 7p.-injected virus was also
efficient since less than 0.5% of the injected dose was
present in blood after 90 min.

All mice were sacrificed 72 h after injection. Tissues
were harvested and snap frozen in liquid nitrogen to
determine adenoviral transduction by determining
luciferase expression. After zz. injection, expression of
luciferase in the liver of Ad/AF(FG)AP-YSA treated
mice was 6.7-fold lower (P = 0.015) than that in mice
injected with Ad/AF(FG)AP (Figure 4B). Thus, the
YSA peptide impaired liver transduction. No significant
differences in expression were seen between both
vectors in all other tissues. Surprisingly, the amount of
luciferase expression in mice injected with Ad-/AF(FG)
AP-YSA was only 15% of that in mice injected with
Ad-/AF(FG)AP. This indicated that a large amount of
the redirected vector was lost upon i.v. injection. The
difference in luciferase expression between both vectors
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Figure 4 Lack of YSA specific targeting in nu/nu mice. A: 1 x 10" gc of Ad/AF(FG)AP (ablated, A) or 1 x 10" gc of Ad/AF(FG)AP-YSA (YSA; Y) are rapidly
cleared from blood after intravenous (i.v.) and intraperitoneal (i.p.) administration into mice. At 10 min after i.v. or 90 min after i.p. injection and after 3 d (both), adeno-
viral genomic copies were determined in whole blood with real time PCR. B: Bio-distribution Ad/AF(FG)AP and Ad/AF(FG)AP-YSA injected i.v. or i.p. into nulnu mice
with a subcutaneous human pancreatic tumor. Animals were sacrificed 3 d after injection of 1 x 10" gc of adenoviral vector. All organs were harvested and analyzed
for luciferase expression/mg of protein. (*P < 0.05 compared with Ad/AF(FG)AP after i.v. injection; °P < 0.05 compared with Ad/AF(FG)AP after i.v. injection). C: The
tumorliver ratio of luciferase expression in each mouse demonstrates the lack of significant targeting of retargeted adenovirus to pancreatic cancer in vivo. D: Similar
ASAT and ALAT levels in serum at 3 d after injection indicates comparable liver toxicity of ablated and retargeted adenoviral vectors in nu/nu mice. Data represent the

mean * SD of 4-7 mice.

was not seen after i.p. injection. This is due to the almost
50-fold lower luciferase expression in the liver after i.p.
injection of Ad-/AF(FG)AP (P = 0.0163). For Ad/A
F(FG)AP-YSA, the luciferase levels in the liver after Zp.
injection were only reduced 9-fold and did not reach
significance. The lower luciferase expression levels
indicated that both vectors were cleared more efficiently
without transduction after 7p. injection. To correct for
the lower overall expression we chose to use the tumor
liver ratio in each animal as an indication of retargeting
efficiency. As shown in Figure 4C, no significant
targeting of the tumor was seen with the YSA-redirected
virus. Furthermore, the route of administration also did
not affect tumor targeting;

Adenoviral vectors cause inflammation of the liver.
Therefore we determined ALAT and ASAT levels 3 d
after injection. Although we did see a 4 to 5-fold
increase, no differences were seen between the 2 viral
vectors (Figure 4D).

DISCUSSION

Conditional replicating adenovirus vectors are being
developed to treating solid cancers!*’. However, these
vectors have only been effective after direct injection into
the tumors. As cancer is a systemic disease in virtually

all fatal cases, this lack of systemic efficacy presents a
major limitation to successful adenovirus-mediated gene
therapy. Specific targeting therefore is a prerequisite for
efficient eradication of solid cancer cells.

The aim of this study was to target the adenovirus
to pancreatic cancers. Effective targeting in vitro to
human cancer cells using HI loop insertion of peptide
ligands has been reported by other groups. A well
known example is the insertion of an integrin-binding
RGD peptide that overcomes the poor transduction of
human cancer caused by low expression of CAR'**,
Although integrins are highly expressed on cancer cells,
the specificity of RGD targeting 7z vivo is questionable
because of integrin expression in other tissues.
Therefore more specific targeting peptides are needed.
We compared binding of several ligands to receptors
highly expressed on pancreatic cancers for their ability
to target the adenovirus to pancreatic cancer cells (van
Geer ¢f al™ in preparation). Of these ligands the YSA
peptide appeared the most promising since it provided
selective targeting iz vitro to the EphA2R. Since YSA
targets tissues expressing the EphA2R, we decided to
test the specificity this retargeted vector i vivo.

Insertion of a peptide into the HI loop does
not shield the native cell binding sites present in the
adenoviral capsid. Binding of the retargeted vector
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to these receptors present on liver cells for instance,
will limit specific targeting!'”. Since ablation of these
native binding reduces liver transduction and improves
specific targeting i vivo", we combined YSA targeting
with ablation of the native binding sites. We showed
that ablation of CAR and integrin binding reduced
adenoviral transduction by at least 2 logs in vitro.
Insertion of the YSA peptide partly restored the
transduction efficiency of the virus, but only on cells
that expressed the EphA2R. Addition of synthetic YSA
peptide blocked the increase in transduction efficiency.
Together these data demonstrated that insertion of YSA
enables EphA2R-mediated entry of ablated adenoviral
vectors. Other groups have also reported that the loss of
infectivity of ablated vectors can be restored by insertion

111828 However, not

of a targeting ligand in the HI loop!
all retargeted vectors do provide efficient transduction.
Insertion of RGD in a vector in which the CAR binding
site was ablated in the KO1 mutation did not result in
integrin-mediated uptake™. Appatently, in addition to
preventing CAR binding, this mutation affected other
essential steps such as internalization or trafficking
of the adenovirus. In conclusion, our data and that
of others show that HI loop insertion of a targeting
peptide results in specific targeting of CAR/integrin-
ablated adenoviral vectors 7 vitro.

Expression of the EphA2R is also enhanced in
several normal tissues including tumor endothelium.
Therefore, we investigated whether the YSA peptide
also mediated adenoviral transduction »7z the mouse
EphA2R. Since insertion of the YSA peptide increased
the transduction of 2 mouse cell lines expressing the
EphA2R by 1 to 2 logs, the YSA-retargeted vector
was capable of targeting the mouse endothelium. The
increase in transduction of mouse cells was stronger than
in human pancreatic cancer cell lines while expression of
the EphA2R in mouse cells was lower. This discrepancy
seems to result from better accessibility of the EphA2R
in mouse cells since, in human pancreatic cancer
cells, most of the EphA2R was present in the cytosol
(Figure 1A). Another possible explanation for this
discrepancy is the expression of an inactive EphA2R in
cancer cells. Since EphA2R activation impairs survival,
cancer cells with an inactive receptor will have a growth
advantage!"'l. A third explanation could be a higher
affinity of the Ad-/AF(FG)AP-YSA for the mouse
EphA2R. Nevertheless, the efficient transduction of
mouse cells expressing EphA2R renders the mouse
a good model to study YSA-mediated targeting of
pancreatic cancer 7 vivo.

After intravenous injection, luciferase expression
in the liver of the YSA-retargeted vector Ad-/AF(FG)
AP-YSA was lower than that by the ablated virus
(Figure 4B). A decreased transduction of the liver
was also reported in other studies in which the FG
loop has been mutated. Thus, it seems that FG loop
mutations lead to de-targeting of the hepatocytes!'’.
In contrast, mutations in the AB loop did not decrease
liver transduction!®*!, These studies indicate that liver
de-targeting occurred irrespective of the nature of the

inserted peptide sequence. In our study, the decreased
liver transduction due to YSA-retargeting was not
accompanied by an increased transduction of any
other tissue tested. Therefore, the increased loss of the
redirected virus seems to result from degradation by
tissue macrophages, which degrade more than 90% of
injected adenoviruses. Since these cells do not express
the EphA2R this would appear to be a non-specific
effect.

In contrast to the receptor-mediated transduction
of hepatocytes, uptake of adenovirus by macrophages
depends on the binding of adenovirus fiber to blood
factors. This induces uptake of adenovirus, for instance
via the scavenger receptotr*. Increased binding to
blood factors of the mutated FG loop may cause the
10-fold greater loss of re-targeted adenovirus upon i.v.
injection by increasing its degradation by macrophages.
This may cause a lack of tumor targeting by Ad-/AF
(FG)AP-YSA in vivo.

Akiyama ef a/* reported that after i.p. injection,
a comparable ablated adenoviral vector efficiently
entered the blood stream. Furthermore, they showed
prolonged blood circulation and absence of hepatocyte
transduction. Based on this, i.p. injection seemed a
promising approach for systemic targeting. In our
study, we could not repeat this observation. At 90
min after injection, less than 1% of the injected dose
of vector was still present in the circulation while in
contrast they still detected 20%. Increased uptake by
macrophages may explain this discrepancy®. We used
nu/nu mice to study retargeting of adenovirus while
Akiyama ez al reported a prolonged circulation time in
normal mice. Several old studies have reported increased
phagocytosis in ##/nn mice compared to normal
mice to compensate for their immune defects®. A
high dose of adenovirus can saturate the uptake by
macrophages residing in the peritoneum and liver, and
result in appearance of the virus in the circulationP®.
Apparently, the dose used in this study was too low to
saturate the increased macrophage clearance capacity in
nu/nu mice. The increased liver enzymes in serum after
i.p. injection indicated increased macrophage uptake
(Figure 4D). This increase was not observed for this
ablated vector in normal mice. The increased uptake by
macrophages in zu#/nu mice rendered this model less
suitable for adenoviral targeting studiesP. Inhibition of
phagocytosis therefore seems to be required to use this
model for studying retargeting of ablated adenoviral
vectots, e.g,, by pre-injection of a small dose of virusP’.

For both administration routes, the luciferase
expression in subcutaneously growing Capan-1 tumors
was not significantly different between re-targeted
and ablated vectors. The transduction of pancreatic
cancer by our ablated vector suggests that adenoviral
uptake can be mediated by other receptors. The role of
additional receptors in Capan-1 cells is in accordance
with Havenga e a/*. They observed that gene transfer
in these cells did not correlate with expression levels of
CAR and/or integrins. In contrast, transduction by non-
ablated adenoviral vectors was strongly impaired by loss
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of CAR exptession™. Apparently, removal of native
cell binding sites is compensated by other low affinity
binding sites, such as heparan sulphate proteoglycans!*’.
The expression of the 2 most prominent proteoglycans,
glypican-1 and syndecan-1, is indeed enhanced in
pancreatic cancers. This may explain the efficient

transduction of the tumor by the ablated vector*'*2.

Pancreatic cancer therefore seems susceptible to blood
factor-mediated transduction by adenovirus as has been
reported for herpes virus also™. Therefore, ablation
of the sites in the fiber knob that bind to blood factors
may be required to re-direct the adenovirus to cancer
cells 7n vivo. Furthermore, studies to determine binding
to (human) blood components of modified vectors are
essential for predicting their 7z vivo efficacy. Binding
to blood factors may explain why ablated vectors with
a peptide insertion fail to target tumors following

intravenous injection®*, while they do perform propetly

upon local injection*#I,

In conclusion, we have generated a doubly-ablated
virus that targets pancreatic cancer cells »iz the EphA2R.
However, in vivo targeting remains inefficient as yet. Most
likely, further modification of the Ad capsid is necessary

to prevent binding to blood factors which lowers gene

transfer to the liverP%4,

COMMENTS

Background

The incidence of pancreatic adenocarcinoma is increasing in the Western world
for unknown reasons. Due to its late diagnosis the prognosis for pancreatic
cancer is very poor. Novel treatments such as adenovirus mediated gene
therapy are needed to improve this.

Research frontiers

Adenoviral vector have been widely applied to treat solid tumors. Although the
results in animal models were promising the results in subsequent clinical trials
were disappointing due to limited transduction of the tumors. Poor transduction
of cancer cells was mainly caused by their low expression of coxsackie and
adenovirus receptor (CAR), the receptor that mediates adenoviral entry in to
the cell.

Innovations and breakthroughs

Retargeting of adenoviral vectors can be used to circumvent CAR mediated
entry and can improve the transduction of human cancer cells. In this study,
the authors targeted adenoviral vectors to the EphA2 receptor that is highly
expressed on pancreatic cancer cells in vitro and in vivo. To further improve
specific targeting to cancer cells they removed the regions in the adenoviral
capsid that mediate transduction of the liver. In vitro, this strategy indeed proved
very specific. The results in a nude mouse model were however disappointing
most likely due increased uptake of the retargeted vector by macrophages, a
route that is enhanced in these mice due to a compensatory mechanism for
loss of other immune responses.

Applications

The authors show that adenovirus can be targeted to the EphA2 receptor in vitro.
However to allow application in vivo further ablation of endogenous adenobinding
sites seem needed.

Terminology

EphA2 or ephrine A2 receptor is a receptor involved in embryogenesis and is
upregulated in several solid tumors. Adenovirus has a icosahedral symmetry with
12 fibers spiking out at all corners. The adenofibers are trimeric proteins. At the
end they form a knob with a peptide stretch exposed to the surface, the HI-loop.

Peer review

The goal of this study was to generate an adenoviral vector specifically targeting
the EphA2 receptor, which is highly expressed on pancreatic cancer cells in vivo
by first using an in vitro model. The methodology incorporated into this particular
study was sound and that their findings were novel.
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