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Abstract
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Adenovirus serotype 5 (Ad5) is widely used as an oncolytic agent for cancer therapy. However,
its infectivity is highly dependent on the expression level of coxsackievirus-adenovirus receptor
(CAR) on the surface of tumor cells. We engineered Ad5 virus with the protein transduction
domain (PTD) from the HIV-1 Tat protein (Tat-PTD) inserted in the hypervariable region 5
(HVR5) of the hexon protein in the virus capsid. Tat-PTD-modified Ad5 shows a dramatically
increased transduction level of CAR-negative cells and bypassed fiber-mediated transduction.
It also overcomes the fiber-masking problem, which is caused by release of excess fiber proteins
from infected cells. To achieve specific viral replication in neuroblastoma and neuroendocrine
tumor cells, we identified the secretogranin III (SCG3) promoter and constructed an adenovirus
Ad5PTD(ASH1-SCG3-E1A) wherein E1A gene expression is controlled by the SCG3 promoter
and the achaete-scute complex homolog 1 (ASH1) enhancer. This virus shows selective and
efficient killing of neuroblastoma cell lines in vitro, and delays human neuroblastoma xenograft
tumor growth on nude mice. To further enhance the viral oncolytic efficacy, we also switched
the fiber 5 to fiber 35 to generate Ad5PTDf35. This vector shows dramatically increased
transduction capacity of primary human cell cultures including hematopoietic cells and their
derivatives, pancreatic islets and exocrine cells, mesenchymal stem cells and primary tumor
cells including primary cancer initiating cells. Ad5PTDf35-based adenovirus could be a useful
platform for gene delivery and oncolytic virus development. Viral oncolysis alone cannot
completely eradicate tumors. Therefore, we further armed the Ad5PTDf35-D24 virus with a
secreted form of Helicobacter pylori Neutrophil Activating Protein (HP-NAP). Expression of
HP-NAP recruits neutrophils to the site of infection, activates an innate immune response against
tumor cells and provokes a Th1-type adaptive immune response. Established tumor on nude
mice could be completely eradicated in some cases after treatment with this virus and the
survival of mice was significantly prolonged.
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a.a. amino acid 
Ad Adenovirus 
ADP Adenoviral death protein 
AmpR Ampicillin resistant gene 
CAR Coxsackievirus and adenovirus receptor 
CD Cluster of differentiation 
CMV Cytomegalovirus 
CPP Cell penetrating peptide 
CRAds Conditionally replicating adenoviruses 
DNA Deoxyribonucleic acid 
dNTP Deoxyribonucleotide mix 
DSG Desmoglein 
FX factor X 
GFP Green fluorescent protein 
GM-CSF Granulocyte-macrophage colony-stimulating factor 
GON Group of nine 
GOS Group of six 
HIV Human immunodeficiency virus 
HLA Human leukocyte antigen 
HP-NAP Helicobacter pylori neutrophils activating protein 
HSPG Heparan sulfate proteoglycans 
HVRs Hyper variable regions 
IFN Interferon 
IL Interleukin 
IPTG Isopropyl β-D-1-thiogalactopyranoside 
ITR Inverted terminal repeat 
kb kilo base pairs 
kDa kilo Dalton 
Luc Luciferase 
MAGE Melanoma-associated antigen 
MCSF Macrophage colony-stimulating factor 



 

MHC Major histocompatibility complex 
miRNA micro-RNA 
MLP Major late promoter 
mRNA Messenger RNA 
NB Neuroblastoma 
NET Neuroendocrine tumor 
ORF Open reading frame 
PCR Polymerase Chain Reaction 
PEG Polyethylene glycol 
PMNs polymorphonuclear leukocytes 
poly I:C Polyinosinic : polycytidylic acid 
PTD Peptide transduction/translocation domain 
pTP precursor terminal protein 
Rb Retinoblastoma 
RGD Arginine-glycine aspartic acid 
RNA Ribonucleic acid 
scFV Single-chain variable fragment 
SCID Severe combined immunodeficiency 
siRNA Short interfering RNA 
Tat Trans-activator of transcription 
TNF Tumor necrosis factor 
UTR Un-translated region 
Wt Wild type 
X-Gal 5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside 
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Introduction 

1. Human adenoviruses 
Human adenoviruses (Ads, hereafter, the term adenovirus refers to human 
adenovirus if otherwise specified) are non-enveloped, medium-sized (70-90 
nm in diameter) viruses. The viral particle is mainly composed of a double-
stranded linear DNA molecule encapsidated in an icosahedral protein capsid 
with 12 protractile fibers (Figure 1). Adenovirus was first discovered by 
Rowe and colleagues in 1953 form adenoid cells hence the family was 
named adenoviridae [1]. Since then, 57 serotypes/types of human adenovi-
ruses have been reported, which are subdivided into 7 species (A-G) based 
on immunological distinctiveness and sequence [2-10]. Species B is further 
divided in 2 groups (B1 and B2) based on restriction enzyme digestion pat-
tern [11] and these two subgroups also show different tropisms [12]. Recent 
studies have suggested a new grouping strategy for species B based on their 
receptor usage [13, 14]. All the discovered serotypes are listed with infor-
mation about fiber length and the major receptor (Table 1). It is believed 
there is no exclusive receptor usage for each serotype based on the published 
data [14-16]. 

Naturally adenoviral infection is spread worldwide and not restricted to 
geography. They mostly cause respiratory diseases with symptoms including 
common cold syndrome to pneumonia, croup, and bronchitis; however, de-
pending on the serotype of infecting adenovirus, they may also cause other 
illnesses, such as gastroenteritis [17, 18], conjunctivitis, cystitis, and rash 
illness. Typically, Adenovirus infect the respiratory tract (species B1, C, and 
E), the kidney and urinary tract (species B2), the intestines (species A and 
F), and the eye (species D and E) [19]. Among all serotypes, Ad14 is the 
only reported serotype that can lead to fatal infections [20]. Immunocom-
promised hosts are more susceptible to severe complications of adenovirus 
infection. Some serotypes are capable of establishing persistent asymptomat-
ic infections in tonsils, adenoids, and intestines of infected hosts, and shed-
ding can occur for months or years [21]. More than 50% of the population is 
naturally infected by adenovirus and the infection is usually acquired during 
childhood [22].  
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Table 1 Classification of human adenovirus 

Subgroup Serotypes Fiber length  
(nm, a.a.‡) 

Attachment 
receptors† 

A 12, 18, 31 28-31, 588 CAR, FX 
B B1 3, 7, 16, 21, 50 

9-11, 324 
CD46, DSG2, 
CD80/86, FX B2 11, 14, 34, 35, 55* 

C 1, 2, 5, 6, 57* 23-31, 583 CAR 
D 8-10, 13, 15, 17, 19, 20, 

22-30, 32, 33, 36-39, 
42-49, 51, 53*, 54*, 56* 

12-13, 362 CAR, CD46, SA, 
GD1a glycan 

E 4 17, 425 CAR 
F 40, 41 ~15, 388 

~29, 548 
CAR 
 

G 52* ~12, 363 
~28, 560 

CAR 
 

*These adenoviruses are rather “types” than “serotype” since the descriptions are based on 

bioinformatics analysis. 

‡ Length are an approximate estimation. a.a.: amino acids, based on published sequences 

in Genbank. 

† Listed are extensively described receptors. 

 
Figure 1. A) A schematic drawing of the adenovirus structure. B) Structure of a 
biological assembly of four Ad5 hexon trimers (top-view). Rainbow-colored regions 
represent the hypervariable regions (HVRs). C) Amino acid alignment of published 
adenovirus hexon sequences from >50 different serotypes. Gaps indicate the HVR 
regions. 

A B

C
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1.1 Adenovirus structure 
Adenovirus has a well-defined symmetric structure, of which 240 homotri-
mer hexon proteins form the icosahedral particle. The 12 vertices of the ico-
sahedral particle is occupied by penton; wherein a homopentamer named 
penton base is assembled on the vertices of the icosahedron with each homo-
trimerized fiber molecule extended out along the 5-fold axis (Figure 1). Hex-
on proteins are classified into four groups (H1-H4) based on the surface lo-
cation. Sixty peripentonal hexons designate H1 hexon. Five of H1 hexons 
are lashed together with one penton base by pIIIa to form group of six (GOS) 
hexons [23, 24]; H2 hexons lie along the twofold axis, H3 hexons surround 
the threefold axis, and H4 hexons are at the fourth nonequivalent position. 
When adenovirus is dissociated under mild conditions groups of nine (GON) 
hexons can be isolated, each originating from the major part of an icosahe-
dral face of the virus. Three of each H2, H3 and H4 hexons forms GON hex-
on with the help of pIX protein, which also mediates the assembly of GONs 
with GONs [23, 24]. pIIIa and pVIII help the assembly of the GONs with 
GOSs [23]. There are up to 9 hypervariable regions (HVRs) that have been 
identified based on amino acid diversity of hexon protein among the sero-
types. HVRs form flexible loops and are located on the outer surface of the 
viral particle. The HVR5 and HVR7 of Ad5 are thought to be important in 
coagulation factor X (FX) mediated transduction [25, 26]. The penton base 
has a pentameric structure with a loop consisting of Arginine-Glycine-
Aspartic Acid (RGD), which is thought to be the cell surface integrin-
attachment motif [27, 28]. The fiber (pIV) is a homotrimeric protein with 
three distinct regions: tail, shaft and knob. The fiber knob is mainly respon-
sible for the viral particle attachment to the cell surface receptor. The shaft is 
a beta sheet stack domain consisting of 10-25 repeats, which varies between 
the serotypes, confers the difference in length and flexibility to the fiber 
molecule (Table 1). It has been a long debated on how the asymmetric as-
sembly of the trimeric fiber and the pentameric penton base occurs. Recent 
study suggests that a hydrophobic ring on the top surface of the penton base 
mediates the interaction and three flexible tails inserted into three of the five 
grooves formed by neighboring subunits of penton base [29]. More interest-
ingly, from some serotypes, the penton base alone or together with the fiber 
could form a dodecahedron, which is mainly thought to play an important 
role in viral infection [30, 31]. Five proteins (pV, pVII, Mu, Iva2 and pTP) 
are found mainly in the viral core and associated with genomic DNA. The 
precursor terminal protein (pTP) is covalently linked to the 5 prime end of 
each DNA molecule and function as primers in DNA replication [32]. 
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1.2 Life cycle 
Adenovirus has the capability to infect both dividing and non-dividing cells 
in a wide range of cell types. The infection starts with a relatively weak 
docking attachment between the adenoviral fiber knob domain and the cell 
surface receptor. Group B1 adenovirus almost exclusively use CD46 as the 
main receptor; Group B2 adenovirus preferentially utilize desmoglein-2 as 
their main receptor [33], GD1a glycan was recently identified as the receptor 
for Ad37 [34] and the coxsackievirus adenovirus receptor (CAR) are consid-
ered as the main receptor for other human adenoviruses [35]. Other mole-
cules are also suggested as alternative initiate binding targets including hepa-
ran sulfate proteoglycans (HSPG) [36], CD80 [37], CD86 [37], sialic acid 
(SA) [38], MHC molecule [39] and scavenging receptors [40]. After fiber 
docking occurs, the penton base binds to integrin molecules on the cell sur-
face, wherein the RGD motif on the outer layer of penton base are recog-
nized as the main interacting player. This binding stimulates actin polymeri-
zation and it is followed by endocytosis of the virus particles via clathrin-
coated pits [41].  

Once the adenovirus has successfully entered into the host cell in the en-
dosome, the pH value in endosome lowers. This leads to disassociation of 
the fiber and penton base from the capsid and causes endosome disruption, 
by which the viral particle escapes from the endosome vesicle to the cyto-
plasm with the help of pVI  [42]. The partially disassociated viral particle is 
then translocated to the nuclear pore with the help of cellular microtubules 
and dynein. The adenovirus particle disassembles and the viral DNA is in-
jected in the nucleus [43]. The viral DNA starts binding to histone molecules 
and subsequently initiates viral gene expression, viral DNA replication and 
progeny virus production. The replication of adenovirus relies on the host 
cell’s replication machinery. 

 
Figure 2. A) Schematic drawing of adenoviral transcriptome. Blue lines show the 
double-stranded DNA genome with the left and right inverted terminal repeat (ITR) 
in black at both ends. The adenoviral packaging signal (ψ) is shown in yellow. Early 
genes (red) and late genes (green) are symbolized as broken lines to visualize 
mRNA isoforms as a results of alternative splicing, wherein the promoter for each 
gene is indicated by pink and light green brackets. 
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The whole genome of adenovirus is about 30-38kb in size and contains 30-
40 genes depending on the serotype. Adenovirus genes are assigned into two 
major groups according their expression pattern: early genes (E1-E4) are 
transcribed before and late genes (L1-L5) are transcribed after DNA replica-
tion. The early mRNAs are transcribed from scattered regions of both 
strands, using host cell RNA polymerase, under control of multiple promot-
ers, as illustrated in Figure 2, to achieve flexible expression control. The 
mRNAs are processed by host cellular enzymes which includes capping, 
methylation, polyadenylation and splicing, and then exported to the cyto-
plasm for translation [44]. The early gene products are mainly non-structural 
and regulatory proteins. Among these the E1A gene (also refer to as “imme-
diate early”) is first to be transcribed and expressed. One of the roles of the 
E1A proteins is forcing the host cell into S-phase of the cell cycle by binding 
to a variety of cellular proteins, one among them is the retinoblastoma pro-
tein (pRb). The binding to pRb leads to E2F release, which is normally in 
complex with pRb, and this leads to activation of the adenovirus E2 gene 
cassette resulting in DNA replication and synthesis [45]. The multiple inter-
action of E1A with cellular proteins is a pro-apoptotic event and in order to 
prevent the host cell from going into apoptosis the two E1B gene products 
19K and 55K are expressed from the virus genome. The E1B-19K gene 
product is analogous to that from the anti-apoptotic cellular Bcl-2 gene and 
the E1B-55K gene product directly binds to and represses p53 activity. An-
other important role of the E1A proteins is to initiate the transcription of the 
other early gene (also refer to as “delayed early”), whose products are main-
ly responsible for viral DNA synthesis (E2); modulation of the host immune 
response and escape from host immune scavenging (E3) [46-49]; the regula-
tion of DNA replication, mRNA transport and apoptosis (E4) [50]. There-
fore, adenoviruses lacking the E1A gene are replication defective. Viral 
DNA replication and late gene transcription occurs directly after the expres-
sion of early genes. Adenovirus encodes its own DNA-dependent DNA pol-
ymerase for synthesizing new DNA molecules with the help of terminal 
protein pTP, which acts as a primer. Hence, the DNA replication is a strand 
displacement process and both strands are replicated in a continuous fashion 
without the formation of Okazaki fragment. The late genes (L1-L5) are 
mainly coding for structural proteins such as fiber, penton base and hexon. 
The action by which late transcription is switched on is not well understood, 
while it is clear that a single major later promoter (MLP) drives all late tran-
scripts [44]. The primary transcripts are processed to generate various 
monocistronic mRNAs, which undergo maturation by polyadenylation and 
intron removal with the help of cellular enzymes [44]. Adenovirus seems to 
make more mRNA and proteins than what are needed for assembly and the 
precise control of transcription and translation are not well understood [51-
53]. The excessive production of fiber molecules is reported to achieve a 
persistent infection in the host [54-57]. 
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Two viral-associated (VA) RNA called VAI and VAII are also encoded 
from the adenovirus genome of which VAI is the major species. It is a non-
coding RNA, which plays a role in regulating translation of both early and 
late gene and can act as siRNA and miRNA [58]. 

New viral particles are assembled in the host cell nucleus. The newly 
translated structural proteins are transported to the nucleus where they as-
semble and package the newly replicated viral DNA [59]. There is an encap-
sidation sequence at the beginning of the viral DNA, which allows the 
recognition of viral DNA for packaging. At the end of the viral life cycle, the 
virus is released from the cell as a result of virally induced cell lysis (Figure 
3). Group C adenovirus accumulates adenoviral death protein (ADP) at the 
end of life cycle, which is thought to mediate the cytolysis [60]. However, 
group B adenovirus do not encode ADP and the exact mechanism of viral 
induced cytolysis remains unclear [61, 62]. 

 
Figure 3. Adenovirus Life Cycle. Cellular infection is initiated by the attachment of 
the fiber molecule of the virus to a cell surface receptor (eg. CAR for Ad5). Virus is 
then internalized, partly degraded and translocated to nucleus, where the viral DNA 
is imported. Early gene expression starts with help of the host cellular machinery 
immediate after the virus DNA is imported into the nucleus. The early proteins fur-
ther initiate viral DNA replication and late gene expression. Structural proteins are 
synthesized in the cytoplasm and translocated into nucleus where progeny virus 
assembles. The host cell is then lysed and the newly formed viral particles are re-
leased. 
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2. Adenoviruses in gene therapy 
At the very beginning, dietary therapy and drug therapy were used for treat-
ment of human genetic disorders. For example clinical benefits were ob-
tained by lowing lactose in diets for patients with galactosemia or using al-
lopurinol to inhibit xanthine oxidase for patients with the Lesch-Nyhan syn-
drome [63, 64]. By the development of techniques for manipulating human 
DNA and protein, physicians started to use exogenous enzymes/proteins to 
treat genetic disorders. The concept of gene therapy was formed during the  
1970s when Friedmann and Roblin coauthored a paper [64] in Science refer-
ring proposal [65] that “exogenous good DNA can be used to replace the 
defective DNA in those patients who suffer from genetic defects”. Since 
then, both DNA and RNA viruses have been genetically engineered for 
“good DNA” delivery. Adenovirus was developed as a vector for gene de-
livery both for the purpose of therapy as well as a research tool [66]. To date, 
two classes of antitumor adenovirus agents have been developed; replica-
tion-defective adenoviral vectors, which are capable of and aimed for trans-
ferring and expressing therapeutic transgenes, and replication-competent 
oncolytic adenoviruses, which selectively kill tumor cells. 

2.1 Replication defective adenovirus as a gene delivery vector 
Adenovirus was one of the first gene transfer vectors to be developed in the 
research field. The first generation of adenovirus vector had its E1 region 
replaced by a transgene expression cassette, which renders them replication-
deficient. Second generation adenovirus vector had also its E3 region deleted 
for enlargement of the insertion size of the transgene expression cassette of 
up to 7.5kb [67, 68]. In order to reduce the immunogenicity of adenovirus 
vectors, the third generation of adenovirus vector was developed containing 
only the inverted terminal repeats (ITRs) and the packaging signal, in which 
the viral genes were supplied in trans by a helper-virus [69, 70].  

As a research tool, adenoviral vectors were mainly used to overexpress a 
gene of interest in cells. As a therapeutic agent, adenoviruses were first eval-
uated to deliver toxic genes to tumor with a purpose to kill cancer cells. Due 
to the lack of ability of the adenovirus vectors to reinfect cells within the 
tumor and the presence pre-existing immunity against adenovirus, the clini-
cal benefits were not significant. However, the transient but strong expres-
sion profile and the immunogenic nature have made adenovirus rather suita-
ble for immunotherapy and vaccine development. A clinical trial of 
Ad(CD40L) on bladder cancer patients, conducted showed both safety and 
successful immune response activation in tumors in patients [71]. 
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2.2 Replication competent adenovirus as an oncolytic agent 
Virus-based therapy of cancer, where viruses are modified and/or selected to 
replicate in and destroy cancer cells, is an emerging therapeutic approach for 
cancer. Conditionally replicating adenoviruses (CRAds) are developed based 
on this rationale. CRAds contain all the adenoviral replication/propagation 
essential genes including the early genes E1A, E2, E4 (in many cases also 
E1B and E3) and all late genes. They have the ability to infect cells, replicate 
therein, lyse the cells and release the new viral particles which yield a sec-
ondary infection of neighboring cells. By combining three types of engineer-
ing strategies; targeting, arming and shielding, oncolytic viruses can obtain 
high specificity to cancer cells without losing its lytic capacity. Targeting 
improves the safety, arming through the expression of therapeutic genes 
improves the therapeutic efficacy and coating with low immunogenic mole-
cules provides shielding from the host immune response with increased cir-
culation time and as a consequence improved targeting [72-75]. 

Adenovirus targeting 
Viral targeting can be achieved at different levels. Transductional selective 
targeting is achieved by viral surface modifications, which restrict/skew the 
viral entry into cancer cells. This is further discussed below. A second tar-
geting strategy is based on mutations or deletions of certain viral genes, 
which could be complemented in tumor cells but not in normal cells. The 
earliest and most well-known example is the dl1520 virus, also called ON-
YX-015, in which the E1B-55kD gene is deleted. The E1B-55kD gene prod-
uct has the function of p53 degradation, which led to the prediction that 
ONYX-015 should selectively replicate in and kill p53-deficient cancer cells 
[76]. However, the selectivity seems to be more dependent on normal versus 
tumor cells and not dependent of the p53 status of the tumor cells, since 
normal cells fail trans-providing the late viral RNA export function of E1B-
55kD, which are required for ONYX-015 replication [77, 78]. Other exam-
ples of adenoviruses with genetic mutations are the Δ24 strain (also referred 
as “D24”) [79] and the dl922-947 strain [80]. They both have the same 24bp 
deletions in conserved region 2 of E1A that mediate interaction with the pRb 
family of proteins, which regulate the G1- to S-phase cell cycle checkpoint. 
These viruses confer selective replication in cells with a disrupted pRb 
pathway. A third strategy for selective replication is based on transcriptional 
using a tumor/tissue specific promoter to control the E1A gene expression 
falls within this category. Many promoter-based adenoviruses have been 
developed and examined [81]. One example is by Cheng et. al., who report-
ed the results on an adenovirus controlled by a prostate-specific promoter 
(PPT), which had restricted replication in and specific killing of prostate 
cancer cells [82, 83]. The reverse transcriptase (hTERT) promoter is also 
used by several groups to control viral replication, since the hTERT promot-
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er is active in most cancer cells, but not in normal cells [84]. A forth, rather 
new strategy is post-transcriptional targeting where the E1A RNA stability 
and thereby the translation of E1A proteins is modulated in critical target 
organs. The general idea is to insert a microRNA (miRNA) target sequence 
in to the 3’ UTR of the viral E1A transcript. The viral transcript is then de-
graded in the cells that express the corresponding miRNA [85]. Others and 
we have recently reported results on adenovirus with target sequences for the 
liver specific miR122 inserted in the 3’ UTR of E1A gene. This virus 
showed decreased toxicity in liver cell [86-89].  

Adenovirus arming and shielding 
Oncolytic adenovirus could be further armed with genes to add another can-
cer cell-killing mechanism besides oncolysis. One example is the Ad5/3-
D24-GMCSF, which was constructed by Hemminki’s group [90]. This onco-
lytic adenovirus is armed with granulocyte macrophage colony-stimulating 
factor (GM-CSF), which can recruit dendritic cells and induce immune re-
sponse against tumor cells. It showed increased killing efficacy and pro-
longed survival of tumor bearing syrian hamsters [90]. Later on, the same 
group reported that the treatment of Ad5-RGD-D24-GMCSF was generally 
well tolerated and side effects were similar to unarmed Ad5-RGD-D24 virus 
in patients [91]. 

In our lab, we have armed our virus with Helicobacter pylori Neutrophil 
Activating Protein (HP-NAP). HP-NAP is a water-soluble 150 kDa do-
decameric protein made up of several identical 15 kDa subunits.[92, 93] HP-
NAP is a potent immunomodulator, capable of inducing secretion of the 
proinflamatory cytokines tumor necrosis factor (TNF)-α and interleukin 
(IL)-8 [94] and T helper type 1 (Th1) type immune polarization with secre-
tion of IL-12 and IL-23.[95, 96] Given the ability of activated neutrophils to 
eradicate tumors [97, 98] and the ability to induce a Th1-type immune polar-
ization [95, 96], thus, bridge the innate immunity to adaptive immunity, we 
believe that HP-NAP is a potential candidate as a therapeutic gene that can 
enhance the therapeutic efficacy of oncolytic adenovirus. 

The highly immunogenic feature of adenovirus makes systematic delivery 
difficult. To further protect the virus from clearance by the immune system, 
adenovirus could be shielded in carrier cells for the purpose of systematic 
delivery. Indeed, García-Castro and colleagues have successfully used autol-
ogous mesenchymal stem cells as carrier cells for oncolytic adenovirus de-
livery to treat metastatic neuroblastoma patients [99]. One child is still in 
complete remission 36 month after treatment [99]. Moreover, Muthana et al 
have successfully used monocyte-derived-macrophage as carrier to intrave-
nously deliver oncolytic adenovirus [100]. This treatment could abolish tu-
mor re-growth and metastasis after chemotherapy or irradiation in a nude 
mouse model [101]. 
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3. Adenovirus surface modification 
Since adenovirus is engineered for cancer therapy, researchers have devoted 
huge efforts on viral surface modification to achieve i) retargeting to achieve 
higher transductional specificity, and ii) lower toxicity and/or immune re-
sponse against viral particles, and iii) imaging and other purposes. A sum-
mary of surface modified adenovirus is listed in Table 2.  

In order to selectively target certain cell types at the transductional level, 
many researchers have attempted to modify the viral surface proteins. Most 
studies have focused on the modification of fiber molecules by either replac-
ing the fiber or fiber knob with one from another serotype or inserting a 
short peptide in the HI loop or the C-terminus of the adenovirus fiber mole-
cule. For instance, an adenovirus with RGD motif inserted into the HI-loop 
of the fiber selectively infects cancer cells with high integrin expression 
[102-105]. Leja et. al., reported a novel adenovirus with a cyclic FWKT 
motif from somatostatin in the HI-loop, where, the virus showed selective 
infection of neuroendocrine cancer cells through interaction with a somato-
statin receptor [106]. The cement protein pIX is also reported to have toler-
ance to modification. By inserting a single-chain T-cell receptor in pIX, the 
adenovirus selectively targeted HLA-A1/MAGE-A1-positive tumor cells 
[107]. Adenovirus has also been reported for use in imaging by incorporat-
ing GFP on its surface proteins [108, 109]. Researchers have identified that 
the exposed HVRs contain key adenovirus-specific neutralizing antibody 
epitopes [110]. In order to prevent neutralization by pre-existing immunity, 
researchers have tried to pseudotype the hexon HVRs (exposed on surface) 
with the ones from other serotype, which has less prevalence of the neutrali-
zation antibody. Roberts and colleagues successfully circumvent pre-existing 
anti-vector immunity, by replacing the Ad5 HVRs with corresponding HVRs 
from Ad48 (Ad5HVR48), [110]. However, it was later shown that Ad5 to 
Ad48 HVR substitution lead to toxicity and increased inflammatory respons-
es following intravenous delivery [111]. In another example to lower the 
immune response the surface of adenovirus was chemically conjugated to 
PEG molecules [112]. 

Waddington and colleagues showed that liver sequestration of Ad5, at 
least in mouse model, is mediated by binding of FX to the hexon [26]. This 
phenomenon could be abolished by pseudotyping the HVRs from serotype 
48, which did not bind to FX [26], or by point mutation in HVR5 and/or 
HVR7 to disrupt the FX-hexon interaction. It has also been reported recently 
that the so called fiber-masking problem could be rate limiting in oncolytic 
adenoviral therapy. This is caused by overproduction of adenovirus fiber 
proteins [51, 57, 141], which are released from the infected cell before cell 
lysis. The released fibers bind to CAR on non-infected neighboring cells, 
thereby limiting infection efficiency of progeny virus [57]. The fiber-
masking problem is not limited to the Ad5 fiber but also observed for the 
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Ad35 fiber, which binds to CD46 [57]. These limitations must be overcome 
to develop successful oncolytic adenovirus agents. 

Table 2 A list of adenoviral surface modification for different purpose. 

Aim Sites Modification Types 

Retargeting 

hexon 

Cysteine, chemical conjugation of ligands [113] 
Peptide ligand (RGD [114, 115], Tat-PTD [115, 
116], BAP [117]) 
Metabolic N3 labeling, chemical conjugation [118] 

pIX 

Peptide ligand (RGD[114, 115], BAP [117]) 
Cysteine, chemical conjugation of ligands [119] 
scFv or other antibody-based molecules [120, 121] 
Single chain T-cell receptor [107] 

fiber 

Pseudotyping, knob/shaft/tail [122-127] 
Antibody-based molecules [128-130] 
Peptide ligand (RGD [102], Tat-PTD [131], BAP 
[117]) 
Metabolic N3 labeling, chemical conjugation [118] 

Detargeting 
hexon 

HVRs pseudotyping / mutation [132] 
Chimeric hexon [25, 26] 
Cysteine, chemical conjugation of ligands [113] 

fiber Shaft KKTK mutation / point mutation [133] 

Immune 
Response 

hexon 

HVRs pseudotyping / mutation [127, 134] 
Chimeric hexon [110, 111] 
Epitope [135, 136] 
PEGylation [112, 137, 138] 

fiber Epitope [139] 
Imaging pIX GFP/eGFP [108, 109] 
Other pIX Therapeutic genes [140] 
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Figure 4. Schematic drawing of the surface modified viruses used in our studies. 
Ad5: Natural Adenovirus serotype 5 based virus. Ad5PTD: Adenovirus serotype 5 
based virus with hexon PTD modification. Ad5f35: Adenovirus serotype 5 based 
virus with fiber molecules from serotype 35. Ad5PTDf35: Adenovirus serotype 5 
based virus harboring both the above mentioned PTD and f35 modifications. 

In our studies, both hexon HVR5 modification and fiber pseudotyping have 
been accomplished to address these problems (Figure 4). Especially, when 
the Ad5 hexon HVR5 was modified to incorporate the Tat-PTD motif (pro-
tein transduction domain from the HIV-1 Tat protein), the FX-mediated cell 
binding was significantly reduced, which may theoretically decrease liver 
transduction. In addition, Tat-PTD-mediated receptor-independent transduc-
tion led the virus to overcome the fiber-masking problem. By switching the 
fiber 5 molecules to fiber 35 viral transduction in most of the human primary 
cells were increased. Moreover, the combination of fiber 35 and PTD modi-
fication depicted a synergetic effect on transduction efficiency, which en-
large the utility of adenovirus as gene delivery vector.  
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4. Cell penetrating peptides 
Cell penetrating peptides (CPPs) are short peptides (usually <30 a.a.) with 
the ability to penetrate tissues or enter cells at a relatively high efficiency. In 
some cases, members of linear CPPs have the “carrier” features to transport 
conjugated “cargos” (from small molecules to large DNA complexes) into 
cells. The first insight into cellular uptake of CPPs dates back to 1965, when 
researchers reported that histones and basic polyamino acids stimulate the 
uptake of albumin by tumor cells in culture [142]. The transactivator of tran-
scription (Tat) from the human immunodeficiency virus (HIV)-1 virus was 
found to have carrier/penetrating properties in 1994 [143]. Further studies by 
Lebleu’s group showed that the ability of Tat to penetrate plasma mem-
branes was associated with certain domains of the Tat peptide, designated 
protein transduction domains (PTD) [144]. From that time an increasing 
number of new CPPs have been found and characterized [145]. These CPPs 
have been successfully used, both in vitro and in vivo, for the intracellular 
delivery of different cargoes [146-152], including nanoparticles, proteins, 
liposomes and nucleic acids. CPPs are classified in different groups based on 
their properties as listed in Table 3. Among all CPPs described to date, the 
Tat-PTD and Penetratin (the homoeodomain of the Antennapedia protein of 
Drosophila [153]) are among the best characterized. 

Table 3 Examples of cell-penetrating peptides, their origins, structures, and mecha-
nisms 

Name Origin/design Structure Proposed mechanism 

Protein transduction domains  
Penetratin 
(pAntp) 

Antennapedia Dro-
sophila melanogaster 

Amphipathic, 
α-helix/β-sheet 

Direct penetration, endocy-
tosis 

Tat HIV-1 Tat 
Random 
coil/PPII helix 

Direct penetration, pore 
formation 

pVEC 
Murine vascular endo-
thelial cadherin 

Amphipathic, 
β-sheet 

Direct penetration, trans-
porter-mediated 

Chimeric CPPs  
Transpor-
tan 

Galanin + Mastoparan 
Amphipathic, 
α-helical 

Endocytosis, direct penetra-
tion 

Pep-1 Chimeric 
Amphipathic, 
α-helical 

Direct penetration, pore 
formation 

Synthetic CPPs  
Poly-Arg 
(Rn) 

From the key role of 
Arg residues in Tat 

Random coil, 
α-helical 

Direct penetration, endocy-
tosis 

MAP 
Model amphipathic 
peptides 

Amphipathic, 
α-helical 

Multiple mechanisms 
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Cell surface heparan sulfate proteoglycans (HSPG) is thought to play an 
important role in the CPP internalization process. Any of the possible uptake 
mechanisms discussed so far is consistent with the contribution of proteo-
glycan to CPP internalization [154]. However, the mechanism of each exact 
CPP uptake is still not fully elucidated, which is a limitation in clinical us-
age. Different models have been proposed to illustrate the penetration, which 
can be mainly categorized into two groups as i) energy-dependent endocyto-
sis and ii) direct translocation via the lipid bilayer [155]. Another report also 
suggests that CPPs may only play a role in “adherence” or “docking” to the 
cell surface while endocytosis mediates the actual cellular uptake [156]. 
Moreover, the secondary structure was also found to be important for differ-
ent classes of CPPs [157]. It should be emphasized that distinct internaliza-
tion mechanisms for the same CPP exist, depending on the presence or ab-
sence of cargo. 

4.1 CPPs translocation by energy-dependent endocytosis 
The internalization of several CPPs and their conjugates has been demon-
strated with involvement of endocytosis. However, the exact endocytosis 
pathways contributing to this process is still unclear. Endocytosis is defined 
as an energy dependent process by which cell absorbs biomolecules, such as 
proteins, toxins and even other cells. The process is subdivided mainly into 4 
categories (Figure 5): i) Phagocytosis, a process occurs only in specialized 
cells (i.e macrophages), by which the cell engulfed relatively big particles 
(≥0.75μm) such as cell debris, dusts and microorganisms. ii) Macropinocyto-
sis, an action in which the cell membrane extended out with support of actin 
filaments forms a pocket and engulfs a large volume of extracellular fluid in 
an un-specific manner, which then pinches off from cell membrane to form a 
cytosolic vesicle. iii) Clathrin-mediated endocytosis is mediated by receptor-
ligand interaction where specific receptors capture the internalizing mole-
cules. This leads plasma membrane to be coated inward with clathrins, 
which then buds off from the membrane by the help of dynamin to form a 
cytosolic vesicle. iv) Caveolin-mediated endocytosis is a receptor-mediated 
endocytosis process that increases membrane oligomerization of caveolin 
and cause plasma membrane invagination, which then fizzed off as cytosolic 
vesicles with the help of dynamin.  

By using different approaches, such as drug inhibition of a specific path-
way, different studies revealed that CPPs simultaneously use all known en-
docytic pathways in cellular internalization. However, depending on the 
class of CPP, different CPPs may have a favorable pathway. For example, 
the fusion protein GST-Tat-GFP was found to enter cells mainly by caveo-
lae-mediated endocytosis [158, 159], while the Tat peptide and the Tat-HA2 
fusion peptide were described to be internalized mainly through macropino-
cytosis [160-163] and clathrin-mediated pathway [164]. Peneratin, a proto-
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type in another class of CPPs, mainly utilizes clathrin-mediated endocytosis 
for cellular uptake. In comparison, cationic conjugated CPPs rely more on 
macropinocytosis for internalization.  

 
Figure 5. Proposed hypotheses for cellular uptake of cell penetrating peptides. CPPs 
uptake are classified in two major categories: energy-dependent endocytosis and 
energy-independent direct translocation. Energy-dependent endocytosis includes 
macropinocytosis, caveolae- or clathrin- mediated pathway and other pathways (Left 
panel). Energy-independent direct translocation of CPPs includes inverted micelle 
model, barrel stave pore formation model, toroidal pore formation model and carpet 
model. 

4.2 CPPs translocation by energy-independent direct 
translocation 
The Tat peptide cellular uptake was also found to be endocytosis-
independent by using genetically engineered cells that lack endocytosis me-
diators [165]. Several models have been proposed to explain the direct trans-
location of CPPs, including the “inverted micelle model”, the “barrel stave 
pore formation model” the “toroidal pore formation model” and the “carpet 
model” (Figure 5).  

According to the “inverted micelle model” [166], the interaction of CPPs 
with phospholipids membrane would recruit negatively charged phospholip-
ids and induces the formation of an inverted micelle, which subsequently is 
disrupted and release the CPPs in the other side of the membrane due to the 
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hydrophilic cavity of the inverted micelle [167]. However, this model can 
hardly explain the translocation of CPPs-cargo, where it is not likely to form 
the inverted micelle containing high weight or big size molecules in their 
hydrophilic core. 

According to either the “barrel stave”- or the “toroidal”- pore formation 
models, the translocation of peptides and their conjugates across phospholip-
id bilayer membranes would result from the formation of transient pores, 
produced upon peptide insertion into the membrane, and oligomerization of 
the inserted peptides in a ring-shape structure. Both pore formation models 
are similar. In the “barrel stave pore” model, the hydrophobic faces of the 
CPPs interact with hydrophobic lipid tail of the bilayer phospholipid and the 
hydrophilic face would form the interior of the pore [168-171]. On the other 
hand, in the “toroidal pores” model, the CPPs exclusively interact with only 
the hydrophilic phosphor head of the phospholipids by rearranging the con-
formation of the bilayer [168, 172]. 

In the “carpet model”, translocation of CPPs and their conjugates would 
occur as a consequence of a transient rearrangement of the lipid bilayer, 
induced by the extensive association of the peptide to its surface [168-171]. 

An adenovirus particle is a huge macromolecule compared to the cargos 
that are normally carried by CPPs. It is currently not known how CPP modi-
fication of the adenovirus HVR-5 with Tat-PTD leads to increased transduc-
tion of cells. However, since neither macropinocytosis blockage nor energy 
starvation at 4°C could completely abolish the transduction (our unpublished 
data), we can speculate that the viral penetration may rely on several differ-
ent pathways including both energy-dependent and independent transloca-
tion.  

5. Neuroendocrine tumor and treatments with 
Adenovirus 
5.1 Neuroendocrine tumors 
Neuroendocrine tumors (NETs) are neoplasms arising from endocrine cells 
and the nerve system [173] [174]. The endocrine cells are distributed all over 
the body, abundantly found in the respiratory tract and intestinal mucosa and 
also found as clusters in certain organs such as thyroid (e.g. C-cells), pancre-
as (e.g. islets) and adrenal glands. Therefore, NETs can occur all over the 
body. However it is a relatively rare disease. All NETs cells highly express 
chromogranin A, which is the most important general marker [175]. The 
largest group is the gastroenteropancreatic NETs (GEP-NETs), which in-
cludes gastrointestinal NETs (GI-NETs, also referred as carcinoids) and 
pancreatic NETs (PNETs). They share similarity in their cell features [176]. 
The majority of PNETs are potentially malignant with an expected median 
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survival of metastatic disease of less than 30 months [177]. The GI-NETs are 
often small in size but all malignant. They often develop liver and local 
lymph nodes metastases. The median survival for patients with metastatic 
small intestinal NETs in most studies are 6-7 years, but can be considerably 
prolonged when treated at a Center of Excellence (e.g. Uppsala, Sweden) 
with a median survival of more than 12 years [173]. Other types of NETs 
involves lung NETs, parafollicular cell cancer and Neuroblastoma. 
There is no clinical data regarding oncolytic adenovirus treatment of NETs. 
However, we have systemically developed and pre-clinically evaluated ade-
noviruses optimized for treatment of GI-NETs liver metastases. The adeno-
virus is based on serotype 5, wherein E1A gene is transcriptional controlled 
by CgA promoter and post-transcriptional regulated by miRNA targeting 
sequence miR122. The viral particles are either hexon PTD modified to by-
pass the CAR-dependent cellular transduciton or fiber FWKT modified to 
enhance the transduction via somatostatin receptor 2 and reduce the hepato-
toxicity [86, 106]. 

5.2 Neuroblastoma 
Neuroblastoma (NB) is one type of neuroendocrine tumor and is one of the 
most common extracranial solid tumors in early childhood, accounting for 8-
10% of all childhood cancer. NB is a tumor of the sympathetic nervous sys-
tem and originates from immature nerve cells of the neural crest. The prima-
ry location is along the migration path of neural crest-derived cells, where 
most primary tumors (65%) occur within the abdomen, of which at least half 
occur in the adrenal medulla. Other common sites of disease include the 
neck, chest, and pelvis [178]. NB is often classified in 4 broad categories 
depending on the International Neuroblastoma Risk Group (INRG) classifi-
cation system: very low risk, low risk, intermediate risk, and high risk. The 
proposed 5-year event-free survival rates for the risk groups are >85%, >75 
to ≤85%, ≥50 to ≤75%, and <50%, respectively [178]. Very low risk group 
NB patients include infants younger than 1 year, who can recover with care-
ful daily observation, even with the presence of metastatic disease, whereas 
older patients with metastatic disease have poor prognosis. Most children 
with low or intermediate risk neuroblastoma achieve remission via a combi-
nation of surgery, radiation and chemotherapy, and some children with high-
risk disease also benefit from mega-dose chemotherapy with autologous 
hematopoietic stem cell rescue [179]. However, more than half the patients 
with high-risk neuroblastoma relapse after standard treatment and to date no 
curative treatment exists [178].  
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6. Clinical Trials with surface modified oncolytic 
adenoviruses 
Adenoviruses have been extensively used in clinical trials. Most registered 
studies so far are replication-deficient adenoviruses with the purpose of vac-
cination/gene delivery. Oncolytic adenovirus has also been widely used for 
treatment of various cancer types. Most of the trials are phase I dose escala-
tion studies while some oncolytic adenovirus entered phase II/III. In general, 
the clinical outcome of oncolytic adenovirus is positive and relatively safe 
with only mild adverse events such as local injection site pain, fatigue, nau-
sea, and temporary fever. It has been reported that adenovirus treatment me-
diated high neutralizing antibody production within 3 weeks, while the virus 
could persist in circulation for up to 5 weeks [180]. 

Surface-modified adenoviruses have also been tested in clinical trials such 
as RGD fiber modification and fiber pseudotyping. Most viruses used by 
different groups have the D24 deletion of the E1A gene, which render selec-
tive viral replication in pRb-deficient cancer cells. Ad5-D24-RGD and Ad5-
D24-RGD-GMCSF both contains D24-E1A and the later one is further 
armed with GM-CSF. Patients (N=21) treated with Ad5-D24-RGD (a single 
3-day cycle of 109–1012 VP/day) showed relatively high safety aspects with 
14 cases of stable disease (SD) and 7 cases of progressed disease (PD). The 
adverse events include fever, fatigue and abdominal pain [181]. In another 
study all patients (N=9) who were treated with the same virus showed dis-
ease progression in radiological analysis [182]. While in the same study as 
comparison, 3 evaluable patients with previously progressing disease stabi-
lized after a single treatment with Ad5-D24-RGD-GMCSF and two thirds of 
the patients had stabilization or reduction in tumor marker levels [182]. In 
yet another study, patients received a single injection of Ad5E2F-E1AD24-
RGD, a similar virus wherein the E2F promoter controls the D24-E1A gene, 
was also well tolerated by patients in response to the treatments [183]. Ad-
verse events were also mild like fever and fatigue. Ad5/3-D24-GMCSF is a 
fiber pseudotyped virus that re-target the adenovirus to DSG-2. Patients 
(8/12) treated with Ad5/3-D24-GMCSF show objective clinical benefit as 
evaluated by radiology and 13/21 patients have biological activity of the 
virus. Moreover, the level of survivin-specific CD8+ lymphocytes increased 
after treatment in 8/14 patients, which indicated an elicited anti-tumor im-
mune response [90]. 

Two surface-modified oncolytic adenoviruses have been used to treat 
neuroblastoma. The first report is from Hemminki’s group [184] in 2010. A 
6-year-old boy with Stage 4 disease (lymph nodes and bone marrow metas-
tases) failed to respond to three different chemotherapy regimens (vincristine 
+ cisplatin / carboplatin + etoposide + cyclophosphamide, doxorubicin + 
etoposide + iphosphamide, high-dose cyclophosphamide) including a high-
dose intensive regimen with an autologous stem cell transplant. The patient 
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was treated with an ultrasound-guided injection of in total 1×1011 adenoviral 
particles of the Ad5/3-Cox2L-D24 oncolytic adenovirus, one-third into the 
primary tumor near the left kidney, one-third into adjacent lymph nodes, and 
one-third intravenously. The adenovirus is serotype 5-based and pseudo-
typed with the serotype 3 fiber to alter the transduction via DSG2. D24-E1A 
expression is under control of the cyclooxygenase-2 promoter (Cox2L). The 
treatment was found to be safe with mild adverse events including grade 1 
fever (max 37.1⁰C), diarrhea, stomach pains and grade 2 liver enzyme eleva-
tions for two weeks. A bone marrow biopsy was found to be free of disease 
and the primary tumor had regressed by 71% one month after treatment. 
Increased CD3+CD8+ lymphocytes in the circulation indicate an immunlogi-
cal response. The same virus was also used to treat other types of solid tumor. 
Anti-tumor activity was seen in 11/18 of patients [180]. In yet another report 
published by Alemany’s group in 2010, where 4 patients with metastatic NB 
refractory to front-line therapies received intravenously autologous mesen-
chymal stem cells loaded with oncolytic adenovirus ICOVIR-5 [185], a E2F 
promoter-controlled D24-E1A gene with fiber RGD modified adenovirus 
backbone. The tolerance to the treatment was excellent. A complete clinical 
response was documented in one case, and the child is in complete remission 
3 years after this therapy. Taken together these two studies suggest that on-
colytic viruses can substantially affect treatment of therapy-resistant neuro-
blastoma.  

Up to date, one oncolytic adenovirus based anti-cancer agent (H101, 
brand name Oncorine, an Ad5 based virus with E1B-55k gene deletion) was 
approved by China State Food & Drug Administration on November 2005 to 
be used in combination with chemotherapy as a treatment for patients with 
late stage refractory nasopharyngeal cancer, which later on expanded for 
treatment of hepatocellular-, pancreatic- and lung- carcinoma as well as ma-
lignant pleural effusion. 

In conclusion, adenovirus mediated cancer therapy is safe and has poten-
tial clinical benefits. 
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Methods 

Details can be found in each paper. However, two of the most important 
techniques, used in this study are listed below. 

Recombineering 
Recombination-mediated genetic engineering, termed recombineering, is a 
method either to construct or modify DNA vectors based on homologous 
recombination in an E. coli strain using the Red recombinase from the λ 
bacteriophage [186]. This method is powerful for fast and efficient construc-
tion and modification of DNA vectors. Episomes in the bacteria can be mod-
ified using linear PCR products (double-stranded) or synthetic oligonucleo-
tides (single-stranded) as substrate, with as short as 35-40 base pair homolo-
gies. The bacterial strains, used for recombineering should be able to express 
the bacteriophage recombination system. This system contains the genes: 
gam, exo and beta. gam prevents degradation of the linear DNA introduced 
into the host bacteria. exo has 5'-3' exonuclease activity, which creates sin-
gle-stranded overhangs on introduced linear DNA. beta protects these over-
hangs and helps the subsequent recombination process. Warming and col-
leagues developed an E.coli strain, SW102, containing the λ recombination 
system in its genome [187]. These genes are transcribed by a λPL promoter 
and tightly controlled by a temperature-sensitive cI857 repressor. When the 
bacteria are cultured at low temperature (30-32°C), expression of the recom-
bination proteins are repressed. However, after about 15 minutes incubation 
at 42°C, the promoter is activated and a sufficient amount of recombinase is 
produced for the recombination process. The linear DNA substrate, with 
sufficient homologous ends at both 5’ and 3’ of the site of recombination in 
the target vector, which is already present in the bacteria, can be easily intro-
duced into the bacteria by electroporation. Recombinants are obtained by 
selection against antibiotic markers. 

Selection and Counter-selection 
As the name implies this process of selection is based on two steps, a posi-
tive and a negative selection. The positive selection is based on introducing a 
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gene into E. coli, which makes the bacteria resistant to antibiotics, while the 
negative selection is based on introducing a gene, which makes the bacteria 
sensitive to a substrate. In the present study, we used the bla gene for ampi-
cillin resistance as a positive selection marker (AmpR), and the sacB gene, 
which makes the E. coli sensitive to sucrose, as a negative counter-selection 
marker. lacZ is a gene involved in the lac operon for lactose catabolism, 
which is naturally controlled by the lacI repressor. In this work, IPTG was 
used to induce the expression of the lacZ gene and the gene product β-
galactosidase could digest the substrate X-Gal, which changes the color of 
the colony to blue. 

 
Figure 6. Recombineering (A) A schematic view of the molecular mechanistic 
steps in DNA recombination using the λ Red system. The gam protein prevents the 
degradation of dsDNA. The exo protein is a 5’-3’ double-stranded DNA (dsDNA) 
specific exonuclease and is only required for dsDNA recombination. The beta pro-
tein, a single-stranded DNA (ssDNA) annealing protein, is a central player in re-
combineering and is required for both dsDNA and ssDNA-mediated recombination. 
(B) An illustration of selection and counter-selection steps in adenoviral genome 
engineering. The example shows insertion of the PTD motif in the HVR5 region. 
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Results and Discussion 

Paper I 
The main aim of this study was to increase viral transduction efficiency and 
to overcome the fiber-masking problem caused by excessive fiber proteins 
release from infected cells that blocks CAR on non-infected neighboring 
cells and thereby preventing progeny virus entry [57]. To achieve this, we 
decided to keep the targeting agent away from the fiber and to put it on the 
virus capsid. Several groups have verified that the HVR5 site is tolerant for 
foreign peptide insertion [188-191]. Moreover, given the fact that there are 
240 hexon trimers expressed on the adenoviral surface versus only 12 fiber 
trimer molecules and that hexon modification would not affect the native 
fiber binding, we decided to modify the hexon HVR5 site. 

The Tat-PTD sequence that we used here is flanked by a short α-helix 
spacer at both ends and is inserted into the hexon HVR5 region. We hypoth-
esized that the short α-helix spacer would expose the Tat-PTD motif, thereby 
increasing the virus-cell interactions, thus improving the transduction effi-
ciency. In vitro experiments demonstrate the Tat-PTD modified viruses have 
increased transduction efficiency and improved cell-killing efficacy in a 
CAR-independent manner. Mice xenografted with SK-N-SH tumor when 
treated with Tat-PTD modified viruses had delayed tumor growth and pro-
longed survival. 

The over-production of fiber molecules during the first round of viral in-
fection leads to a release of fiber molecules prior to cell lysis which mask the 
receptor on adjacent uninfected cells and therefore inhibit the subsequent 
rounds of infection [57]. This phenomenon limits the usage of replicating 
oncolytic adenoviruses as anti-cancer agents. In contrast to chemically con-
jugated Tat-PTD-modified virus [192] or HI-loop/C-terminus Tat-PTD-
modified virus [193], which would only enhance the first round of infection, 
we show that our Tat-PTD-modified virus, which utilizes a CAR-
independent cellular transduction pathway, can overcome this problem. The 
plaque formation assay confirmed that Ad5PTD(wt) spreads faster than 
Ad5(wt) in a 2-dimensional model and implicates that the Tat-PTD-modified 
virus should spread faster also in 3-dimentionally structured tumors. 

Different strategies have been proposed to enhance the adenovirus trans-
duction capacity. One example is AdΔ24-425S11, by expressing a bispecific 
scFv to link adenovirus to the epidermal growth factor receptor for a higher 



 33

transduction level on CAR-low neuroblastoma cells [194]. However, the 
infectivity-enhancement of that virus still relies on uptake via CAR at the 
first round of viral infection. In contrast, the infectivity of our Tat-PTD-
modified viruses is guaranteed also on CAR-low cells at the first viral infec-
tion step and will be carried on to viral progeny. Parikh et. al. claimed that 
treatment of neuroblastoma by wild-type Ad5 was not as efficient as by on-
colytic herpes simplex virus due to the lack of Ad5 transduction [195]. We 
show in this study that by enhancing Ad5 transduction, therapeutic effect 
could be achieved for neuroblastoma. 

In conclusion, we have developed Tat-PTD-modified oncolytic Ad5-
based viruses with elevated infectivity. The viruses circumvent problems 
caused by excessive production and secretion of virus fiber protein in the 
first round of infection, fibers that could block receptors on neighboring non-
infected cells and slow down subsequent replication rounds. They are partic-
ularly promising for the treatment of tumors with low CAR expression as 
demonstrated herein for experimental neuroblastoma and neuroendocrine 
tumors. 

Paper II 
In paper I, we have shown that the hexon Tat-PTD modification could un-
specifically increase the viral transduction, while the transcriptional specific-
ity still relies on the selectively expression of E1A, which could be achieved 
by and as mentioned above, using a specific promoter. In this study we 
aimed at evaluating an oncolytic adenovirus wherein neuroblastoma cell-
selectivity is obtained from an artificially constructed promoter controlling 
E1A expression. We have identified a 0.5 kb region upstream of the secre-
togranin III (SCG3) gene with promoter activity, which selectively drives 
gene expression in neuroblastoma cells. A 0.2 kb enhancer of Achaete-scute-
related 1 (ASH1) gene [196] was coupled in front of the SCG3 promoter to 
enhance both the selectivity and the transcription activity in neuroblastoma 
cells. We then evaluated the Tat-PTD surface modified, promoter-controlled 
oncolytic adenovirus Ad5PTD(ASH1-SCG3-E1A) in the treatment of exper-
imental neuroblastoma. The ASH1-SCG3 promoter-controlled virus selec-
tively replicates and kills neuroblastoma cancer cells in vitro. Mice harbor-
ing SK-N-FI xenograft tumor treated with Ad5PTD(ASH1-SCG3-E1A) 
virus showed a delayed tumor growth and prolonged survival. Chemothera-
py is used as a standard method for neuroblastoma treatment. However, 
treatment induced drug-resistance is a major problem in this approach and 
eventually the cancer initiating cells are thought to become refractory to 
chemotherapeutic drugs. In our study, we observed different killing pattern 
of our oncolytic virus on different drug-sensitive and drug-insensitive cancer 
cells. Our experimental data suggests that patients treated with cisplatin 
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would have a beneficial effect from subsequent oncolytic adenovirus treat-
ment, while patients treated with etoposide or doxorubicin may have a mod-
erate beneficial effect and patients treated with vincristine may have less 
beneficial effect from oncolytic adenovirus treatment. However, the detailed 
mechanisms need to be further studied. In conclusion, oncolytic 
Ad5PTD(ASH1-SCG3-E1A) virus could be used to treat neuroblastoma in 
conjunction with standard therapy. 

Paper III 
In paper I we had shown that a Tat-PTD modification of the Ad5 hexon pro-
tein improves Ad5 infection of tumor cells. In the third paper, we pseudo-
typed the Tat-PTD modified adenovirus with fiber from serotype 35 to fur-
ther enhance the transduction on difficult-to-transduce cells. This viral vec-
tor shows a remarkable increased transduction of human primary cell cul-
tures including: T cells, monocytes, macrophages, dendritic cells, pancreatic 
islets and exocrine cells, mesenchymal stem cells and cancer initiating cells. 
To demonstrate the beneficial effect of using an Ad5PTDf35-based vector 
for gene delivery, we constructed Ad5(pp65) and Ad5PTDf35(pp65), which 
both express the full-length cytomegalovirus (CMV) pp65 antigen. We have 
previously shown that a population of CMV pp65495-503-specific T cells can 
be significantly enriched if T cells from a CMV seropositive, HLA-A2-
positive blood donor are stimulated by Ad5(pp65)-transduced autologous 
dendritic cells (DCs) [197, 198]. However, large amounts of viral vector 
need to be used. Since monocytes and DCs are far more efficiently trans-
duced with the Ad5PTDf35(GFP) than the Ad5(GFP) vector, we argued that 
we should have the same effect in expanding specific T cells ex vivo by us-
ing far less Ad5PTDf35-based vector than Ad5-based vector. We therefore 
compared the T cell expansion ability of DCs either transduced with 
Ad5(pp65) or Ad5PTDf35(pp65) at a relatively low amount of vector. The 
Ad5PTDf35(pp65)/DC stimulation increased the pp65-reactive T cells popu-
lation for all donors, approximately 50-100 fold, while Ad5(pp65)/DC 
stimulation only increased the pp65-reactive T cell population 2-8 fold. 
These data clearly show that Ad5PTDf35(pp65) would be highly efficient 
for DC modification, to expand T cells ex vivo for adoptive transfer to im-
munocompromised patients with CMV complications. Last but not least, 
user-friendly backbone plasmids containing these modifications were devel-
oped for compatibility to the AdEasy-system to facilitate the development of 
surface-modified adenoviruses for gene delivery to difficult-to-transduce 
cells in basic, pre-clinical and clinical research. 
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Paper IV 
In paper I, II and III, we have shown that adenoviruses can be surface modi-
fied to enhance the transduction efficiency and that replication can be-
controlled through transcriptional targeting. However, limited success has 
been reported in treatment of advanced cancers when relying on the onco-
lytic virus effect alone. In this study, we armed the Ad5PTDf35-based, repli-
cation-restricted adenovirus with the Helicobacter pylori Neutrophil Activat-
ing Protein (HP-NAP) as an immune-modulating agent, to further enhance 
the potency of oncolytic adenoviral therapy.  

In vitro, the Ad5PTDf35-[Δ24-sNAP] virus retains the specificity and has 
equal potency in tumor cell killing as the same virus without transgene. In 
addition, the expressed and secreted NAP could activate immune cells and 
attract polymorphonuclear leukocytes (PMNs) in migration assays.  

In vivo, Ad5PTDf35-[Δ24-sNAP] virus treatment eradicated BON (neu-
roendocrine cancer cell) xenograft tumor on nude mice and the survival was 
significantly prolonged. The secreted HP-NAP could recruit neutrophils to 
the site of infection and randomly kill the surrounding cells and cause necro-
sis, which mediated release of Reactive oxygen intermediates (ROIs) like 
O2− and hypochlorous acid and secrete granule enzymes like myeloperoxi-
dase and metalloproteinase [199]. Importantly, HP-NAP also induces im-
mune cells to secrete TNF-α, which in turns prime PMNs to produce more 
ROIs [200] and activate endothelial cells to produce adhesion molecules like 
VCAM-1, ICAM-1, and E-selectin [201] and also IL-8 (the mouse analog is 
MIP2-α) to promote PMN trans-endothelial migration [202, 203]. In addi-
tion, the expressed viral E1A proteins can sensitize the infected cells to 
TNF-α exposure. HP-NAP is potent in inducing Th1-type immune polariza-
tion [204] and suppressing Th2-type immune polarization[205]. They are 
also known to enhance infiltration of CD4+ and CD8+ IFN-γ secreting T cells 
within the tumor microenvironment[204]. In summary, this study describes 
that treatment with oncolytic adenovirus armed with HP-NAP could prolong 
the survival of tumor-bearing mice and potentially cure a proportion of them. 
Furthermore, HP-NAP is a potent immunomodulating agent that polarizes 
the otherwise immunosuppressive tumor microenvironment in favor of anti-
tumor immunity and potentially evokes the adaptive immunity against tu-
mor. 
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Future Perspectives 

1) We demonstrated that hexon Tat-PTD modification led to higher viral 
transduction and thus better gene delivery and therapeutic outcomes. How-
ever, the exact mechanism was not fully illustrated. As DNA virus, adenovi-
ral vector mediated gene delivery needs the transgene cassette to be deliv-
ered into nucleus; wherein the viral particle needs penetrates both the cell 
membrane and the nuclear membrane. Viral hexon has its own ability in 
nuclear translocation while the mechanism of Tat-PTD modification would 
be hypothesized through helping either the interaction between viral particle 
and cell membrane and/or the process inside the cell including endosome 
escape and nuclear translocation. We are currently investigating the virus-
cell membrane interaction. Preliminary data suggests macropinocytosis is 
partially associated with increased Tat-PTD viral transduction. However, the 
detail experiments need to be performed to fully illustrate the mechanism. 

2) Monotherapy using oncolytic adenovirus will most likely not be sufficient 
to cure cancer. However, combinatorial approaches involving viro- and im-
muno-therapy are emerging in both experimental models as well as in clini-
cal trials. In paper IV, we armed an oncolytic virus with an immune-
modulator gene HP-NAP, by which evoke the innate immune response 
against tumors. Our future goals will focus on combining viral-mediated 
oncolysis and viral-induced immune response against a variety of tumors. 
Human adenovirus does not replicate in mice and fully immunocompetent 
wild type mice should be used in order to study adequate immune responses. 
As we are interested in neuroblastoma, A/J mice and the syngeneic neuro-
blastoma cell line NXS2 would be used as a model. Therefore, adenovirus 
will be used as a gene delivery vector of a tumor antigen mimotope and used 
together with oncolytic vaccinia virus (WR strain) and/or Semlikie forest 
virus, which is an ongoing project. 

3) A clinical trial is being planned with a Tat-PTD-engineered virus. The 
E1A gene expression is under control of the human chomogranin A (CgA) 
promoter for selective expression in neuroendocrine cells. It is also post-
transcriptionally regulated by target sequences for the liver-specific miRNA 
miR122 for selective blockage of translation in hepatocytes, in case the CgA 
promoter is leaky in normal liver cells. The virus will be used to treat pa-
tients with liver metastases from neuroendocrine cancer originating from the 
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small intestine or pancreas. The characteristics of this virus are currently 
being evaluated in human primary cancer cells, normal hepatocytes and 
normal human blood. 
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