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Abstract

Oncolytic adenoviruses are being investigated as potential anticancer agents. Selec-
tive lytic replication in cancer cells is essential for an effective and safe treatment. In 
this study, we compared 11 oncolytic adenoviruses on relevant cell cultures to assess 
their utility for treating oral cancer and precancerous lesions. We determined the 
cytotoxicity of oncolytic adenovirus infection; and calculated selectivity indices for 
cytotoxicity to cancer cells compared to normal oral keratinocytes and fibroblasts. 
Keratinocytes were very sensitive to wild type adenovirus serotype 5 (Ad5); 1-to-3-log 
more than head and neck squamous cell carcinoma (HNSCC) cells. The potencies of 
oncolytic adenoviruses to kill HNSCC cells within 7 days after infection ranged from 
approximately 10 times less potent to approximately 10 times more potent than Ad5. 
The selectivity indices determined on fibroblasts and keratinocytes differed markedly. 
Two oncolytic adenoviruses were more selective than Ad5 for HNSCC cells compared 
to fibroblasts and five viruses exhibited selective replication on HNSCC cells compared 
to keratinocytes. Overall, CRAd-S.RGD with E1A driven by the survivin promoter and 
an infectivity-enhancing capsid modification exhibited the most favourable cytotoxic-
ity pattern; being very potent in killing HNSCC cells, only slightly less effective than 
Ad5 in killing preneoplastic keratinocytes and the least toxic to normal keratinocytes.
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Introduction

Oncolytic viruses are being developed as new agents to treat cancer[1,2]. Oncolytic 
viruses are considered valuable additions to the arsenal of therapeutic agents to com-
bat cancer. They destroy tumors by preferential lytic replication in cancer cells via 
mechanisms partly distinct from those of standard cancer therapies such as cyto-
toxic drugs and irradiation. Moreover, selective production of progeny virus in tumors 
increases the dose in situ, which might yield a higher therapeutic index. Currently, 
oncolytic viruses derived from adenovirus are the most extensively studied in clinical 
trials[1,2]. Many different oncolytic adenoviruses have been engineered, mainly follow-
ing two different molecular approaches[3,4]. In the first approach, production of early 
adenovirus proteins essential for viral replication is driven by a tumor-selective pro-
moter, inhibiting replication in non-malignant cells. In the second, adenovirus genes 
are deleted or mutated, rendering viral replication dependent on complementing 
alterations in cancer cells. Although each of these manipulations of the adenovirus 
genome provides a level of cancer cell specificity, none was reported abort replication 
in non-malignant cells completely. Therefore, oncolytic adenoviruses were made that 
incorporate multiple modifications, and in general such viruses showed a more strict 
tumor-selective replication[5,6,7,8,9].
Clinical experience with oncolytic adenoviruses has demonstrated their safety, with 
some evidence of efficacy[1]. This has fuelled studies aimed at empowering the cancer 
cell killing potency of oncolytic adenoviruses, without compromising their selectivity. 
To this end, adenoviruses were armed with therapeutic transgenes[10] . Among these 
were genes encoding proteins that promote cancer cell lysis and efficient spread of 
progeny virus, including a dominant-negative mutant of Iκ-B, tumor suppressor p53 
and fusogenic membrane glycoproteins[11,12,13,14]. The impact of the aforementioned 
selectivity and efficacy enhancing adenovirus genome modifications depends on the 
biology of the host cancer cell. It can thus be anticipated that different types of cancer 
each demand a different oncolytic adenovirus offering the highest therapeutic index. 
In addition, safety of the virus on normal cells may depend on tissue architecture and 
administration route. Therefore, to identify the most useful oncolytic adenovirus for 
a particular cancer indication, direct comparisons in relevant model systems need to 
be made. 

Head and neck squamous cell carcinoma (HNSCC) originates in the mucosal linings of 
the upper aero-digestive tract, and is diagnosed world wide approximately 500,000 
times each year. Low stage tumors are usually treated by surgery or radiation, while 
advanced stage tumors are treated by a combination of surgery and postoperative 
radiotherapy, chemo-radiation or bio-chemo-radiation. Despite advances in therapy, 
the long-term survival rate of HNSCC patients has increased only moderately over 
the past decades. An important clinical problem is the frequent development of local 
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relapse, clinically assigned as local recurrence or second primary tumor in the same 
or adjacent anatomical area, depending on the distance from the index tumor or the 
time interval. Many of these relapses are clonally related to the index tumor. Most 
HNSCCs, particularly those in the oral cavity and oropharynx emerge in preneoplastic 
fields consisting of genetically altered cells in which multiple mutations accumulate as 
a result of chronic exposure to carcinogens[15]. These preneoplastic fields can extend 
up to multiple cm in diameter and are in approximately 80% of cases clinically not 
macroscopically visible[15] . Because of their dimensions and their invisibility, preneo-
plastic fields are often left behind in part when the tumor is excised. This puts pa-
tients with HNSCC at a high risk of developing local relapse (10-25%) arising from the 
same preneoplastic field as the first primary tumor[16]. Thus, new treatments aimed 
at eradication of the precancerous fields are desperately needed to prevent local re-
lapses in treated HNSCC patients. Eradicating preneoplastic fields is also of relevance 
to prevent malignant transformation of visible leukoplakias and erythroplakias. This 
is of interest for the sporadic patient population, but in particular for those who are 
genetically predisposed and at a very high risk for developing squamous cancers, such 
as patients with Fanconi anemia (FA). FA is an inherited disease characterized by bone 
marrow failure, congenital abnormalities and cancer predisposition, particularly acute 
myeloid leukaemia and HNSCC. Since the introduction of bone marrow transplanta-
tion for FA patients, allowing treatment of the most life threatening complications, 
increasing numbers of FA patients survive longer and develop HNSCC. The tumors in 
these patients are difficult to treat, because FA patients do not sustain radiotherapy 
and chemotherapy, leaving primary prevention, screening and surgery of the tumors 
as only options for clinical management. Precancerous fields are often seen in these 
patients and a secondary prevention strategy of these lesions is urgently awaited.
Oncolytic adenoviruses appear very useful to treat HNSCC. Several clinical trials with 
the oncolytic adenovirus ONYX-015 were performed in HNSCC patients[17,18,19] and the 
very similar virus H101 is already registered as an HNSCC medicine in China[20]. In addi-
tion, oncolytic adenoviruses could potentially also be used to eradicate preneoplastic 
lesions, because preneoplastic cells carry some of the genetic aberrations found in 
cancer cells that are exploited to design oncolytic adenoviruses. Moreover, the con-
finement of HNSCC and its preneoplastic fields to the oral mucosa, allowing exposure 
to virus via topical administration, makes this a particularly attractive indication for 
treatment with oncolytic adenovirus. Indeed, the feasibility of administering ONYX-
015 to preneoplastic oral lesions by rinsing the oral cavity with a virus suspension was 
already demonstrated in a clinical trial[21] , but the reported efficacy leaves much to 
be desired.

In this study, we set out to evaluate a panel of oncolytic adenoviruses on cell cultures 
relevant for treating oral and oropharyngeal cancer and their precancerous fields. We 
included five human HNSCC cell lines, two of which were derived from FA patients; 
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a preneoplastic cell culture derived from the resection margin of an excised HNSCC 
specimen and the two main cellular constituents of the healthy oral mucosa, that 
is primary oral keratinocytes that form the squamous stratified epithelium and fi-
broblasts from the underlying connective tissue. The squamous stratified epithelium 
consists of different layers. Keratinocytes in the basal and suprabasal layers divide, 
move upwards to more superficial layers, differentiate and lose replication potential. 
Hence, topical application of adenovirus by mouthwash brings in particular differenti-
ated superficial keratinocytes in contact with virus. To culture keratinocytes resem-
bling this differentiated cell type, we induced primary oral keratinocytes to differen-
tiate by addition of calcium to the culture medium[22]. Keratinocytes cultured for 7 
days in the presence of calcium show morphological changes (Supplementary Figure 
1A) and show down-regulation of K984 antigen expression and up-regulation of K928 
antigen expression (Supplementary Figure 1C, Supplementary Table 1) typical for dif-

Figure 1. Susceptibility of malignant and non-malignant cells derived from the oral mucosa to adenovirus infection 
and lytic propagation. HNSCC cell lines UM-SCC-11B, UM-SCC-14C and UM-SCC-22A were derived from sporadic 
tumours and cultured in DMEM with 5% FCS (GIBCO Invitrogen, Breda, The Netherlands), 50 U/ml Penicillin, 50µg/
ml Streptomycin and 2mM L-glutamine (all: BioWhittaker, Verviers, Belgium). HNSCC cell lines VU1131 and VU1365 
were derived from tumors of FA patients defective in FANCC and FANCA, respectively[40]; and were cultured in EMEM 
(GIBCO Invitrogen) with the same additives. Primary keratinocytes and fibroblasts were obtained from oral mucosa 
of patients who underwent uvulopalatopharyngoplasty. To sterilize the specimen, the tissue was stored for 3 days at 
4oC in KGM-SFM (GIBCO Invitrogen), with 1% FBS, 50 U/ml Penicillin, 50 µg/ml Streptomycin, 10 µg/ml Gentamycine 
sulphate (BioWhittaker) and 2.5 µg/ml Amphotericine B (GIBCO Invitrogen). Next, the tissue was put in a Petri dish 
on a sterile gaze with the stratified epithelium facing upwards. Dispase II solution (240U/100ml; Roche Diagnostics, 
Almere, The Netherlands) was added until the gaze was completely soaked and the tissue was incubated at 4oC for 
16 hours followed by 10 minutes at 37oC before the epithelium and underlying connective tissue were separated. 
The two layers were washed three times in PBS and put in Trypsin/EDTA (BioWhittaker) for 10 minutes at 37oC with 
shaking to isolate keratinocytes and fibroblasts, respectively. Keratinocytes were grown in KGM-SFM supplemented 
with 50 µg/ml BPE and 5 ng/ml rEGF (GIBCO Invitrogen), 0.5 µg/ml Amphotericine B, 5 µg/ml Gentamycine sulphate 
and 0.1% (w/v) BSA. Fibroblasts were grown in the same medium as HNSCC cells with FCS concentration increased to 
10%. (A) Adenovirus infection efficiency assessed by measuring luciferase expression in cells transduced with AdCMV-
Luc. Cells were seeded in 96-well plates at 2,500 cells/well and subjected to AdCMV-Luc at 100 IU/cell in triplicate 
the next day, except for differentiated keratinocytes that were cultured for 7 days in medium containing 1.8 mM cal-
cium before virus was added. Firefly luciferase activity in relative light units (RLU) was measured using the luciferase 
chemiluminescent assay system (Promega, Madison, WI) and a Lumat LB 9507 luminometer (EG&G Berthold, Bad 
Wildbad Germany) 24 hours after infection. (B) Cytotoxic activity of wild type adenovirus. Cells were seeded as above 
and AdCMV-Luc or Ad5 was added the following day in a 2-fold dilution titration over the range of 1,000 to 0.00012 
IU/cell in triplicate. Cell viability was measured after 7 days. To this end, the culture medium was replaced with WST-1 
reagent (Roche Diagnostics, Mannheim, Germany) diluted 10-times in medium. Cells were incubated at 37oC for 2-4 
hours before measuring A450 on a Bio-Rad (Hercules, CA) model 550 microplate reader to reach values of 2.0-2.5 in 
uninfected controls. Sigmoidal dose-response curves were created and LD50 values were calculated using GraphPad 
Prism version 4.0 software. Three independent experiments were done. Cytotoxic activities are expressed as median 
inverse LD50 values +/- median absolute deviations. *Cytotoxicity of the AdCMV-Luc control is overestimated, because 
in one or more experiments the LD50 was not reached.

ke
ra

tin
oc

yt
es

fib
ro

bl
as

ts

U
M
-S
CC

-1
1B

U
M
-S
CC

-1
4C

U
M
-S
CC

-2
2A

VU
11

31

VU
13

65

cy
to

to
xi

ci
ty

 (1
/L

D
50

)

100

10

1

0.1

0.01

0.001

0.0001

AdCMV-Luc
Ad5

* * *

Lu
ci

fe
ra

se
 e

xp
re

ss
io

n 
(R

LU
)

1.E+05

1.E+04

1.E+03

1.E+02

A B

ke
ra

tin
oc

yt
es

fib
ro

bl
as

ts

U
M
-S
CC

-1
1B

U
M
-S
CC

-1
4C

U
M
-S
CC

-2
2A

VU
11

31

VU
13

65



106

ferentiated keratinocytes in the superficial layers of the oral mucosa (Supplementary 
Figure 1B).

First, we investigated inherent susceptibility of the different normal and malignant 
cell types to human adenovirus serotype 5 (Ad5) infection and lytic replication. In-
fection efficiency was studied using AdCMV-Luc[23], a replication-defective Ad5 vec-
tor expressing firefly luciferase. Cells were subjected to AdCMV-Luc at various multi-
plicities of infection (MOI) and luciferase activity was measured the next day. All cell 
cultures showed a linear relation between MOI and luciferase activity in the range 
of 10-1,000 IU/cell. Figure 1A shows the comparison at 100 IU/cell. AdCMV-Luc did 
not show preference for infection of malignant or non-malignant cells derived from 
the oral epithelium. The five HNSCC cell lines showed highly variable susceptibility to 
infection, with UM-SCC-22A being 70-fold more resistant than VU1365. In addition, 
cells were analysed by FACS for expression of primary and secondary Ad5 receptors 
CAR and αvß3 and αvß5 integrins (Supplementary Table 1). This showed that CAR was 
virtually absent on fibroblasts and expressed at variable levels on the other cell types, 
while integrins were expressed on all cell types. Neither CAR expression, nor integrin 
expression levels correlated with infection efficiency (Spearman rank correlation test: 
CAR, r=0.21, p= 0.66; integrins, r=0.11, p=0.84).

Next, we compared the inherent susceptibility of the cells to Ad5-induced cell kill. To 
this end, we infected cells with an Ad5 dilution titration and measured cell viability 
7 days later. Replication-defective AdCMV-Luc was taken along as control for replica-
tion-independent adenovirus particle toxicity. The inverse of the virus dose required 
to decrease cell viability by 50% (1/LD50) was used as a measure for cytotoxic activity. 
Figure 1B shows that of all cell types tested, keratinocytes were the most sensitive 
to Ad5-induced cell kill and fibroblasts were the most resistant (i.e., more than 3-log 
difference). The five HNSCC cell lines differed considerably in their susceptibility to 
Ad5-induced cell kill, with most sensitive VU1365 cells being >250-fold more suscep-
tible than most resistant UM-SSC-14C cells. Infection and cell killing efficiencies cor-
related weakly (Spearman rank correlation test: r=0.71, p=0.09), suggesting that Ad5 
cytotoxicity on the tested cells could be partly dependent on infection efficiency, but 
that other intrinsic cellular properties seem to be important as well. Notably, none of 
the HNSCC cell lines were as sensitive to Ad5 as keratinocytes. This underscores the 
importance of introducing tumor-selective modifications in the adenovirus genome, 
in particular to reduce lytic replication in keratinocytes. In the context of treating oral 
cancer or preneoplastic lesions by mouthwash, protecting fibroblasts against the vi-
rus seems less important, as these cells are likely to be less accessible and appear rel-
atively resistant to Ad5 cytotoxicity. Notably, we do not know whether this also holds 
true for fibroblasts in submucosal fibrosis that is frequently observed in subjects with 
the habit of chewing betel nuts. These fibroblasts do not behave normally and might 
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be more susceptible for the effects of adenovirus infection.
To identify a most useful oncolytic adenovirus for treating oral cancer or dysplasia, 
we measured the HNSCC cell killing potency of 11 different oncolytic adenoviruses 
comprising six different modifications providing tumor-selectivity and three modifica-
tions described to affect killing potency. The characteristics of the oncolytic adenovi-
ruses used are shown in Table 1. Modifications conferring tumor-selective replication 
included deletion of the p300/CBP-binding motif in the N-terminal region of E1A[7,24], 

Modifications to different regions in the adenovirus genome are indicated. Δ, functional deletion of the entire region. 
Δ24, deletion dl922/947[41] encoding 8 amino acids in the E1A-CR2 region involved in E1A binding to pRB[25]. ΔN, dele-
tion E1Adl1101[24] encoding E1A amino acids 4-25 involved in E1A binding to p300/CBP. ΔE1B55K, deletion dl1520 of 
the entire E1B-55kD gene[27]. E1B55K(R240A), point-mutation in the E1B-55kD gene resulting in a single R240A amino 
acid substitution that abrogates E1B-55kD binding to tumour suppressor protein p53[28]. ΔE3B, deletion in the E3B 
region that removes the E3-10.4K, 14.5K and 14.7K genes. RGD4C, insertion of sequence encoding a cyclic RGD motif 
in the HI-loop of the fibre protein that enhances adenovirus infectivity through binding to αv integrins. TP53, gene 
encoding tumour suppressor protein p53.
The oncolytic adenoviruses constructed in this study were made using the AdEasy system[42]. Shuttle vector pScs/PA/S 
carrying the survivin promoter to drive wild type E1A was described before[29]. pXC1-Δ24[25] was used as starting point 
to construct viruses with the Δ24 mutation. The E1B55K(R240A) mutation was introduced by PCR using pXC1-Δ24 as 
template. First, two overlapping segments were amplified with primers E1B-F (5’-TGAATCTGGGTCACCAGGCGC-3’) and 
R240A-R (5’-GGGGCCAGTAAACGCTACATTCATAATAAC-3’); and R240A-F (5’-GTTATTATGAATGTAGCGTTTACTGGCCCC-3’) 
and E1B-R (5’-CGGTCACATCCAGCATCACAGGC-3’), respectively. Next, amplification products were mixed and ampli-
fied using primers E1B-F and E1B-R. The 1.5 Kb product of this reaction, including an AG>GC substitution (underlined 
in the primers) encoding E1B-55K amino acid 240 Arg>Ala, was digested with KpnI and BglII and ligated into KpnI/
BglII-digested pXC1-Δ24 to create pXC1-Δ24.55K(R240A). Next, the E1 regions of pXC1-Δ24 and pXC1-Δ24.55K(R240A) 
were introduced after digestion with BamHI and XmnI into XbaI/XhoI-linearized pShuttle-CMV[42] by homologous re-
combination in E. coli BJ5183 cells, yielding pShuttle-Δ24 and pShuttle-Δ24.55K(R240A), respectively. The ΔN dele-
tion was introduced into pShuttle-Δ24 by PCR. For this, the E1A regions upstream of the sequences encoding amino 
acid 4 and downstream of the sequences encoding amino acid 25 were first amplified separately using primer sets 
E1A-F (5’-CCCAATATTTGTCTAGGGCC-3’) and ΔN4-R (5’-CAGTACCTCATGTCTCATTTTCAGTCCCG-3’); and ΔN25-F (5’-AT-
GAGACATGAGGTACTGGCTGATAATCT-3’) and E1A-R (5’-CCCATCGATCACCTCCG-3’), respectively. The 5’ ends of primers 
ΔN4-R and ΔN25-F comprise 9 nucleotides downstream of amino acid 25 and upstream of amino acid 4, respectively 
(underlined). Next, the two amplification products carrying an 18-nucleotide complementary sequence were mixed 
and amplified using primers E1A-F and E1A-R. The product of this reaction was cut at the SspI and ClaI sites present 
in the primers (italics) and cloned into SspI/ClaI-digested pShuttle-Δ24 to yield pShuttle-ΔNΔ24. Construct pShuttle-
ΔNΔ24.55K(R240A) comprising all three mutations ΔN, Δ24 and E1B55K(R240A) was created by exchanging the 1465 
bp XbaI-HindIII fragment of pShuttle-ΔNΔ24 with the corresponding fragment from pShuttle-Δ24.55K(R240A). All mu-
tations were confirmed by sequencing. Shuttle vectors were linearized with PmeI and recombined with pAdEasy-1[42] 
in E. coli BJ5183 cells to yield full-length oncolytic adenovirus genome carrying plasmids. PacI-linearized plasmids 
were transfected into E1-complementing 293 or 911 cells. To minimize the chance for recombination with wild type 
E1 sequences, cells were lysed after a few days and viruses were propagated further on A549 cells. Mutations were 
confirmed on the final preparations and infectious unit (IU) titres were determined using the Adeno-X™ Rapid Titer 
Kit (BD Biosciences, Alphen aan de Rijn, The Netherlands) according to the manufacturer’s protocol adapted to a 96-
well plate format.

Table 1. Characteristics of oncolytic adenoviruses used in this study. 

Virus name E1A promoter E1A E1B E3 Fibre Transgene Reference 

 
ONYX -015 

   
∆E1B55K 

 

∆E3B 

 

       27 

Ad∆24  ∆24  ∆          14 

Ad5-∆24E3  ∆24            31 

Ad5-∆24RGD  ∆24   RGD4C          33 

Ad∆24-p53  ∆24  ∆  TP53        14 

Ad∆N∆24  ∆N, ∆24  ∆   This study 

Ad∆24.55K(R240A)  ∆24 E1B55K(R240A) ∆   This study 

Ad∆N∆24.55K(R240A)  ∆N, ∆24 E1B55K(R240A) ∆   This study 

AdSurE1 Survivin   ∆   This study 

CRAd-S.RGD  Survivin    RGD4C          29 

CRAd-CXCR4.RGD  CXCR4     RGD4C          30 
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deletion of a pRB-binding motif in the E1A-CR2 region[25,26], deletion of the entire 
E1B55K gene[27] or abrogation of the p53 binding site in E1B55K by single amino acid 
R240A substitution[28], and regulation of E1A expression by two different tumor-selec-
tive promoters, that is the survivin promoter[29] and the CXCR4 promoter[30]. Modifica-
tions that affect oncolytic potency include presence or absence of the adenovirus E3 
region[31,32], expression of tumor suppressor p53[13,14] and infectivity-enhancement by 
inserting a cyclic RGD motif in the fibre capsid protein[33]. Three independent experi-
ments to determine the LD50 were performed in triplicate for each virus on each cell 
type. Figure 2a shows, by way of example, results of Ad5 and three oncolytic viruses 
in one of the experiments on VU1131 cells. Because different cell lines showed highly 
variable inherent sensitivity to adenovirus-induced cell death (see Figure 1b), we nor-
malized data by the LD50 of Ad5. This normalization also corrects for inter-experimen-
tal variation. Supplementary Figure 2 shows the normalized oncolytic potencies of all 
test viruses on the five HNSCC cell lines; Figure 2B shows the mean results of each 
virus on the complete set of HNSCC cell lines. The AdΔ24-type viruses were quite 
consistent in their cytotoxicity against HNSCC cells. In contrast, viruses with multi-
ple E1 modifications or with tumor-selective promoters were much more variable in 
their potency against individual HNSCC cell lines. Mean oncolytic potencies differed 
from approximately 10-times less potent than Ad5 to approximately 10-times more 
potent. Of note, these differences that became evident after only 7 days of culture 
are expected to amplify upon extended virus propagation. Consistent with findings 
by others[8,26,34,35], ONYX-015 was attenuated compared to Ad5, whereas AdΔ24 was 
similarly effective as Ad5. In our experiments, the latter was not influenced by the 
presence or absence of the E3 region, whereas insertion of an RGD motif or a p53 
expression cassette yielded a small potency enhancement. Previous studies reported 
more profound effects in other cancer cell types[14,31,33,36]. Not unexpectedly, introduc-
tion of second or third modifications in the E1 region attenuated the killing potency 
of the virus. In contrast, CRAd-S.RGD and CRAd-CXCR4.RGD were on average more 
potent against HNSCC cells than Ad5, but with considerable differences between cell 
lines. These viruses showed a particularly strong cytotoxicity on VU1131 cells. The 
presence of an RGD motif or E3 region seems essential for this effect, as AdSurE1 
which lacks E3 and RGD but is otherwise identical to CRAd-S.RGD, was rather ineffec-
tive against VU1131 cells. This was surprising, because in the context of AdΔ24-type 
viruses the effect of RGD and E3 was minimal (compare Ad5-Δ24.RGD to AdΔ24). 
Figure 2c shows the selectivity indices of the viruses, calculated from their mean 
relative cytotoxicities on HNSCC cells versus normal cells. Keratinocyte proliferation 
was reduced, but not entirely blocked, by addition of calcium; fibroblast proliferation 
was not inhibited. Most oncolytic adenoviruses did not show appreciable selectivity 
for HNSCC cells compared to fibroblasts. Their potency attenuation or enhancement 
compared to Ad5 was similar on HNSCC cells and fibroblasts, yielding selectivity indi-
ces around 1. The exceptions were AdΔ24-p53 and CRAd-S.RGD, which were approxi-
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mately 10-times more selective than Ad5 on HNSCC cells versus fibroblasts. In con-
trast, large differences over 4 orders of magnitude were observed in the selectivity 
of oncolytic viruses for HNSCC cells compared to keratinocytes. AdΔ24-type viruses, 
except Ad5-Δ24.RGD, were at least as toxic to keratinocytes as to HNSCC cells. Sur-
prisingly, several of these viruses were even more toxic to keratinocytes than to HN-
SCC cells. AdΔNΔ24.55K(R240A) that incorporates three E1 modifications intended to 
provide oncolytic selectivity yielded a selectivity index similar to that of AdΔ24 and 
50-fold lower than that of Ad5. Adding more E1 modifications to the Δ24-deletion did 
thus not improve oncolytic adenovirus selectivity. In contrast, Ad5-Δ24.RGD, ONYX-
015 and the three promoter-driven viruses showed selectivity indices ranging from 
4 for Ad5-Δ24.RGD to 171 for CRAd-S.RGD. Hence, RGD-modification, E1B55K gene 
deletion and tumor-selective E1A expression contributed to selective cytotoxicity on 
HNSCC cells compared to keratinocytes.

Finally, we tested ONYX-015, AdΔ24-p53 and the two Survivin promoter-driven vi-
ruses in comparison to wild type Ad5 on M3 cells derived from the resection margin 
of an excised head and neck tumor. M3 cells exhibit continuous growth in calcium-

Figure 2. Relative cytotoxicity of oncolytic adenovi-
ruses on cultured primary oral keratinocytes and fi-
broblasts and on HNSCC cell lines. Cytotoxic activity of 
Ad5 and 11 different oncolytic adenoviruses was deter-
mined as described in the legend to Figure 1b. (A) Log 
MOI - cell survival dose-response curves for Ad5 and 
three oncolytic adenoviruses from a typical experiment 
on VU1131 cells. The box below the graph shows the 
calculated LD50 values. (B) Average cytotoxicity of onco-
lytic adenoviruses on five HNSCC cell lines relative to 
Ad5, calculated from the median normalized LD50 val-
ues (i.e., LD50 Ad5 / LD50 oncolytic adenovirus) on each 
cell line determined in three independent experiments. 
(C) Average normalized cytotoxicity indices of oncolytic 
adenoviruses on five HNSCC cell lines, relative to kerati-
nocytes (black bars) or fibroblasts (striped bars). Data 
shown are the values from (B) divided by the median 
normalized LD50 values determined on keratinocytes or 
fibroblasts, respectively.
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free keratinocyte growth medium and show loss of heterozygosity at chromosomal 
locations 3p and 9p, consistent with a preneoplastic state (Chapter 4). Figure 3 shows 
that Ad5 killed M3 cells growing in calcium-free medium with a 1/LD50 of 0.34 and 
M3 cells with reduced growth in calcium-containing medium with a 1/LD50 of 0.08. 
The sensitivity of M3 to Ad5 was within the range observed for HNSCC cell lines; 
and well below the sensitivity of normal keratinocytes (see Figure 1A). Of the four 
oncolytic adenoviruses tested, only AdΔ24-p53 was at least as potent as Ad5 in kill-
ing growing M3 cells. The other viruses were 3- to 7-fold attenuated. Arresting M3 
growth reduced the killing potency of most viruses including Ad5. This is consistent 
with the general requirement of S-phase progression for effective adenovirus replica-
tion. AdΔ24-p53 displayed the strongest attenuation by cell cycle suppression. The 
exception was ONYX-015, which killed M3 cells with similar efficiency in the presence 
or absence of calcium. This was remarkable, because it has been reported that repli-
cation of E1B55K mutant adenovirus is restricted by the cell cycle[37]. Our observation 
suggests that at least this restriction does not substantially affect induction of cell 
death in M3 cells.

In summary, we have tested a large panel of oncolytic adenoviruses for efficacy against 
HNSCC cells and preneoplastic cells versus toxicity on differentiated keratinocytes 
and fibroblasts. To enable extrapolation of our findings to clinical data we included 
ONYX-015 that has been tested for HNSCC tumor treatment and for eradication of pre 
neoplastic fields by oral rinse procedure. Normal keratinocytes appeared much more 
sensitive to adenovirus infection than HNSCC cells, preneoplastic oral keratinocytes 
and primary fibroblasts. This extends a previous observation made using in vitro en-
gineered oral epithelia. In that study, epithelia prepared using normal keratinocytes 
were more sensitive to exposure to Ad5 than epithelia prepared using p53 mutant, 
p16 deficient cells derived from a severe dysplasia[38]. Surprisingly, most AdΔ24-type 
viruses were more toxic to keratinocytes than Ad5, whereas they were similarly or 
less toxic to fibroblasts. Our observation that selectivity indices determined on fibro-

Figure 3. Cytotoxic activity of oncolyt-
ic adenoviruses on M3 preneoplastic 
oral keratinocytes. M3 cells derived 
from the surgical margin of an ex-
cised HNSCC tumour were cultured 
as described for keratinocytes in the 
legend to Figure 1. Cells were seeded 
in medium with or without 1.8 mM 
calcium and subjected to infection 
with wild type Ad5 or oncolytic virus 
to determine median inverse LD50 val-
ues +/- median absolute deviations as 
described in the legend to Figure 1b. 
Data are from three independent ex-
periments with calcium and four ex-
periments without calcium. 

wild type Ad5 ONYX-015 Ad∆24-p53 AdSurE1 CRAd-S.RGD

Cy
to

to
xi

ci
ty

 (1
/L

D
50

)
1

0.1

0.01

no Calcium

with Calcium



111

6

Oncolytic adenoviruses for oral cancer treatment

blasts and keratinocytes differed markedly underscores the importance of evaluating 
the safety of oncolytic viruses on normal cells relevant for the intended clinical ap-
plication. For topical application to the oral mucosa we consider testing the safety 
on keratinocytes most important. In this context, five viruses showed a better effi-
cacy/safety profile than wild type Ad5. Of these, CRAd-S.RGD appears a particularly 
promising lead for development of an oncolytic adenovirus oral rinse treatment, be-
ing eight-fold more potent against HNSCC cells, only three-fold less potent against 
preneoplastic keratinocytes cultured from the oral mucosa and approximately 2-log 
more selective towards oral keratinocytes than Ad5. However, as a consequence of 
the very high intrinsic susceptibility of differentiated oral keratinocytes to adenovirus 
replication, even CRAd-S.RGD with 2-log improved selectivity would be expected to 
cause considerable toxicity to the normal mucosa. Therefore, it seems remarkable 
that topical application of ONYX-015 to the oral mucosa has shown a beneficial effect 
on dysplasias without apparent toxicity[21]. Perhaps the explanation could be sought 
in the specific tissue architecture of the normal oral mucosa. A previous study re-
ported that CAR expression is absent on superficial cells of the oral mucosa[39]. We 
found reduced CAR expression and undetectable integrin expression on superficial 
mucosa cells (Supplementary Figure 3). Decreased receptor expression could thus 
render the differentiating oral mucosa relatively resistant to topical adenovirus infec-
tion; perhaps even to infectivity-enhanced viruses with the RGD-modification. The in 
vitro experimental model applied in our study does not address this tissue architec-
ture. Our findings suggest that an undamaged mucosal layer, preventing uptake in 
normal keratinocytes, might be critical to prevent toxicity problems when applying 
current generation oncolytic adenoviruses using an oral rinse.
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Supplementary Figure 3. Immunohistochemical staining of adenovirus receptor expression on human oral mu-
cosa. Sections (5µm) were made from fresh frozen tissue of an uvulopalatopharyngoplasty, air-dried and fixed using 
acetone. Sections were blocked using 2% (v/v) normal rabbit serum (DAKO) and incubated overnight at 4°C with 
primary antibodies against αvβ3 (biotin-labelled; 10µg/ml; Ebioscience, Hatfield, UK), αvβ5 (P1F6; 10µg/ml; Abcam, 
Cambridge, UK), Ly6-D (E48 hybridoma supernatant) and CAR (RmcB hybridoma supernatant). Next, sections were 
washed and incubated with 1:500 diluted RαM F(ab’)2Biotin (DAKO) followed by incubation with streptavidin-biotin 
complex labelled with horseradish peroxidase (sABC-HRP; DAKO). Antibody binding was visualized using DAB with 
H2O2. Sections were counterstained with haematoxylin and cover slipped with Kaiser’s glycerin. Monoclonal antibody 
E48 served as a positive control, since its target antigen Ly6-D is known to be expressed in all cell layers of the oral 
mucosa at very high level. CAR expression was clear on the surface of cells in the lower cell layers of the mucosa and 
decreased upon keratinocyte differentiation. Expression of αvβ3 and αvβ5 integrins was almost absent and confined 
to the basal layers of the oral mucosa. Note that positive integrin staining was observed on endothelial cells of blood 
vessels in the underlying connective tissue indicating that the antibody and staining worked well.

Supplementary Figure 1. Effect of calcium addition 
on differentiation of oral keratinocytes in vitro. (A.) 
Normal oral keratinocytes were cultured in KGM as de-
scribed in the legend to Figure 1, with or without addi-
tion of calcium at 1.8 mM. After 7 days, phase contrast 
light microscopy pictures were taken at 10-times origi-
nal magnification. Under the influence of calcium, cells 
undergo a clear morphology change. The expression of 
keratinocyte antigens K928 and K984 on cultured kerati-
nocytes is given in supplementary Table 1. (B.) Uniform 
expression of K928 antigen and differential expression 
of K984 antigen on keratinocytes in basal and superfi-
cial layers of the normal oral mucosa. 5 µm frozen tis-
sue sections of a uvulopalatopharyngoplasty specimen 
were air-dried and fixed using 2% paraformaldehyde. 
Sections were blocked using normal rabbit serum (1:50; 
DAKO, Heverlee, Belgium), incubated with supernatant 
of hybridoma cell lines producing K928 or K984 antibod-
ies, washed, incubated with 1:100 RαM-HRP (DAKO) 
and developed with diaminobenzidine (DAB) and H2O2. 
Sections were counterstained with haematoxylin and 
cover slipped with Kaiser’s glycerin. K928 is expressed 
in all cell layers of the squamous stratified epithelium, 
including the most differentiated keratinocytes. In con-
trast, K984 expression is confined to the lower 2-3 cell 
layers of the oral mucosa, containing the more primitive 
keratinocytes.

αvβ5

αvβ3

Ly6-D

CAR
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Keratinocytes Keratinocytes + Ca Fibroblasts UM-SCC-11B UM-SCC-14C UM-SCC-22A  VU1131 VU1365

αvβ3 1.1 1.5 16.7 1.4 3.8 1.4 3.4 1.0
αvβ5 2.9 1.8 3.6 2.3 4.5 1.5 3.3 3.8
K928 23.9 30.3 1.0 27.8 123.7 92.3 42.6 159.6
K984 10.9 5.1 2.0 12.4 6.3 30.5 15.5 8.6

CAR 3.3 2.9 1.1 2.0 5.9 3.5 3.7 9.8

FACS analysis of HNSCC cell lines, fibroblasts and keratinocytes (cultured with or without 1.8mM calcium for 7 days) 
for CAR, αvβ3 integrin, αvβ5 integrin, K928 and K984. Cells were harvested using trypsin and washed once with PBS, 
0.5% BSA and 0.02% azide (PBA). Cells were incubated with primary or directly labelled antibodies for 1 hour on ice. 
Antibodies used were 10 µg/ml biotin-labelled anti-αvβ3 (Ebioscience); 25µg/ml anti-αvβ5 (P1F6; Abcam); undiluted 
anti-CAR (RmcB) hybridoma supernatant; undiluted P5D4 hybridoma supernatant (negative control); 1:100 diluted 
K928-dyelight-488; 1:100 diluted K984-dyelight-633; and 1:100 diluted human IgG labelled with dyelight-488 or 633 
(negative controls). Direct fluorescent labelling was performed using the Dyelight microscale labelling kit (Thermo Sci-
entific Pierce, Etten-Leur, The Netherlands) according to the manufacturer’s protocol. Cells incubated with unlabeled 
antibodies were washed twice using PBA and incubated for 1 hour on ice with secondary antibody RαM-PE (1:100; 
DAKO) or with Streptavidin-APC (1:300; Ebioscience). Cells were washed three times and fixed using 1% paraformal-
dehyde. Cells were analysed using a Becton-Dickinson FACS ARIA. Values given are relative mean fluorescence intensi-
ties compared to the corresponding negative control staining.

Supplementary Figure 2. Normalized cytotoxicity of oncolytic adenoviruses on five HNSCC cell lines. Cytotoxic ac-
tivity of Ad5 and 11 different oncolytic adenoviruses was determined as described in the legend to Figure 1b. Data 
shown are the median ratios LD50 Ad5/LD50 oncolytic adenovirus, calculated from three independent experiments.

Supplementary Table 1.

0,001

0,01

0,1

1

10

100

ONYX-
015

Ad�
24

Ad5- �
24E3

Ad5  -  
�2

4RGD

Ad�
24  -  

p53

Ad�
N�

24

Ad�
24.55K(R

240A)

Ad�
N�

24.55K(R
240A)

CR
Ad  -  S

.R
GD

AdSurE
1

CRAd  -  C
XCR4.R

GD

N
or

m
al

iz
ed

 o
nc

ol
yti

c 
po

te
nc

y 
(L

D
50

 A
d5

/L
D

50
 o

nc
ol

yti
c 

A
d)

UM-SCC-11B
UM-SCC-14C
UM-SCC-22A
VU1131
VU1365



114

References

1.  Aghi M and Martuza RL. Oncolytic viral therapies - the clinical experience. Oncogene (2005) 24:52;7802-16.

2.  Lin E and Nemunaitis J. Oncolytic viral therapies. Cancer Gene Ther (2004) 11:10;643-64.

3.  Alemany R. Cancer selective adenoviruses. Mol Aspects Med (2007) 28:1;42-58.

4.  Haviv YS and Curiel DT. Engineering regulatory elements for conditionally-replicative adeno-viruses. Curr Gene 
Ther (2003) 3:4;357-85.

5.  Fukuda K, Abei M, Ugai H et al. E1A, E1B double-restricted adenovirus for oncolytic gene therapy of gallbladder 
cancer. Cancer Res (2003) 63:15;4434-40.

6.  Gomez-Manzano C, Balague C, Alemany R et al. A Novel E1a-E1b Mutant Adenovirus Induces Glioma Regression 
in Vivo. Oncogene (2004) 23:10;1821-8.

7.  Howe JA, Demers GW, Johnson DE et al. Evaluation of E1-mutant adenoviruses as conditionally replicating 
agents for cancer therapy. Mol Ther (2000) 2:5;485-95.

8.  Johnson L, Shen A, Boyle L et al. Selectively replicating adenoviruses targeting deregulated E2f activity are po-
tent, systemic antitumor agents. Cancer Cell (2002) 1:4;325-37.

9.  Sauthoff H, Pipiya T, Heitner S et al. Impact of E1a modifications on tumor-selective adenoviral replication and 
toxicity. Mol Ther (2004) 10:4;749-57.

10.  Hermiston TW and Kuhn I. Armed therapeutic viruses: strategies and challenges to arming oncolytic viruses 
with therapeutic genes. Cancer Gene Ther (2002) 9:12;1022-35.

11.  Guedan S, Gros A, Cascallo M et al. Syncytia formation affects the yield and cytotoxicity of an adenovirus ex-
pressing a fusogenic glycoprotein at a late stage of replication. Gene Ther (2008) 15:17;1240-5.

12.  Mi J, Li ZY, Ni S et al. Induced apoptosis supports spread of adenovirus vectors in tumors. Hum Gene Ther (2001) 
12:10;1343-52.

13.  Sauthoff H, Pipiya T, Heitner S et al. Late expression of p53 from a replicating adenovirus improves tumor cell 
killing and is more tumor cell specific than expression of the adenoviral death protein. Hum Gene Ther (2002) 
13:15;1859-71.

14.  van Beusechem VW, Van Den Doel PB, Grill J et al. Conditionally replicative adenovirus expressing P53 exhibits 
enhanced oncolytic potency. Cancer Res (2002) 62:21;6165-71.

15.  Braakhuis BJ, Tabor MP, Kummer JA et al. A genetic explanation of Slaughter’s concept of field cancerization: 
evidence and clinical implications. Cancer Res (2003) 63:8;1727-30.

16.  Tabor MP, Brakenhoff RH, Ruijter-Schippers HJ et al. Multiple head and neck tumors frequently orginate from a 
single preneoplastic lesion. Am J Pathol (2002) 161:3;1051-60.

17.  Khuri FR, Nemunaitis J, Ganly I et al. A controlled trial of intratumoral ONYX-015, a selectively-replicating ad-
enovirus, in combination with cisplatin and 5-fluorouracil in patients with recurrent head and neck cancer. Nat 
Med (2000) 6:8;879-85.

18.  Morley S, Macdonald G, Kirn D et al. The dl1520 virus is found preferentially in tumor tissue after direct intratu-
moral injection in oral carcinoma. Clin Cancer Res (2004) 10:13;4357-62.

19.  Nemunaitis J, Ganly I, Khuri F et al. Selective replication and oncolysis in P53 mutant tumors with ONYX-015, an 
E1b-55kd gene-deleted adenovirus, in patients with advanced head and neck cancer: a phase II trial. Cancer Res 
(2000) 60:22;6359-66.

20.  Garber K. China approves world’s first oncolytic virus therapy for cancer treatment. J Natl Cancer Inst (2006) 
98:5;298-300.

21.  Rudin CM, Cohen EEW, Papadimitrakopoulou VA et al. An attenuated adenovirus, Onyx-015, as mouthwash 
therapy for premalignant oral dysplasia. J Clin Oncol (2003) 21:24;4546-52.

22.  Tu CL, Chang W, Xie Z et al. Inactivation of the calcium sensing receptor inhibits E-cadherin-mediated cell-
cell adhesion and calcium-induced differentiation in human epidermal keratinocytes. J Biol Chem (2008) 
283:6;3519-28.

23.  Herz J and Gerard RD. Adenovirus-mediated transfer of Low Density Lipoprotein receptor gene acutely acceler-
ates cholesterol clearance in normal mice. Proc Natl Acad Sci U S A (1993) 90:7;2812-6.

24.  Jelsma TN, Howe JA, Evelegh CM et al. Use of deletion and point mutants spanning the coding region of the ade-
novirus 5 E1A gene to define a domain that is essential for transcriptional activation. Virology (1988) 163:2;494-
502.

25.  Fueyo J, Gomez-Manzano C, Alemany R et al. A mutant oncolytic adenovirus targeting the Rb pathway produces 
anti-glioma effect in vivo. Oncogene (2000) 19:43;2-12.

26.  Heise C, Hermiston T, Johnson L et al. An adenovirus E1a mutant that demonstrates potent and selective sys-
temic antitumoral efficacy. Nat Med (2000) 6:10;1134-9.

27.  Bischoff JR, Kirn DH, Williams A et al. An adenovirus mutant that replicates selectively in p53-deficient human 



115

6

Oncolytic adenoviruses for oral cancer treatment

tumor cells. Science (1996) 274:5286;373-6.
28.  Shen YQ, Kitzes G, Nye JA et al. Analyses of single-amino-acid substitution mutants of adenovirus type 5 E1b-

55k protein. J Virol (2001) 75:9;4297-307.

29.  Zhu ZB, Chen Y, Makhija SK et al.Survivin promoter-based conditionally replicative adenoviruses target cholan-
giocarcinoma. Int J Oncol (2006) 29:5;1319-29.

30.  Zhu ZB, Rivera AA, Makhija SK et al. Targeting lung cancer using an infectivity enhanced CXCR4-CRAd. Lung 
Cancer (2007) 55:2;145-56.

31.  Suzuki K, Alemany R, Yamamoto M et al. The presence of the adenovirus E3 region improves the oncolytic po-
tency of conditionally replicative adenoviruses. Clin Cancer Res (2002) 8:11;3348-59.

32.  Tollefson AE, Scaria A, Hermiston TW et al. The adenovirus death protein (E3-11.6K) is required at very late 
stages of infection for efficient cell lysis and release of adenovirus from infected cells. J Virol (1996) 70:4;2296-
306.

33.  Suzuki K, Fueyo J, Krasnykh V et al. A conditionally replicative adenovirus with enhanced infectivity shows im-
proved oncolytic potency. Clin Cancer Res(2001) 7:1;120-6.

34.  Bazan-Peregrino M, Carlisle RC, Hernandez-Alcoceba R et al. Comparison of molecular strategies for breast 
cancer virotherapy using oncolytic adenovirus. Hum Gene Ther (2008) 19:9;873-86.

35.  Lockley M, Fernandez M, Wang YH et al. Activity of the adenoviral E1A deletion mutant dl922-947 in ovarian 
cancer: Comparison with E1A wild-type viruses, bioluminescence monitoring, and intraperitoneal delivery in 
icodextrin. Cancer Res (2006) 66:2;989-98.

36.  Geoerger B, Vassal G, Opolon P et al. Oncolytic activity of P53-expressing conditionally replicative adenovirus 
Ad Delta 24-P53 against human malignant glioma. Cancer Res (2004) 64:16;5753-9.

37.  Goodrum FD and Ornelles DA. The early region 1B 55-kilodalton oncoprotein of adenovirus relieves growth 
restrictions imposed on viral replication by the cell cycle. J Virol (1997) 71:1;548-61.

38.  Gaballah K, Hills A, Curiel D et al. Lysis of dysplastic but not normal oral keratinocytes and tissue-engineered 
epithelia with conditionally replicating adenoviruses. Cancer Res (2007) 67:15;7284-94.

39.  Hutchin ME, Pickles RJ, and Yarbrough WG. Efficiency of adenovirus-mediated gene transfer to oropharyngeal 
epithelial cells correlates with cellular differentiation and human coxsackie and adenovirus receptor expression. 
Hum Gene Ther (2000) 11:17;2365-75.

40.  van Zeeburg HJT, Snijders PJF, Pals G et al. Generation and molecular characterization of head and neck squa-
mous cell lines of Fanconi anemia patients. Cancer Res (2005) 65:4;1271-6.

41.  Whyte P, Ruley HE, and Harlow E. Two regions of the adenovirus early region 1A proteins are required for trans-
formation. J Virol (1988) 62:1;257-65.

42.  He TC, Zhou S, da Costa LT et al. A simplified system for generating recombinant adenoviruses. Proc Natl Acad 
Sci U S A (1998) 95:5;2509-14.



116


	thesis Hester van Zeeburg upload DARE.pdf

