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Spread of oncolytic viruses through tumor tissue is essen-
tial to effective virotherapy. Interstitial matrix is thought 
to be a significant barrier to virus particle convection 
between “islands” of tumor cells. One way to address this 
is to encode matrix-degrading enzymes within oncolytic 
viruses, for secretion from infected cells. To test the hypoth-
esis that extracellular DNA provides an important barrier, 
we assessed the ability of DNase to promote virus spread. 
Nonreplicating Ad5 vectors expressing actin-resistant 
DNase (aDNAse I), proteinase K (PK), hyaluronidase 
(rhPH20), and chondroitinase ABC (CABC) were injected 
into established DLD human colorectal adenocarcinoma 
xenografts, transcomplemented with a replicating Ad5 
virus. Each enzyme improved oncolysis by the replicat-
ing adenovirus, with no evidence of tumor cells being 
shed into the bloodstream. aDNAse I and rhPH20 hyal-
uronidase were then cloned into conditionally-replicating 
group B adenovirus, Enadenotucirev (EnAd). EnAd 
encoding each enzyme showed significantly better anti-
tumor efficacy than the parental virus, with the aDNAse 
I-expressing virus showing improved spread. Both DNase 
and hyaluronidase activity was still measurable 32 days 
postinfection. This is the first time that extracellular DNA 
has been implicated as a barrier for interstitial virus spread, 
and suggests that oncolytic viruses expressing aDNAse I 
may be promising candidates for clinical translation.

Received 13 March 2015; accepted 17 December 2015; advance online  
publication 9 February 2016. doi:10.1038/mt.2015.233

INTRODUCTION
Oncolytic viruses have been engineered for tumor-selective rep-
lication, leaving normal cells virtually unharmed while specifi-
cally lysing cancer cells.1 The ability to replicate within tumor cells 
before spreading to infect adjacent cells provides a renewable sup-
ply of virus within the tumor and should endow a high therapeu-
tic index. Adenoviruses have been widely developed as oncolytic 
agents, however while clinical trials show little toxicity, antican-
cer efficacy is also usually limited, particularly after intravenous 
administration.2–4 This is thought largely to reflect the difficulties 
of delivery, both in the bloodstream and within the tumor itself. 
Recently clinical studies using the group B oncolytic adenovirus 

Enadenotucirev (EnAd) have shown good progress with success-
ful systemic delivery5,6 and here, we will focus on strategies to 
improve virus delivery within tumor deposits.

One of the major barriers for oncolytic viruses is the chal-
lenge of particulate spread through solid tumors. Possible con-
tributory factors include the high interstitial fluid pressure (IFP) 
that restricts convection, coupled with phagocytosis of virus par-
ticles by immune cells. However, the dominant inhibitory effect is 
thought to be the dense extracellular matrix (ECM) that physically 
interferes with the movement of macromolecules and particles.7–10 
Tumor ECM is a complex, multicomponent structure and several 
components may interfere with spread of virus particles.

Previous studies have shown that pretreatment of tumors with 
free enzymes to degrade the ECM could improve tumor interstitial 
convection. These included proteases11,12 to degrade extracellular 
proteins and hyaluronidase13,14 (e.g., rhPH20) to degrade hyaluro-
nan, a viscous glycosaminoglycan. In exploiting these findings to 
improve the performance of therapeutic viruses, oncolytic adeno-
viruses have been “armed” to express ECM-degrading enzymes 
including relaxin, a peptide hormone that reduces expression of 
collagen and increases matrix-metalloproteinases, showing ECM 
degradation, improved virus spread and better antitumor effi-
cacy.15,16 Oncolytic adenoviruses expressing hyaluronidase have 
also shown improved interstitial spread and are now undergoing 
clinical evaluation.17 Similarly chondroitin sulfate, usually found 
as a proteoglycan, interacts with multiple constituents in the 
tumor tissue reducing fluid convection and drug permeation.18 
Chondroitinase ABC (CABC)19,20 can degrade proteoglycans by 
removing glycosaminoglycan side chains from the protein core. 
This has been exploited in an oncolytic herpes virus expressing 
CABC which also leads to both better intratumoral spread and 
improved anticancer efficacy.21

Cell death within tumors is likely to include nonapopto-
sis mechanisms such as ischemic death (oncosis),22 and this 
may release large fragments of genomic DNA into the extracel-
lular space.23,24 Since DNA is very hydrophilic and viscous, we 
postulated it might also inhibit interstitial spread of oncolytic 
virus particles. DNAse I25,26 is an endonuclease that cleaves both 
double-stranded and single-stranded DNA producing a mixture 
of 5’-phosphate mononucleotides and oligonucleotides. DNAse 
I is an important treatment for cystic fibrosis where the enzyme 
greatly reduces the viscosity of cystic fibrosis sputum.
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In this study, we therefore explored the use of actin-resistant 
recombinant human DNAse I (aDNAse I) as a means to improve 
interstitial virus convection. To provide context, we included the 
use of hyaluronidase (PH20), CABC and proteinase K in parallel 
experiments. Proteinase K (PK) is a serine protease with broad 
substrate specificity.27 We engineered it to carry a human signal 
peptide and introduced a furin cleavage site between the propep-
tide and mature protein to allow activation by proteolytic cleavage 
at the cell surface.

We constructed E1,E3-deleted type 5 adenovirus vectors 
expressing aDNAse I, rhPH20, CABC and PK, under the control 
of a CMV promoter, using the AdZ system developed by Prof 
G. Wilkinson.28 Constructs were characterized for enzyme pro-
duction in vitro and effects of the ECM-degrading enzymes on 
oncolytic activity was assessed in vivo. Expression of all of the 
enzymes, including aDNAse I, led to a strong reduction in tumor 
growth. We then compared conditionally-replicating group B chi-
meric adenovirus, EnAd, expressing aDNAse I and rhPH20. Both 
“armed” oncolytic viruses showed greater replication in vivo than 
parental EnAd, and both also showed significantly enhanced anti-
cancer efficacy.

RESULTS
Production and characterization of type 5 adenovirus 
vectors expressing aDNAse I, rhPH20, CABC, and PK
We constructed four replication-incompetent E1,E3-deleted type 
5 adenoviruses expressing either human aDNAse I, rhPH20, 
CABC, or PK under control of the CMV promoter, using the 
AdZ5 recombination system (Figure 1a).28 In addition, an AdZ5 
control virus was engineered which had the same backbone as the 
other constructs but lacked a transgene.

Analysis of enzyme activity in the supernatants of HEK293 
cells infected with each of the four viruses indicated each virus 
expressed a soluble enzyme that was capable of degrading its cor-
responding substrate (Figure 1b–e). As expected, no activity was 
detected with any of the substrates in the supernatants of HEK293 
cells infected with the AdZ5 control virus.

Enzyme expression does not affect virus replication 
and production
To analyze the impact of incorporating the transgenes on virus 
replication, HEK293 cells were infected separately with each 
virus. As shown in Figure 2a, all viruses produced very similar 
amounts of viral genomes over the period 24–96 hours. To ensure 
these genomes were packaged into viable infectious particles, 
viruses from the supernatants of infected HEK293 cells were 
harvested on day 4 and titrated on HEK293 Trex cells (to inhibit 
transgene expression by inhibiting tet operators in the CMV pro-
moters) allowing direct measurement and comparison of infectiv-
ity (Figure 2b). There was no significant difference in viral titers 
between the adenoviruses encoding the enzymes and the control 
AdZ5 virus. Collectively, these results indicate a similar level of 
viral replication for all viruses and the secreted enzymes had no 
direct effect on virus infection or replication.

Next, we assessed the impact of the transgenes on viability of 
infected cells. HEK293 cells were infected separately with each 

Ad5 virus and cell viability was measured every 24 hours using an 
MTS assay. The data were normalised to uninfected control cells. 
As shown in Figure 2c, all viruses showed slightly greater cyto-
toxicity compared to AdZ5, although AdPK showed significantly 
greater cytotoxicity than the other viruses (P ≤ 0.001), most likely 
reflecting nonspecific cytotoxicity of the secreted protease.

Ad5 viruses display antitumor activity after 
intratumoral administration in vivo
Given that the enzyme-expressing Ad5 viruses are nonrep-
licating, assessment of their ability to potentiate virotherapy 
in vivo is easiest to address by transcomplementation with a 
conditionally-replicating or replication-competent virus. For this 
purpose, we used a modified wild-type Ad5 with luciferase fused 
to the 3’ terminal of E1A (“E1A-AdLuc”), providing both trans-
complementation and luminescence imaging potential.29 To con-
firm suitability of E1A-AdLuc for transcomplementation, A549 
cells were infected with AdZ5 alone or AdZ5 with E1A-AdLuc. 
Genomes of AdZ5 were measured by quantitative polymerase 
chain reaction (QPCR) using primers and probe designed to the 
CMV promoter. As shown in Figure  3a, over a 3-day period, 
increasing numbers of AdZ5 genomes were detected in cells coin-
fected with both viruses while there was no increase in genome 
number in cells infected with AdZ5 only. This suggests that there 
is sufficient E1A produced by the E1A-AdLuc to allow transcom-
plementation and replication of the engineered Ad5 viruses.

Next, we analyzed the antitumor activity of all the 
enzyme-expressing Ad5 viruses (coadministered with E1A-AdLuc) 
in subcutaneous colon carcinoma tumors. SCID mice bearing DLD 
tumor xenografts were treated with a single intratumoral injection 
of PBS, or E1A-AdLuc (5 × 108 vp/tumor) plus AdZ5, AdDNAse, 
AdCABC, or AdPK (5 × 108 vp/tumor) (Figure 3b). Tumors were 
allowed to develop to 100 mm3 prior to injection, and sizes were 
subsequently measured every 3 days. There was no significant dif-
ference in tumor growth observed between the two control groups 
of PBS-treated and E1A-AdLuc/AdZ5-treated mice. Treatment 
with AdPH20, AdCABC, and AdPK (combined with E1A-AdLuc) 
all inhibited tumor growth, for example, at day 24, tumors were 
significantly smaller compared to the control groups in each case 
(P ≤ 0.05). Interestingly, treatment with AdDNAse (combined with 
E1A-AdLuc) inhibited tumor growth with tumor sizes significantly 
smaller than PBS alone (P ≤ 0.05) or AdZ5 (P ≤ 0.05) from day 9 
onwards.

Expression of exogenous enzymes within tumors often raises 
questions about possible enhancement of metastasis. To inves-
tigate whether these treatments would promote spontaneous 
metastasis, we assessed the level of human DNA present within 
the bloodstream using human-specific QPCR. This would allow 
detection of circulating tumor cells that have been shed from 
the primary tumor after oncolytic treatment, with a sensitivity 
of less than 80 pg DNA/sample (approximately 14 cells). QPCR 
was performed using human-specific primers and probe, tar-
geting the PTGER2 gene, against a mouse background.30 There 
was no detection of human-specific DNA in blood samples from 
any mice treated with oncolytic adenovirus expressing aDNAse 
I, rhPH20, CABC, or PK, suggesting none of the treatments 
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mobilized appreciable numbers of tumor cells (Supplementary 
Figure S1).

The ability of DNase to improve oncolytic virus activity has 
not been previously reported. Coupled with published reports 
of the antimetastatic activity of this enzyme, we prioritized 
oncolytic viruses expressing aDNAse I for further develop-
ment. Hyaluronidase (rhPH20) was also selected given that a 
hyaluronidase-expressing adenovirus is already in clinical study.

Engineering replicating group B adenoviruses, 
EnAdDNAse, and EnAdPH20
EnAd is an oncolytic group B adenovirus (previously known as 
ColoAd1), currently undergoing several early phase clinical tri-
als for treatment of cancer. The virus combines good systemic 
kinetics and promising clinical activity31,32 with the possibility to 
encode and express transgenes. Accordingly, we constructed EnAd 
expressing aDNAse I and rhPH20 hyaluronidase. These enzymes, 
under the control of a CMV promoter, were inserted into the 
EnAd backbone, downstream of the fiber gene (Figure 1a).

Analysis of aDNAse I and rhPH20 activity in the supernatant 
of A549 cells infected with “armed” EnAd confirmed the enzymes 

were secreted and capable of digesting exogenous DNA and hyal-
uronic acid respectively (data not shown). To analyze the effect of 
transgene expression on virus replication, the viruses were tested 
for their replication kinetics by measuring effects on cell viability, 
virus quantification, and genome production. While there were 
slightly more virus genomes produced in EnAdPH20-infected 
cells compared to EnAdDNAse and EnAd (measured by QPCR), 
there was no significant difference in the number of infectious 
particles produced, nor in cell kill (Figure 4).

EnAd expressing aDNAse or PH20 exhibit superior 
antitumor activity in vivo compared to unmodified 
virus
Next, we analyzed the antitumor activity of the enzyme-expressing 
EnAd viruses after a single intratumoral injection of a relatively 
low virus dose (1 × 109 vp/tumor) into pre-established DLD 
human colon carcinoma xenografts. This low dose and protocol 
was adopted to mimic a poor delivery scenario, and to maxi-
mize the potential for improved spread to enhance oncolytic 
activity. Both engineered viruses mediated considerable inhibi-
tion of tumor growth in comparison mice treated with PBS and 

Figure 1  Adenovirus construct and enzymatic activity of the transgenes. (a) Schematic representation of the adenoviruses used in this study. Each 
virus was engineered to express the transgene immediately downstream of a CMV promoter (P) followed by a polyadenylation sequence (pA) using either 
the AdZ5 recombination system or EnAd. AdZ5 is a replication deficient recombinant adenovirus with E1/E3 deletions. EnAd is a conditionally-replicating 
chimeric group B adenovirus that contains frequent nonhomologous nucleotide (non-homologous NT) substitutions of Ad3 for Ad11p. In addition, it has a 
nearly complete E3 deletion and a smaller E4 deletion mapped to E4orf4. Concentrated supernatants of HEK293 cells 48 hours after infection with enzyme-
expressing AdZ5 viruses were each tested for their ability to degrade their corresponding substrate. (b) aDNAse I degradation of calf thymus DNA was 
assessed by agarose gel electrophoresis. (1) Undigested DNA, (2) DNA digested with recombinant DNAse, (3) DNA digested with supernatant (S/N) from 
uninfected cells, (4) DNA digested with supernatant from AdZ5-infected cells, (5) DNA digested with supernatant from AdPH20 infected cells, (6) DNA 
digested with supernatant from AdDNAse-infected cells. (c) Agarose gel electrophoresis-stained patterns of hyaluronidase degrading hyaluronic acid (HA). 
(1) Undigested HA, (2) HA digested with supernatant from uninfected cells, (3) HA digested with supernatant from AdZ5 infected cells, (4) HA digested 
with supernatant from AdPH20-infected cells. (d) Degradation of chondroitin sulfate by chondroitinase ABC measured by UV absorbance. Mean ± SD is 
plotted (n = 3). (e) Liberation of Folin-positive amino acids as a result of proteinase K hydrolysis of hemoglobin denatured with urea; tyrosine standard 
(Std), proteinase K (PK ctrl), uninfected cells (Ctrl). Mean ± SD is plotted (n = 3).
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unmodified EnAd (Figure  5a). At 32 days, animals were killed 
and the tumors removed for measurement of virus genomes by 
QPCR (Figure 5b) and immunohistochemical analysis. Tumors 
treated with EnAdDNAse showed significantly higher numbers of 
virus genomes present compared to both EnAd and EnAdPH20 
treated tumors (12.9- and 6.5-fold respectively).

To assess whether enhanced efficacy observed in mice treated 
with either EnAdDNAse or EnAdPH20 was as a result of improved 
distribution of virus, immunohistochemical analysis was per-
formed on tumors 32 days postinfection (Figure  5c–e). All of 
the DLD tumors treated with either EnAdDNAse or EnAdPH20 
showed evidence of active virus infection (5/5 tumors for each 
enzyme), with many cells showing strong intranuclear hexon stain, 
indicative of virus packaging. It was noticeable that large patches 
of infection were spread throughout the tumor mass in each case. 
In the case of EnAdDNAse, the patches of hexon expression were 
coincident with strong expression of DNAse activity (Figure 5e). 
In contrast, only two out of five tumors in the group treated with 
unmodified EnAd showed signs of ongoing virus infection at day 
32 (one of these is shown in Figure  5c), and no expression of 
DNAse (Figure 5e). Tumors treated with PBS showed no adeno-
viral staining (data not shown). Intriguingly, tumors treated with 
EnAdDNAse showed particularly wide-spread staining pattern, 
with many individual cells staining strongly for hexon even in 
regions spatially separated from the main areas of infection. This 
effect was not observed for the other viruses, except very close to 
areas of strong infection, and suggests that the DNAse-expressing 
virus is capable of better intratumoral spread (Figure 5c-2). This 
was further supported by quantifying the percentage of stained 
areas. EnAdDNAse-treated tumors showed significantly more 
positive staining compared to tumors treated with EnAd alone 
(Figure 5d).

Enzyme activity can be detected in tumors 32 days 
postinfection
To determine whether enzymes encoded within viruses remained 
active 32 days after intratumoral administration, tumor xenografts 
were resected and homogenates were assayed for substrate-specific 
degradation. Homogenates of tumors injected with unmodified 
EnAd showed a significant ability to degrade calf thymus DNA, 
reflecting endogenous cell-associated DNAse activity, although 
EnAdDNAse injected tumors showed much stronger DNA degra-
dation due to the encoded aDNAse I activity (Figure 5f). Similarly, 
EnAdPH20-injected tumors showed powerful ability to digest 
high molecular weight hyaluronic acid, and in this case there was 
no evidence of any endogenous hyaluronic acid-degrading activity 
in the control groups. These data support the possibility that the 
increased intratumoral spread of EnAdDNAse, and the improved 
anticancer activity of both EnAdDNAse and EnAdPH20 (com-
pared to the unmodified parental virus) is associated with persis-
tent expression and activity of the encoded enzymes.

DISCUSSION
Limited spread of adenovirus particles through solid tumor tissue 
is thought to have played a significant role in limiting the suc-
cess of early clinical trials.2,3,9,33 The dense ECM restricts the inter-
cellular percolation of macromolecules and particles,10,34–36 and 

degradation of the ECM by injection of enzymes has already been 
shown to enhance therapeutic activity of oncolytic viruses.12,17 
However, the need for multiple reinjections of enzyme was found 
to limit the utility of this approach,37 paving the way for ECM-
degrading enzymes to be encoded within the virus, with enzymes 
consequently produced and secreted from infected tumor cells 
throughout the duration of virus infection.

Tumor ECM is a complex mixture including proteins, carbo-
hydrates, nucleic acids and lipids, all of which components may 
impact on virus particle convection. Here, we have explored the 
use of several ECM-degrading enzymes, encoded within adeno-
viruses as a strategy to enhance oncolytic virus spread through 

Figure 2 Enzyme expression does not affect virus replication and 
production. (a) HEK293 cells were infected separately with each 
replication-deficient virus to assess genome production ensuring all 
viruses were replicating efficiently. (b) Supernatants from day 4 infected 
HEK293 cells were subsequently titrated on HEK293 Trex cells to mea-
sure infectivity directly. (c) MTS assay of each virus to measure impact 
of transgene expression on cell viability. In all experiments, mean ± SD 
is plotted (n = 3).
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tumors. Hyaluronidase has previously been shown to enhance 
anticancer activity when encoded in replicating adenovirus.17 
Chondroitinase ABC21 and proteases such as metalloproteinases11 
and protease-inducers such as relaxin15,16 have also shown promis-
ing activity, and the wide substrate specificity of proteinase K, cou-
pled with its high activity at a broad pH and temperature range, 
makes it a promising candidate. We also explored the usefulness 
of DNAse, reasoning that the ongoing cell death within tumors, 
particularly in areas of ischemia/necrosis, might release genomic 
DNA that could form a viscous interstitial barrier. This hypothesis 
was inspired by the known DNA content of cystic fibrotic mucous, 
shed from dying bronchiolar epithelial cells,25,38 and the fact that 
many pathogenic bacteria produce extracellular DNAse as a viru-
lence factor, most likely to assist their cellular infection and spread 
despite the presence of extracellular DNA.

In vitro, all viruses were analyzed for their expression and 
secretion of soluble enzymes and the activity of each enzyme 

was confirmed by substrate-specific assays. It was also observed, 
while each enzyme did not impair virus particle production and 
replication, they had varying effects on cell viability with AdPK 
being the most cytotoxic. In DLD colorectal cancer xenografts, 
complemented by replication competent E1A-AdLuc, expres-
sion of proteinase K, chondroitinase ABC, hyaluronidase and 
actin-resistant DNase all showed the ability to improve oncolytic 
adenovirus activity compared to the unarmed control AdZ5. This 
anticancer effect was achieved after a single low dose intratumoral 
injection and at the time of treatment, tumors were a significant 
burden. It is possible that the encoded enzymes may exert direct 
anticancer activity, as well as improving spread of the oncolytic 
virus. For example, hyaluronidase is known to exert anticancer 
activity, perhaps by decreasing hyaluronan signaling via CD44.14 
Chondroitinase activity has also been linked with inhibiting pro-
liferation and invasion of melanoma cells, suggesting chondroi-
tin sulfates may play a role in metastasis.39 In addition, DNase 

Figure 3 In vivo antitumor activity after intratumoral administration. (a) Coadministration of a conditionally replicating virus (AdZ5) with 
E1A-Adluc allows in-trans complementation of E1A. Genomes of AdZ5 were measured by quantitative polymerase chain reaction (QPCR) using prim-
ers and probe designed toward the CMV promoter. Mean ± SD is plotted (n = 3). (b) CD1 nude mice bearing DLD tumor xenografts were treated 
with a single intratumoral injection of PBS, or E1A-AdLuc plus either AdZ5, AdDNAse, AdPH20, AdCABC, or AdPK (1 × 109 total vp/tumor). Tumor 
volume was measured every 3 days. * Significant (P ≤ 0.05) compared with tumors treated with PBS; # Significant (P ≤ 0.05) compared with tumors 
treated with AdZ5 (two-way analysis of variance, Bonferroni post-tests). Tumor volume ± SEM is plotted (n = 5).
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activity has been widely shown to inhibit metastasis, most likely 
by degrading extracellular DNA. This is discussed in more detail 
below. In contrast, protease activity is associated predominantly 
with tumor spread and progression, and we could find no reports 
that proteinase K has direct anticancer activity. Given that the 
ability of DNase to potentiate virotherapy has not been previously 
reported, coupled with its reported ability to inhibit metastasis, 
an oncolytic virus encoding DNase was explored in greater depth. 
An equivalent oncolytic virus, expressing rhPH20 hyaluronidase, 
was also engineered for comparison.

Incorporation of aDNAse I and rhPH20 into the replicating 
group B adenovirus, EnAd, had little effect on virus replication 
kinetics, and in both cases a single intratumoral dose produced 
significant anticancer activities. At the end of the experiment (32 
days after injection), high levels of DNAse I and hyaluronidase 
activity were present in tumor lysates, indicating the viruses were 
still viable. Immunohistochemical analysis of treated tumors 
showed both enzymes appeared to increase the spread of virus 
infection within the tumor, although when quantified only DNase 
mediated a significant increase in spread. However, Guedan 
et al.17 reported both improved intratumoral spread and improved 
anticancer activity for an oncolytic type 5 adenovirus expressing 
PH20, hence it seems most likely that the improved activities of 
both enzyme-expressing EnAd viruses is predominantly due to 
improved spread of the oncolytic activity.

The powerful activity of the aDNAse-expressing EnAd sup-
ports our hypothesis that nonapoptotic cell death within tumors 
(whether caused by virus infection or simply as a result of cell 
turnover) leads to the deposition of considerable extracellular 
DNA. Clinically, it is well established that many tumors shed DNA 
into the circulation that can be used for diagnosis, much more 
than is shed from normal tissues. Indeed, a recent study docu-
mented that over 50% of tumors actively shed free DNA into the 
bloodstream including colorectal, gastroesophageal, pancreatic, 
and breast cancer.40 This fits with the concept of macromolecular 
DNA being shed from dying tumor cells in the clinical setting, 
as well as in experimental models.40–44 Expressing DNase from 
oncolytic viruses should also have the fortuitous consequence of 
helping to degrade contaminating genomic DNA during manu-
facture (a contaminant which is normally removed by expensive 
treatment with benzonase), simplifying and accelerating the man-
ufacturing process.

It is important to consider whether expression of these deg-
radatory enzymes might increase toxicity effects of oncolytic 
viruses, for example by enhancing tumor metastasis. Previous 
studies have shown that, when used in combination or encoded 
within oncolytic viruses, neither heparanase, hyaluronidase nor 
decorin increased the incidence of metastasis, and our studies also 
failed to detect any circulating tumor cells.37,45,46 The inability of 
DNAse to degrade rigid protein components of the ECM, com-
bined with the absence of significant extracellular DNA in normal 
tissues suggests the enzyme is unlikely to enhance the spread of 
tumor cells into normal tissues. Indeed, it has been observed that 
the presence of extracellular DNA actively promotes cell invasion 
and metastasis47 and the addition of DNAse I systemically, pre-
vents the occurrence of metastases in both pancreatic and liver 

cancers.47–49 Hence it is possible that the DNase-expressing onco-
lytic virus developed here may exert both an enhanced oncolytic 
anticancer activity and a potential to decrease background tumor 
metastasis.

To conclude, our results indicate that degrading several com-
ponents of the ECM can augment virus particle spread and onco-
lytic activity. Degradation of extracellular DNA is surprisingly 
effective and may improve interstitial fluid convection without 
disrupting the protein matrix. We believe that oncolytic adenovi-
ruses expressing actin-resistant DNAse are highly promising for 
clinical development and have the potential to be used alone or in 
combination with other chemotherapeutic agents.

Figure 4 Enzyme expression does not affect virus replication and 
production. (a) A549 cells were infected separately with each EnAd 
virus to assess genome production ensuring all viruses were replicating 
efficiently. (b) Purified virus was titrated in 10-fold dilutions on A549 
cells to measure infectivity directly. (c) MTS assay of each virus to mea-
sure impact of transgene expression on cell viability. In all experiments, 
mean ± SD is plotted (n = 3).
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Figure 5 EnAdDNAse and EnAdPH20 exhibit antitumor efficacy. (a) CD1 nude mice bearing DLD tumors were treated with a single intratumoral 
injection of PBS, EnAd, EnAdDNAse, or EnAdPH20 (1 × 109 total vp/tumor). Tumor volume was measured every 3 days. * Significant (P ≤ 0.05) 
compared with tumors treated with PBS; # Significant (P ≤ 0.05) compared with tumors treated with EnAd (two-way analysis of variance (ANOVA), 
Bonferroni post-tests). Tumor volume ± SEM is plotted (n = 10). (b) Total genomes per tumor were measured by QPCR using primers and probe 
against the hexon gene of EnAd; ** Significant (P ≤ 0.01) and *** Significant (P ≤ 0.001) (one-way ANOVA, Bonferroni post-tests). Mean ± SD is plot-
ted (n = 5). (c) Immunohistochemical analysis of adenovirus distribution in colorectal tumors treated with either EnAd, EnAdDNAse or EnAdPH20. 
Upper panel: original magnification ×20. Lower panels: original magnification ×400. (d) Hexon staining (which is indicative of virus replication) was 
quantified using ImageJ software. Eight random fields in viable tissue zones were selected for each tumor (n = 5) and quantified as a percentage of 
stained area. ** Significant (P ≤ 0.01) compared with EnAd-treated tumors. (e) Upper panel: sections stained with antihexon antibody and counter-
stained with hematoxylin; original magnification ×20. Lower panel: sequential sections stained with anti-DNAse antibody and counterstained with 
hematoxylin; original magnification ×20. (f) Assessment of enzyme activity 32 days postinfection. Degradation of calf thymus DNA was assessed by 
agarose gel electrophoresis. (1) Undigested DNA, (2) DNA digested with lysate from tumors infected with EnAdDNAse, (3) DNA digested with lysate 
from tumors infected with EnAd, (4) DNA digested with lysate from tumors infected with EnAdPH20. Agarose gel electrophoresis-stained patterns of 
hyaluronic acid (HA) degradation. (1) Undigested HA, (2) HA digested with lysate from tumors infected with EnAdPH20, (3) HA digested with lysate 
from tumors infected with EnAd, (4) DNA digested with lysate from tumors infected with EnAdDNAse.
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MATERIALS AND METHODS
Cell lines. HEK293, HEK293 Trex cells, A549 lung adenocarcinoma cells, 
and DLD colorectal adenocarcinoma cells were obtained from ATCC 
(Manassas, VA). All cell lines were grown in Dulbecco’s modified Eagle’s 
medium supplemented with 10% fetal calf serum.

Molecular engineering and virus production. A schematic diagram out-
lining the structure of the viruses is shown in Figure 1a. All enzymes were 
synthesized (Life Technologies) and optimized for human codon usage. 
aDNAse I was engineered to be actin resistant by including an A114R 
point mutation.25,26 rhPH20 was synthesized to exclude the sequence 
encoding the GPI membrane attachment motif. The 24 aa signal peptide 
from chondroitinase ABC was replaced with the 22 aa signal peptide from 
aDNAse I. This was also the case for the 15 aa signal peptide of protein-
ase K. In addition, since PK is expressed as a propeptide, a furin cleavage 
site was introduced before the mature protein to allow activation upon 
cleavage. All genes were flanked by regions of homology to the E1 and 
E3-deleted AdZ5 vector and subjected to recombination as described by 
Stanton et al.28 Correct sequences of each vector were confirmed by DNA 
sequencing. Successful recombinants were then transfected into HEK293 
cells using Lipofectamine (Invitrogen, Carlsbad, CA). Resultant viruses 
were double-purified by cesium chloride gradient centrifugation and viral 
DNA concentrations determined by PicoGreen assay (PicoGreen, dsDNA 
quantitation reagent, Invitrogen). Infectious particles were measured by 
TCID50 on HEK293 cells at day 7 following fixation with formaldehyde-
crystal violet. The P/I ratio (particle/infectious particles) of AdZ5 and 
ColoAd1 viruses are from 91–97 and 35–41, respectively.

Construction of plasmids. aDNAse I and rhPH20 was introduced into 
the genome of the serotype B Ad3/Ad11 chimeric adenovirus, EnAd,50 by 
directed ligation into the plasmid pColoAd2.4. The pColoAd2.4 plasmid 
contains a p15A origin of replication, a kanamycin resistance cassette, and 
the EnAd genome with introduced unique SgfI and SbfI restriction sites 
inserted after the late gene, L5.

The plasmid pColoAd2.4 was obtained by homologous recombination 
between a shuttle vector, pColoAd2.4 Shuttle, and the EnAd genome.

The detailed construction of the pColoAd2.4 plasmid was as follows. 
A ~12 kb shuttle plasmid, pEnAd Shuttle, was initially constructed in 
order that unique restriction sites could be introduced in the late gene, L5, 
region of the EnAd genome. The 5′ (nt 1-4632) and 3′ (nt 27837–32326) 
ends of EnAd were amplified from the EnAd genome by PCR using 
the primer 5′-TTGGCGGCGCGCCTATCTATATAATATACC-3′ and  
primers 5′-AATGCAAATCTGTGAGGGG-3′ or 5′-CTTAGTGGTGTTG 
TGGTATTGG-3′ respectively. The 5′ arm PCR product contained a  
5′ introduced AscI site and 3′ PspOMI site that corresponds to the PspOMI 
site at nt 4626 in the EnAd genome. The 3′ arm PCR product contained 
a 5′ PspOMI site that corresponds to the PspOMI site at nt 27837 in the 
EnAd genome and a introduced 3′ AscI site. The PCR products were 
restriction digested with AscI/PspOMI and ligated in a one-step three-
way ligation into an AscI linearised plasmid that contained a p15A origin 
of replication and a kanamycin resistance cassette. This generated the 
pEnAd Shuttle plasmid.

A DNA fragment corresponding to the region of the EnAd genome 
that is flanked by PspOMI and AclI restriction sites and contains the late 
gene, L5, (nt 27837–30060) was synthesized with an added region of 19 bp 
5′-GCGATCGCTACCCTGCAGG-3′ inserted at position corresponding 
to EnAd nt 29355 (Mwg-Eurofins, Ebersberg, Germany). This additional 
region included restriction sites for two enzymes that are not present in 
the EnAd genome, SgfI and SbfI. The synthesized DNA fragment was 
restriction digested with the enzymes PspOMI and AclI and cloned into the 
corresponding region in the PspOMI/AclI digested pEnAd shuttle plasmid to 
create the plasmid, pColoAd2.4 shuttle. To obtain the pColoAd2.4 plasmid by 
homologous recombination, the pColoAd2.4 shuttle plasmid was linearised 
by restriction digest with the enzyme PspOMI and treated with alkaline 
phosphatase to remove 5’ phosphates. The linearised plasmid and the EnAd 

genome were cotransfected into BJ5183 cells by electroporation according to 
the manufacturer’s protocol and the generation of the pColoAd2.4 plasmid 
by homologous recombination was determined by restriction digest.

Correct construction of all plasmids was confirmed by DNA 
sequencing (MWG-Eurofins)

Assay for DNAse activity. HEK293 cells were grown to 80% confluence 
and infected with AdDNAse at 50 vppc (virus particles per cell). After 
24 hours, infection medium was removed and replaced with serum-free 
medium. After 24 hours, medium was collected and concentrated by fil-
tration using Amicon Ultra-4 columns (Millipore, Billerica, MA). DNAse 
activity was assessed by incubating calf thymus DNA (Sigma, Poole, UK) 
at a concentration of 1 mg/ml with the supernatants in the presence of 5 
mmol/l MgCl2 for 1 hour at 37 °C. DNA fragment sizes after digestion with 
samples were analyzed by DNA agarose gel electrophoresis.

Assay for hyaluronidase activity. Hyaluronidase containing supernatants 
were collected as above by infecting cells with AdPH20. Hyaluronidase 
activity was assessed by mixing the supernatants with a 5 mg/ml HA solu-
tion containing 50 mmol/l HEPES, 0.15M NaCl, and 1 mmol/l MgCl2, pH 
7.4. These were incubated for 24 hours at 37 °C before being run on a 1% 
agarose gel. The gel was then stained using Stains-All (0.005% in 50% etha-
nol) for 18 hours in the dark with gentle agitation. After incubation, the gel 
was washed with H20 and subjected to white light from a transilluminator 
for ~30 minutes until the background became colorless.

Assay for chondroitinase ABC activity. Chondroitinase ABC containing 
supernatants were collected as above by infecting cells with AdCABC. 
Chondroitinase ABC activity was assessed using the protocol described 
at http://www.sigmaaldrich.com/content/dam/sigma-aldrich/docs/Sigma/
Enzyme_Assay/c2905enz.pdf.

Assay for proteinase K activity. Proteinase K containing supernatants 
were collected as above by infecting cells with AdPK. Proteinase K activ-
ity was assessed using the protocol described at http://www.worthington-
biochem.com/PROK/assay.html.

Real-time QPCR. Real-time QPCR was used to detect and quantify ade-
noviral DNA from extracted DNA samples using an ABI 7000 Step One 
Plus Sequence Detection System and software. Primers and probe were 
designed to an 84 base pair fragment of the adenovirus type 5 fiber gene 
and amplification carried out as outlined by Bachtarzi et al.51 Amplification 
of the CMV promoter was carried out using primers, probe and conditions 
as outlined by Moulay et al.52 EnAd DNA was quantified using primers 
and probe targeting Hexon.53 The reaction mixture (total volume, 25 μl) 
contained qPCR BIO probe mix HI ROX (PCR Biosystems), 5 μl of DNA, 
1 μmol/l forward/reverse primers and 100 nmol/l probe. Amplification 
parameters were as described in Bachtarzi et  al.51 Amplification of the 
human-specific PTGER2 gene was carried out using primers, probe and 
conditions as outlined by Alcoser et al.30

In vivo studies. All animal experiments were performed in accordance 
with the terms of UK Home Office guidelines and the UKCCCR Guidelines 
for the Welfare of Animals. For in vivo coadministration studies, 6-week-
old female SCID mice (Charles River, Margate, UK) were injected subcu-
taneously with 5 × 106 DLD cells. Once xenografts developed to ~100 mm3, 
mice were randomized and tumors treated with a single intratumoral 
injection of 10 μl of PBS, or a combination of E1A-AdLuc (5 × 108 vp/
tumor) plus either AdZ5, AdDNAse, AdPH20, AdCABC, or AdPK (5 × 108 
vp/tumor).

Tumor progression and morbidity status were monitored every  
3 days. At the desired time points, mice were euthanised and xenografts 
removed. Tumors were homogenized in lysis buffer (Luciferase Assay 
System; Promega, Fitchburg, WI) using a motorized homogenizer (Ultra 
Turrax IKA T18 Basic; Fisher Scientific, Loughborough, UK) to obtain a 
150 mg/ml homogenate.
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Immunohistochemistry. 4-μm-thick sections were cut from paraffin embed-
ded tumor blocks and stained using the Envision G/2 Doublestain System 
kit (Dako) according to the manufacturer’s instructions. For Adenovirus 
hexon staining, the slides were incubated with 1 μg/ml of anti-adenovirus 
antibody (Ab8251; Abcam, Cambridge, UK) overnight at 4 °C. Sections 
were stained for DNAse using the anti-DNAse antibody (sc-19267; Santa 
Cruz, Dallas, TX) at a concentration of 2 μg/ml overnight at 4 °C. Images 
of sections were obtained on an Aperio Scanscope CS2 (Oxford, UK). 
Quantification of percentage of stained areas was performed using ImageJ 
software.

SUPPLEMENTARY MATERIAL
Figure S1. Expression of soluble enzymes from oncolytic adenoviruses 
does not increase the likelihood of metastases.
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