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ABSTRACT

Decorin (DCN) is a small extracellular proteoglycan with significant oncosuppressive activity. Lung adenocarcinoma is com-
monly devoid of DCN expression and is a leading cause of cancer mortality globally. As a proof-of-concept study for evaluating
the oncosuppressive potential of DCN expression in lung adenocarcinoma cells, we constructed an oncolytic herpes simplex
virus type 1 (HSV-1) vector, with a DCN transgene, using a transfection-infection method. Treatment of the lung adenocar-
cinoma cell line A549 with this novel DCN-expressing HSV-1 vector led to a significantly increased oncolysis of the cells
compared to the effect of the parental or control marker virus. These results support the further development of a DCN-
expressing oncolytic HSV-1 for evaluation in in vivo models for the treatment of lung adenocarcinoma, as well as other types of
cancers with underexpressed DCN.

1 | Introduction DCN is often underexpressed in adenocarcinomas [1]. Lung can-
cer is one of the most frequently diagnosed cancers, of which
Decorin (DCN) is an extracellular matrix component that belongs adenocarcinoma is the most common, and is a leading cause of

to the small leucine-rich proteoglycan family. DCN is multi- cancer mortality [1]. The 5-year survival rate of patients with lung
functional, playing an important role in various biological pro- adenocarcinoma varies, but is generally very poor despite modern
cesses, including wound healing and angiogenesis. Interestingly, treatments, amounting to 10—20% [2].

Abbreviations: BFP, blue fluorescent protein; CMV-IE, cytomegalovirus immediate early; DCN, decorin; DMEM, Dulbecco's modified Eagle medium; EF-1-alpha, elongation factor-1-alpha; EMEM,
Eagle's minimum essential medium; FBS, fetal bovine serum; gD, glycoprotein D; GFP, green fluorescent protein; HSV, herpes simplex virus; MOI, multiplicity of infection.
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Mesenchymal cells, fibroblasts, keratinocytes, chondrocytes and
smooth muscle cells, as well as stressed vascular endothelial
cells, express DCN [3-7]. The 40kDa glycoprotein core is
leucine-rich and typically has one glycosaminoglycan side
chain, either dermatan or chondroitin sulfate. The core protein
consists of four distinct domains. These distinct domains endow
DCN with its ability to bind to many matrix components and
factors, including multiple growth factors such as tumor-,
fibroblast-, and platelet-derived-growth factor [8-10]. DCN also
binds to many receptors, including endothelial growth factor
receptors [11]. DCN is known to bind to the d and e bands of
type I collagen fibrils, from which DCN derives its name [12].
DCN also increases the stability of aggrecan in the articular
cartilage and thus, regulates chondrocyte mechanotransduction
and attenuates post-traumatic osteoarthritis [13-16].

Due to its multiple functions in the extracellular matrix, DCN is
an important regulator of fibrillogenesis and thus, wound healing
[17]. It has been shown that DCN defective animal models
develop fibrosis after being wounded, and treatments based on
DCN can improve wound healing and prevent the formation of
fibrotic tissue [18-21]. DCN has also been shown to inhibit
angiogenesis and functions in a tumor suppressive manner in
many models [22, 23]. Thus, we hypothesized that induction of
intratumoral DCN expression combined with oncolytic vir-
otherapy could be efficacious against lung adenocarcinoma.

Efforts have been made to develop restoration of DCN expression
in malignant cells [24-26]. A suitable vector with intrinsic on-
colytic properties is the herpes simplex virus (HSV), whose on-
colytic effect and safety has been proven in clinical settings with
consequent market approval [27, 28]. Deleting the neuroviru-
lence gene y;34.5 makes the virus conditionally replicative and
weakens its virulence markedly [29]. The neurovirulence gene
functions as an inhibitor of the host cell's defense mechanism,
such as shutting off interferon signaling, inhibiting autophagy
and reversing selective protein synthesis amongst many others
[30-32]. By removing this gene, the virus can only replicate in
cells that are defective in the aforementioned pathways, such as
malignant cells with activated MEK that suppresses protein
kinase R [33]. This replication is oncolytic and results in cell
destruction that leads to the recruitment of the immune system
[34]. We have in conjunction with a previous study successfully
expressed marker genes with a recombinant HSV in the lungs of
mice using intranasal administration, which would be a suitable
way for delivery of the virus in vivo [35].

In this study, we constructed an HSV vector with a neuro-
virulence gene deletion and a DCN expression cassette and
evaluated the role of DCN overexpression in the treatment of
adenocarcinomas.

2 | Methods and Materials

21 | Cell Lines

BHK 21-13s (hamster kidney cells, CCL-10, ATCC, Virginia,
US) were maintained in Eagle’'s minimum essential medium

(EMEM, Lonza, Basel, Switzerland) supplemented with 10%
fetal bovine serum (FBS, Gibco, Thermo Fisher Scientific,

Massachusetts, US) and gentamycin. Vero cells (African green
monkey kidney cells, CCL-81, ATCC) and A549 cells (human
lung adenocarcinoma, CCL-185, ATCC) were maintained in
Dulbecco's modified eagle medium (DMEM, Thermo Fisher
Scientific) 7% FBS, gentamycin and 5 mM GlutaMAX (Thermo
Fisher Scientific).

2.2 | Recombinant Vector Construction

The shuttle plasmids used to construct H2252 and H2254 were
purchased from VectorBuilder (Neu-Isenburg, Germany). Both
plasmids contain a 45 bp 5 and 50 bp 3’ H1052 homologous
flank sequence of y,34.5 (Figure 1). The plasmid used for the
construction of H2254, pH2254 (# VB210315-1088-mww, Sup-
porting Information S1: Figure 1A), is a 6033 bp plasmid with a
blue fluorescent protein (BFP) gene insert under a cytomega-
lovirus immediate early (CMV-IE) promoter with a SV40 poly
(A) signal. The plasmid used for the construction of H2252,
pH2252 (# VB221020-1473-syg, Supporting Information S1:
Figure 1B), is an 8579 bp plasmid with a DCN insert under a
CMV-IE promoter with a SV40 poly(A) signal and a BFP insert
under an EF-1-alpha promoter with a bovine growth hormone
poly(A) signal. The parental virus H1052, originally constructed
using HSV bacterial artificial chromosome technology,
described in Nygardas et al. [37], is based on herpes simplex
virus type 1 (HSV-1) (174)Lox-Luc-sy1345-Zeo and has both
¥134.5 copies deleted and an enhanced green fluorescent protein
(GFP) transgene under an hCMV promoter in the left terminal
copy of y;34.5 [38]. H1052 also has a luciferase cassette inserted
between the genes Uy55 and Up56 [38].

Plasmids were transfected into BHK 21-13s cells grown in
96-well plates with lipofectamine 3000 (Thermo Fisher Scien-
tific) using the manufacturer's protocol, with a modification of
using double the recommended DNA amount per well. The
cells were infected with H1052 at a multiplicity of infection
(MOT) of 0.01 at 24 h post transfection. After 48 h post infection,
the supernatant and the cells were collected. The purification of
the virus was performed using a selection based on the fluo-
rescence of the infected cells. The supernatant collected from
the infected cells were diluted onto BHK 21-13s cells, and
when larger BFP positive plaques became visible, the cells were
washed with PBS, the BFP positive plaques were marked and
overlaid with low gelling temperature agarose. Next, the pla-
ques were picked with a Pasteur pipette. The collected cells
were suspended in 1:1 in 9% milk and EMEM supplemented
with 7% FBS and gentamycin, and freeze thawed and sonicated.
The process was repeated for two more passages after the pla-
ques were GFP negative. In total, the H2252 was purified for 11
rounds and H2254 for 7 rounds. H2254 has EGFP replaced with
BFP and H2252 has EGFP replaced with DCN under an hCMV
promoter and with BFP under an EF1-a promoter. The vectors
are illustrated in Figure 1A.

The viral stocks were cultured from the purified BFP positive/
GFP negative plaques. Briefly, T175 flasks were seeded with
Vero cells, and when 80—90% confluent was infected with the
collected plaque. When the cells reached full cytopathic effect,
they were scraped into the supernatant and pelleted. The pellet
was resuspended in 9% milk, freeze thawed and sonicated. The
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FIGURE1 |

(A) Simplified diagram of the transgenes and knockouts (KO) in the three HSV vectors. LUC stands for luciferase. The predicted

sizes of the hybridized Ncol fragments are indicated underneath the TRy, region of the genome. (B) Southern blot of cytoplasmic DNA extracted from
infected cells. The DNA was digested with Ncol, electrophoretically separated and transferred to a nylon membrane and hybridized with a
digoxigenin (DIG)-labeled 1.8 kb Ncol fragment of HSV-1 DNA from plasmid pRB4794. The predicted fragment sizes are 1.8 kbp for H1052, 5 kbp for
H2252 and 3.3 kbp for H2254 as well as 1.8 kbp for wild type HSV-1 (previously published as V3 [36]). (C) DCN Southern blot of cytoplasmic viral
DNA extracted from the infected cells. As previously, the DNA was digested by Ncol, electrophoretically separated and transferred to a nylon
membrane and hybridized with a DIG-labeled 533 bp DCN fragment. The positive control for DCN is pH2252 which was used for construction of

H2252. (D) The presence of the DCN gene verified by PCR from the viral DNA extracted from the supernatant-derived virus.

supernatant was collected and centrifuged in a Beckman Avanti
centrifuge with a JA-14 rotor at 16 300 rcf +4°C for 1.5 h, after
which the supernatant was removed and the pellet resuspended
in MNT buffer (20mM MES (Sigma-Aldrich, St. Louis, MO,
USA), 100 mM NacCl, and 30 mM Tris, pH 7.4) overnight [39].
The titers were determined with plaque titration in Vero cells as
described later.

2.3 | Plaque Titration

To determine the viral titers the sample was diluted in a tenfold
series on confluent Vero cells in 96-well plates. At 1h post infec-
tion, the medium was overlaid with DMEM supplemented with 7%
FBS, gentamycin and 40 mg/mL immunoglobulin G (HyQvia, Ta-
keda, Tokyo, Japan). The supernatant was removed and the cells
were fixed with methanol and stained with crystal violet 72 h post
infection. The primary plaques were then counted.

2.4 | Viral Genomic PCR

Viral MNT stocks were heated to 98°C for 10 min. PCR was
performed using the SybrGreen enzyme system (Thermo Fisher
Scientific) and Rotor-Gene instrument (Qiagen, Hilden, Ger-
many) as previously described [40]. DCN and VP16 gene copies
were determined. Primer information has been published pre-
viously [29, 41].

2.5 | Southern Blot

Cytoplasmic DNA was extracted from the infected Vero cells
that had reached full cytopathic effect. The extraction was
performed by adding lysis buffer (150 mM NaCl, 10 mM Tris
pH 7.5, 1.5mM MgCl, 0.1% NP-40) to pelleted cells. The solu-
tion was gently centrifuged, the cytoplasm (supernatant) col-
lected, and the pellet (cellular nuclei) discarded. The cytoplasm
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was treated in a solution of 0.4% (V/V) beta-mercaptoethanol
and 1% (V/V) 0.5M EDTA pH 8.0. The cytoplasm was phe-
nol:chlorophorm:isoamylalcohol extracted three times and then
the DNA was ethanol precipitated and resuspended in double
distilled sterile water.

The DNA was digested with Fast Digest Ncol (Thermo Fisher
Scientific) using the manufacturer's protocol and separated on a
0.8% agarose gel for 24h (30 V 0.01 A). A 1kbp DNA plus ladder
(Thermo Fisher Scientific) was used. The DNA was transferred
onto a Zeta probe membrane (Bio-Rad, California, US) over-
night using alkaline transfer buffer (0.4 M NaOH, 1.5M NacCl)
and then neutralized in 0.5M Tris pH 7.5/1.5M NaCl. The
membrane was then hybridized with a digoxigenin-labeled
1.8 kb Ncol-Ncol subfragment of the BamHI S fragment of
HSV-1 DNA (pRB4794) [42, 43] or a 533 bp DCN fragment [44],
which were labeled using the DIG DNA labeling and detection
kit (Sigma-Aldrich, Missouri, US), and detected using NBT/
BCIP stain (Sigma-Aldrich) according to the manufacturer's
instructions.

2.6 | Western Blot

Subconfluent T-25 flasks of A549 cells were infected with 0.1
MOTI of each virus and samples were collected 48 h post infec-
tion by scraping the cells into the medium, and pelleted at 2500
rcf for 5min at +4°C. The supernatant was aspirated, and the
pellet dissolved in lysis buffer (50 mM Tris-HCL, pH 7.4,
150 mM NaCl, 5mM EDTA, 1% NP-40, 0.1% SDS, proteinase
inhibitor added before use).

The quantifying of sample protein concentration was deter-
mined using Pierce™ BCA Protein Assay Kit (Thermo Fisher
Scientific). The samples were mixed with 2x Laemmli Sample
Buffer (Bio-Rad) containing dithiothreitol as a reducing agent
and heated to 98°C for 5min to denature. A total of 5ug of
protein was loaded per sample for the SDS-PAGE.

Electrophoretic separation was performed on a 4-15% Mini-
PROTEAN TGX precast protein gel (Bio-Rad) (to optimize the
resolution of target proteins falling within the range of
30-65kDa) at 90 V. Following electrophoresis, protein transfer
to 0.45 um PVDF membrane (Thermo Fisher Scientific) was
achieved by a wet transfer setup on a block of ice. The mem-
branes were blocked with EveryBlot Blocking Buffer (Bio-Rad)
to reduce non-specific binding and then incubated with specific
primary antibodies against DCN (Abcam, Cambridge, UK) or
glycoprotein D (gD) (Santa Cruz Biotechnology, Texas, US), and
GAPDH (Invitrogen, Massachussets, US) diluted 1:1000 in
blocking buffer. To detect these primary antibodies, HRP-
conjugated secondary antibodies (Invitrogen) were used and
incubated at room temperature for 1 h. The visualization of
protein bands was done using SuperSignal West Femto Maxi-
mum Sensitivity Substrate (Thermo Fisher Scientific) and
chemiluminescent signals were imaged using an iBright
CL1500 Imaging System (Thermo Fisher Scientific). Protein
loading was normalized to GAPDH. Densitometric analysis was
performed using the iBright CL1500 and ImageJ software,
providing quantitative data on protein expression.

2.7 | Immunofluorescence

A549 cells seeded on 96-well plates were infected with 1 MOI of
H2252 or H2254 and after 24 h fixed with 4% paraformaldehyde
added to the medium 1:1 for 20 min. The supernatant was then
aspirated, and the fixed cells washed with PBS. The fixed cells
were permeabilized with 50 uL of 0.1% Triton X-100 for 5 min
before they were incubated with a primary DCN antibody
(Abcam; 1:2000 dilution) in 3% BSA for 1h at room tempera-
ture. The cells were then washed three times with 0.5% BSA for
5 min. Following this, the cells were incubated with a secondary
antibody (Alexa fluor 488 goat anti-rabbit/guinea pig IgG;
1:1000 dilution) and DAPI (1:2500 dilution) in 3% BSA for 1h in
room temperature. The cells were washed as previously and
incubated for 30 min before imaging with the EVOS FL auto
imaging system (Thermo Fisher Scientific). Due to the green
fluorescence of the secondary antibody, the GFP-expressing
virus H1052 was not included in this study.

2.8 | Cell-Bound Versus Released Virus

A549 cells were seeded onto 96-well plates and when 90%
confluent the medium was changed to DMEM supplemented
with 2% FBS and gentamycin. Virus stocks were diluted to 5
MOI and added onto the cells. After 1 h, the cells were washed
with PBS and medium replaced to DMEM supplemented with
7% FBS, gentamycin and GlutaMAX. For each repeat experi-
ment, the titer of the viral stock was redetermined. The su-
pernatants were collected, and the cells covered in 100 uL 9%
milk at 24 h post infection. The samples were stored at —80°C.
The cells were freeze thawed three times. The titers of the
cellular and supernatant samples were then determined using
plaque titration. The experiment was repeated three additional
times with 5 parallel wells per treatment.

2.9 | Viral Growth Curve

A549 cells were seeded onto 96-well plates, and when 90%
confluent the medium was changed to DMEM supplemented
with 2% FBS and gentamycin. Virus stocks were diluted to 5
MOI and added to the cells. After 1h, the cells were washed
with PBS and medium replaced to DMEM supplemented with
7% FBS, gentamycin and GlutaMAX. For each repeat experi-
ment, the titer of the viral stock was redetermined. 20 pL of
supernatant was collected from each well at 6, 24, 48, and 72h
post infection and stored at —80°C. After collecting the super-
natant, medium was added to replace the removed medium.
The titers were then determined using plaque titration. The
experiment was repeated three additional times with five par-
allel wells per treatment.

2.10 | Cytotoxicity Assay

The oncolytic potential of the viruses (cytotoxicity) was deter-
mined using an MTT viability assay in a 96-well plate. A549
cells were seeded onto 96-well plates and when 90% confluent
the medium was changed to DMEM supplemented with 2% FBS
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and gentamycin. Virus stocks were diluted to either 5, 1, or 0.3
MOTI and added onto the cells. For each repeat experiment, the
titer of the viral stock was redetermined. After 1 h, the cells were
washed with PBS and medium replaced to DMEM supplemented
with 7% FBS, gentamycin and GlutaMAX. After infections, 15 puL
MTT (Promega CellTiter Nonradioactive cell proliferation assay,
Thermo Fisher Scientific) was added to the wells 24, 48 and 72 h
post infection according to the manufacturer's protocol. After 3 h,
the reactions were visually determined to be saturated, and
100 uL of stopping solution were added per well. The dye was left
to dissolve protected from light overnight, after which the plate
was shaken for 1 min in 300 orbits/min and the absorbance was
determined using a Victor Nivo multimode plate reader
(PerkinElmer. Massachusetts, US). The wavelength of 570/10 nm
was quantified and the wavelength 665/8 nm was used as a ref-
erence. The recordings from the reference wavelength were then
subtracted from the recordings from the optimal wavelength. The
experiment was repeated three additional times with 5 parallel
wells per treatment.

211 | Gene Expression RT-qPCR

A549 cells were seeded onto 96-well plates and when 90%
confluent the medium was changed to DMEM supplemented
with 2% FBS and gentamycin. Virus stocks were diluted to 5
MOI and added onto the cells. After 1 h, the cells were washed
with PBS and medium replaced to DMEM supplemented with
7% FBS, gentamycin and GlutaMAX. 24 h post infection the
supernatant was removed, cells were overlaid with 80 uL Tri
Reagent (Thermo Fischer Scientific), and the RNA was ex-
tracted according to the manufacturer's protocol. Complemen-
tary DNA was synthesized from the DNA with RevertAid H
Reverse Transcriptase (Thermo Fisher Scientific) and random
hexamer primers (Thermo Fisher Scientific) as described pre-
viously [40]. RT-qPCR was performed as described earlier.
Standard and calibrator information has been published previ-
ously [41, 45-48]. In addition to DCN gene expresssion, the
expression of the viral VP16 and gD single copy genes and the
GAPDH housekeeping gene were determined.

212 | Statistical Analysis

The statistical significance (Mann—Whitney U) was calculated
using SPSS statistics (IBM).

3 | Results
3.1 | Recombinant HSV Vectors

We constructed two novel recombinant vectors using a
transfection-infection method and marker selection using a
GFP backbone virus H1052 [38]: H2252, a DCN and a BFP
expressing virus; and H2254, a BFP expressing virus. The
recombination was confirmed upon observation of BFP posi-
tive/GFP negative plaques. Viral stocks were prepared when no
GFP was present for two subsequent plaque purification
rounds. The location of the insert in the viral genome was

verified using Southern blot, where the probe was a
digoxigenin-labeled 1.8 kbp NcoI-Ncol subfragment of BamHI S
fragment of HSV-1 DNA (pRB4794) [42, 43]. The probe
hybridized to flanks of the deletion in the y;34.5 gene
(Figure 1B). The predicted sizes are shown in Figure 1A, and
are 1877 for H1052, 5007 bp for H2252 and 3354 bp for H2254.
The fragments in all three viruses corresponded with their
predicted sizes (Figure 1A,B). The presence of the DCN insert in
H2252 was verified using Southern blot with a 533bp DCN
probe (Figure 1C) and PCR for detecting the DCN gene in the
viral genome (Figure 1D). Only H2252 had the DCN gene
present (Figure 1D), while detection of VP16 gene DNA vali-
dated the viral DNA in the PCR samples.

3.2 | DCN Expression of the Recombinant Virus

The DCN expression by A549 cells infected with H2252 was
assessed. RT-qPCR revealed that A549 cells infected with H2252
express significantly more DCN mRNA than uninfected A549 cells
24 h post infection (p < 0.05), and infection with H1052 or H2254
did not alter DCN expression (Figure 2A). We could also detect the
intracellular DCN core protein in H2252-infected cells using
immunofluorescence 24 h post infection (Figure 2C). Western blot
analysis revealed that A549 cells infected with H2252 produce the
DCN core protein of about 50 kDa (Figure 2D). Uninfected A549
cells produce neither DCN core protein nor express DCN mRNA
(Figure 2A,D). Both western blot analysis (standardized to total
protein quantity) and RT-qPCR reveal that A549 cells infected with
H1052 express more gD and GAPDH than those infected with
H2252 or H2254 (Figure 2B,E).

The course of infection with the HSV recombinants in A549
cells did not differ significantly. The BFP intensity differed
between H2254 and H2252 (Figure 3A). The released virus in
the supernatant of all vectors peaked at 24h post infection
(Figure 3B). The ratio of released virions to that of cell bound
virus varied between 30% and 38% depending on the recombi-
nant (Figure 3C).

3.3 | Oncolytic Activity of the Recombinant
Vectors

Oncolytic efficacy was measured as cytotoxicity (decrease in cell
viability) using the MTT viability assay. All three viral doses of
H2252 at 48 h post infection display more oncolytic efficacy
than H1052 or H2254 (p <0.05) (Figure 4A,B). At 24h post
infection H2252 is more efficacious than H1052 at 1 MOI, and
at 72 h post infection H2252 is more efficacious than H1052 at 1
MOI and both H2252 and H1052 are more efficacious than
H2254 at 5 MOI (p < 0.05) (Figure 4A,B). The cytopathic effect
of H2252 infection during the assay is visualized in Figure 4D
compared to uninfected control in Figure 4C. Infections with
H2254 and H1052 were visually indistinguishable from H2252.

4 | Discussion

As lung adenocarcinoma is a leading cause of cancer-related
mortality despite advances in modern treatments, novel
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FIGURE 2 |

(A, B) RT-qPCR of samples collected from A549 cells 24 h post infection. N=5. (A) DCN mRNA expression normalized to GAPDH.

(B) GAPDH and viral glycoprotein D (gD) expression. The capped bars represent standard deviation, the asterisks represent statistical significance
(p <0.05). (C) Immunofluorescence of paraformaldehyde fixed infected cells. Images taken with EVOS FL auto imaging system. Blue fluorescence
(DAPI) represents the cellular nuclei and green fluorescence represents the DCN core protein. The scale bar represents 200 um. (D, E) Western blot
of samples collected from A549 48 h post infection. Lysed samples of infected cells were electrophoretically separated and detected with either DCN,
gD or GAPDH antibodies. The same blot is illustrated in both images, the left image showing DCN and the right gD and GAPDH.

therapies need to be discovered. DCN, an extracellular proteo-
glycan that is important in regulating many processes in the
connective tissue, is often not expressed in lung adenocarci-
noma [49]. DCN has previously been found to suppress tumor
growth and pathways. Thus, we constructed an oncolytic HSV-1
vector that expresses DCN to assess its feasibility as a treatment
against lung adenocarcinoma.

For the construction of the oncolytic virus DCN vector H2252 as
well as a control vector H2254, we designed two plasmids with
flanks homologous with the neurovirulence gene of HSV,
present in the parental strain H1052, surrounding the

expression cassette. The new vectors were created using a
transfection-infection recombination and selection based on the
marker gene expression, where successful recombination was
found by replacement of green fluorescence with blue fluores-
cence. The difference in blue fluorescence intensity between the
cells infected with H2252 and H2254 (Figure 3A) is most likely
due to the BFP gene being regulated by different promoters of
varying transcription efficiency (Figure 1A).

The presence of DCN in the genome of H2252 was verified with
genomic PCR and Southern blot (Figure 1B—D). The absence of
DCN copies in the samples from H1052 and H2254 show that
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(A) Fluorescence images of infected A549 cells. GFP, BFP and transmitted light channels are all overlaid in each image. H1052

infected cells express GFP while H2254 and H2252 infected cells express BFP. The scale bar represents 400 um. (B, C) Virus growth in A549 cells.
N=20. (B) Growth curve of released virus determined during a 72h period. (C) Released and cell bound viral titers 24 h post infection. The
percentages represent the ratio of released virus to cell bound virus. The capped bars represent standard deviation.

the host DCN gene is not present in the viral stock used as the
source material (Figure 1D). Southern blot confirmed the
location of the insert in the genome, as the hybridized 1.8 kbp
Ncol fragment of the HSV-1 BamHI fragment S labeled the
correct predicted location, and the DCN fragment hybridized
with the same predicted fragment (Figure 1B,C). Western blot
analysis shows that mRNA detected with RT-qPCR (Figure 2A)
is translated correctly (Figure 2D). These results also show that
the infection with the HSV viruses H1052 and H2254 does not
induce DCN expression in A549 cells, and that A549 cells have
no native DCN expression (Figure 2A,D). These results corre-
late with other observations that lung adenocarcinoma often
has underexpressed DCN [49]. The western blot analysis shows
that A549 cells infected with H2252 express DCN core protein.
Immunofluorescence detected intracellular DCN core protein in
H2252 infected A549 cells (Figure 2C).

Interestingly, RT-qPCR paradoxically shows higher copy num-
bers of both gD and GAPDH in A549 cells infected with H1052
than with H2252 or H2554 (Figure 2B). It could be argued that
more surviving cells would express more gD copies, however
Western blot analysis from different samples shows the same
phenomenon when normalized to protein quantity, suggesting

that more cells are viable even though more viral protein is
expressed (Figure 2E). This evidence suggests that H1052 is less
oncolytic than its corresponding BFP expressing counterpart
H2254 as well as the DCN expressing H2252. This difference
could be due to GFP, or the selective passaging of H2252 and
H2254 in BHK21-13s cells causing subtle phenotype changes in
the virus. However, the cytoplasmic viral DNA fragment sizes
do not indicate any additional differences between the parental
virus H1052 and H2252 or H2254 than the one detected by
Southern blot.

The growth curve and shed vs cell bound titers in A549 cells
show that the addition of a large expression cassette with DCN
does not alter the course of infection in a detectable manner
(Figure 3). However, the MTT viability assay shows that DCN
significantly increases the oncolytic activity of the vector com-
pared to the control and parental viruses, especially at 48 h post
infection with all MOIs tested (Figure 4A,B). This oncolytic
activity plateaus at 60%, where the limit of this quantitative
assay for oncolytic efficacy is reached. While visual analysis of
the cells shows a full cytopathic effect (Figure 4C,D), the assay
gives a higher viability readout as the cells have high metabolic
capacity when they are producing progeny virions, but the cells
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FIGURE 4 | Comparison of oncolytic efficacy, or cytotoxicity, of the recombinant viruses in A549 cells, as measured using MTT viability assay.
N =20. (A) Comparison of parental virus H1052 and DCN expressing H2252. (B) Comparison of control virus H2254 and DCN expressing H2252. The
capped bars represent the standard deviation and the asterisk represents statistical significance (*p < 0.05). (C, D). Images of the cells incubated with
MTT before solubilization. (C) Uninfected A549 cells. (D) A549 cells 24 h post infection infected with 5 MOI of H2252. Infection with control viruses

were visually similar to H2252. The scale bar represents 1000 pm.

cannot in fact proliferate. This is a limitation of all in vitro
viability assays when applied to infected cells [50].

Our novel recombinant virus is the first HSV expressing DCN to
our knowledge, and our replication competent HSV has the
advantage of only requiring low MOI dosages for high in vitro
efficacy. Furthermore, HSV vectors have clinically been proven
suitable for repeat dosing and low toxicity [28]. Our results are also
in line with previous studies using DCN gene therapy against
tumors, where DCN improved the oncolytic efficacy of other viral
vectors [24-26]. Although the evidence of the new DCN oncolytic
vector's superiority is limited to in vitro results, we propose that
these results support the further development of a DCN expressing
oncolytic HSV-1 vector for studies in in vivo models for the
treatment of lung adenocarcinoma. For delivery of our novel
vector to lungs, we have in conjunction with a previous study
expressed transgenes in the lungs of mice administered with
recombinant HSV intranasally [35]. We deem that this would be a
suitable administration method for future in vivo studies.
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