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Abstract
Vaccinia virus is a large, enveloped virus of the poxvirus family. It has broad tropism and

typically virus replication culminates in accumulation and lytic release of intracellular mature

virus (IMV), the most abundant form of infectious virus, as well as release by budding of ex-

tracellular enveloped virus (EEV). Vaccinia viruses have been modified to replicate selec-

tively in cancer cells and clinically tested as oncolytic agents. During preclinical screening

of relevant cancer targets for a recombinant Western Reserve strain deleted for both copies

of the thymidine kinase and vaccinia growth factor genes, we noticed that confluent mono-

layers of SCCF1 cat squamous carcinoma cells were not destroyed even after prolonged in-

fection. Interestingly, although SCCF1 cells were not killed, they continuously secreted

virus into the cell culture supernatant. To investigate this finding further, we performed de-

tailed studies by electron microscopy. Both intracellular and secreted virions showed mor-

phological abnormalities on ultrastructural inspection, suggesting compromised maturation

and morphogenesis of vaccinia virus in SCCF1 cells. Our data suggest that SCCF1 cells

produce a morphologically abnormal virus which is nevertheless infective, providing new in-

formation on the virus-host cell interactions and intracellular biology of vaccinia virus.

Introduction
Vaccinia virus (VV) is a large, enveloped virus belonging to the poxvirus family. Currently, the
virus can only be found as a laboratory strain used for the study of poxviruses or cancer treat-
ment. It has a linear, double-stranded DNA genome approximately 190 kbp in length encoding
for approximately 250 genes [1]. The most studied member of the poxvirus family is variola,
the causative agent of smallpox and vaccinia virus is well-known for its role as a vaccine used
in the Smallpox Eradication Program led by World Health Organization [2, 3]. Since the
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eradication of smallpox, VV has been studied as a viral vector for the development of oncolytic
virus therapies, immunotherapies, and as the development of next-generation smallpox vac-
cines [4].

Replication-competent oncolytic vaccinia viruses have shown great promise as a potential
cancer treatment [5]. Over the past decade, hundreds of cancer patients have been treated with
vaccinia virus in clinical trials, evaluating several different genetically engineered vaccinia vi-
ruses [6]. The development of virotherapeutics has led to the use of safety- and selectivity-en-
hanced viruses [7]. Vvdd, a recombinant VV with deletions of the viral thymidine kinase (tk)
and vaccinia growth factor (vgf) genes, has shown significantly improved safety profile relative
to the wild-type (wt) or single-deleted mutants while still being able to maintain its oncolytic
potency [8].

Importantly, because of its broad tropism, vaccinia virus is also being developed for vir-
otherapy in domestic animals and is currently being tested in clinical trials at least in pet dogs
[9]. Conversely, large animal trials may serve as gateways into human cancer patients, and
thus, we and others have been interested in developing novel oncolytics for both humans and
pets. During screening of several human and animal cancer cell lines for permissiveness, we
discovered unusual infection properties in a particular feline squamous carcinoma (SCC) cell
line, SCCF1. Recombinant oncolytic vaccinia virus was able to enter the cells and direct early
gene expression. Instead of oncolysis, in confluent SCCF1 monolayers vaccinia virus persisted
for up to two weeks without completely lysing the cells. Moreover, persistently infected SCCF1
cells continuously secreted infectious vaccinia particles, confirmed by plaque assay on human
A549 cells. Thin section analysis revealed only immature virus particle formation in the cyto-
plasm of the infected SCCF1 cells and further analysis of infected cell culture supernatants
showed particles with discontinuous membranes, arguing that SCCF1 cells do not support the
final steps of vaccinia virus particle formation.

Material and Methods

Cell lines
Feline squamous cell carcinoma cell line (SCCF1) was kindly provided by Dr. T. Rosol (Ohio
State University, US). SCCF1 has been developed from a laryngeal SCC of a cat. Keratinocytes
were maintained in culture for greater than 50 passages. SCCF1 had strong cytokeratin immu-
nohistochemical staining, weak vimentin staining and no p53 staining [10]. Also african green
monkey kidney epithelial cells (Vero) and adenocarcinomic human alveolar basal epithelial
cell line (A549) were used in the study. Vero and A549 cell line were purchased from American
Type Cell Culture Collection (ATCC) (Manassas, VA USA) and all cell lines were maintained
in conditions recommended by ATCC (A549 cells) or by the provider of the cell line (SCCF1).
A549 cells were maintained in Dulbecco´s Modified Eagle Medium (DMEM) with 1 g/l glucose
Lonza (Veviers, Belgium) supplemented with 10% fecal calf serum (FCS), 1% L-glutamine and
1% penicillin-streptomycin (P-S) and SCCF1 cells were maintained in DMEM with 4.5 g/l glu-
cose Lonza (Veviers, Belgium) supplemented with 10% FCS, 1% L-glutamine and 1% P-S.

Viruses
The viruses used in the study were all cancer specific double deleted vaccinia viruses (vvdd) of
Western Reserve strain and they have total deletion of vaccinia growth factor (vgf) and a partial
deletion of thymidine kinase (tk) gene. All viruses have also insertion of lacZ gene in vgf site
coding inactive but immunogenic beta-galactosidase enzyme. Wild-type control was not in-
cluded in the studies due to the biosafety regulations. In addition, vvdd-luc has insertion of lu-
ciferase gene and vvdd-tdTomato encodes fluorescent protein tdTomato. The viruses were
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engineered as previously described [11, 12]. Vvdd-luc was amplified on Vero cells and vvdd-
tdTomato in A549 cells. Sucrose cushion was used in purification and titers were determined
by standard plaque assay as described previously [11].

In vitro cytotoxicity assay
Cell viability after viral infection was measured using a colorimetric cell lysis test (MTS). Ten
thousand cells per well were plated on 96-well plates in growth medium (GM) supplemented
with 5% fetal calf serum (FCS). Confluent cell layers were infected in triplicates with different
concentrations of virus for 1 hour in 2% FCS GM. After that, 5% FCS GM was added into wells
and cells were incubated until cell viability was measured by MTS according to manufacturer’s
instructions (Cell Titer 96 AQueous One Solution Proliferation Assay, Promega, Madison, WI).
Inactivated vaccinia virus was used as a non-replicating control, inactivation of the virus was
done as described previously [11].

In vitro transduction assay
Transduction of vvdd-luc was performed plating 100,000 cells per well in a 24-well plate in 5%
FCS GM. After 48 h incubation, the cells were washed once with 2% FCS GM and infected in
triplicates with different concentrations of virus in 2% FCS GM for 30 min. Infected cells were
washed once with 10% FCS GM and incubated for 4 h. Finally, cells were lysed and luciferase
activity was measured according to the manufacturer’s instructions (Luciferase Assay System,
Promega, Madison, WI, USA). Transduction of tdTomato was also confirmed by infecting
cells with 0.2, 1 or 5 pfu/cell and visualizing the tdTomato expression 24 hours later with
fluorescent microscope.

Presence of viable virus inside the cells was also confirmed by plating 200,000 cells per 24-
well in 5% FCS GM. Next day, the cells were infected in triplicates at 0.01 pfu per cell in 2%
FCS GM for 1 hour. After infection, 5% FCS GM was added and cells were collected after 24,
48 and 72 h. After 3 freezing-thawing cycles a standard plaque forming assay was performed.

In vitro clonal assay
Ten thousand and 50,000 cells were plated on 6-well plates and infected 48 h after with 10 pfu
per cell for 1 h in 2% FCS GM. Cells were scraped from the wells and collected with superna-
tant at 24 and 72 h. Different amounts of cells were plated in triplicates on 6 well plates. One or
3 days after plating, colonies were stained with crystal violet and counted.

Amount and infectivity of the produced virions in vitro
Infected A549 cells and SCCF1 cells were collected and virus was extracted and purified to de-
termine the amount of virus produced by the cells. Also supernatant of the infected SCCF1
cells was collected on different time points and plaque assay was performed to determine the
production rate of secreted virions. To study the efficacy of secondary infection, collected su-
pernatant was also used to infect either SCCF1 or A549 cells and transduction assay was per-
formed as described previously.

Neutralization assay
Supernatant of infected SCCFI cells was collected and incubated with or without NR-417
monoclonal anti-vaccinia antibody (BeiResources, Manassas, VA) for 1 hour in +37°C. Stan-
dard plaque assay was performed to determine the amount of neutralized virus.

Production of Vaccinia Virus in Feline SCCF1 Cells

PLOS ONE | DOI:10.1371/journal.pone.0120496 March 23, 2015 3 / 12



Electron microscopy
Two EM specimen preparation methods, negative staining of whole mount viral particle and
thin sectioning of resin embedded cells with viruses, were used in this study.

1. Negative staining: this method is used to study surface structures of purified, whole-mount
vaccinia viral particles in the supernatant of infected SCCF1 and A549 cells. The method de-
tects viral particle as a whole in 3 dimensions. For asymmetrical particle like vaccinia virus,
the orientation is not random, with the largest, flat surface attached and facing up predomi-
nantly. To get purified viral particle, supernatant of infected cells was collected and the virus
was purified through sucrose cushion as described previously [11]. Viral particles were ab-
sorbed on formva-carbon coated EM specimen supporting grids by applying one droplet
(10–20 μl) of virus suspension on top of the grids, absorbing for 1 minute. The suspension
was then blotted away by Whatman filter paper, one droplet (30–40 μl) of negative stain,
2% Potassium phosphotungstate (KPT), pH 7.2, was added on top of the grids, and stained
for 30 seconds. The stain was blotted away and the grids were air-dried for 2 minutes and
loaded into electron microscope for observation.

2. Resin embedded thin section electron microscopy: this method is used to study internal
structure of viral particle and infected host cells. It can reveal structures of vaccinia viral par-
ticles at any orientation without bias as the embedding and cutting direction is random rela-
tive to the particles. For doing this, cultured SCCF1 and A549 cells were infected with
vaccinia and 48 hours after the infection the cells were fixed on-site in culture dish immedi-
ately out of incubator with 2.5% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) for 30
minutes and the cells were scraped off the dish, collected by centrifuge as a small pellet of
2–3 mm3. Fresh glutaraldehyde fixative was added on top of the pellet and fixed further for
half an hour. The pellets were then post-fixed by 2% osmium tetroxide for 1 hour, dehy-
drated in series of ethanol and embedded in LX-112 resin. Ultra-thin sections were cut at
thickness of 60–80 nm, mounted on 200 mesh EM specimen supporting grids, stained with
uranyl acetate and lead citrate in Leica EMstain automatic stainer (Leica microsystems, Aus-
tria) according to the manufacturer´s recommendations and then observed by EM.

Both negative stained specimen and thin sections were observed by using JEM 1400 trans-
mission electron microscope (JEOL, Tokyo, Japan), at 80 KV acceleration voltage. Digital elec-
tron micrographs were taken by a side-mounted Morada TEM digital camera (Olympus Soft
Imaging Solution GMBH, Munster Germany). Images were processed (brightness and contrast
operation only) by iTem software from the camera manufacturer. Adobe Photoshop software
was used for annotation.

Statistical analysis
All values are indicated as mean standard error of the mean (SEM). Differences between groups
were calculated using two-tailed Student’s t-test (GraphPrism software). P<0.05 was consid-
ered statistically significant.

Results

In vitro cytotoxicity and transduction of the virus in SCCF1 and A549 cell
line
Vvdd was unable to effectively lyse SCCF1 cells when pfu/cell values 0.01, 0.1 or 1 were used
(Fig. 1A). With extremely high amount of virus, cytotoxicity could eventually be achieved on
day 10 (data not shown). However, vvdd proved significantly more effective (p = 0.0073)
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cytotoxicity in A549 cells compared to SCCF1 cells when both cell lines were infected with 1
pfu/cell and viability was measured on day 3 (Fig. 1B). When SCCF1 was growing as an intact
monolayer, infected cells were not completely lysed even 10 days after infection (Fig. 1C). Suc-
cessful virus entry and early gene expression in the SCCF1 cells was confirmed by virus-medi-
ated expression of firefly luciferase (Fig. 1D). Viable virus was also shown to be located inside
the SCCF1 cells by plaque assay (S1 Fig.).

Clonality of the infected cells
Clonal assay was performed in SCCF1 cell lines since they were more resistant for oncolysis
caused by vaccinia viruses. One day after infection cell colonies were formed in all samples ex-
pect when 10 infected cells were plated. When cells were plated 3 d after infection approximate-
ly 50% fewer colonies were identified when 1,000 cells were plated compared to negative
control. Results are summarized in S1 Table.

Fig 1. In vitro cytotoxicity and and transduction of vvdd in SCCF1 cells. A) SCCF1 cells were infected with vvdd with 0.01, 0.1 or 1 pfu/cell. Viability of
cells was measured on day 3. B)Compared to A549 cells, SCCF1 cells maintained their viability significantly better on day 3 C)When SCCF1 cells formed a
tight monolayer before infection, the cells were still alive 10 days after infection. D) SCCF1 cell were infected with 0.04, 0.2, 1 or 5 pfu per cell and luciferase
expression was measured 4 h postinfection in relative light units.

doi:10.1371/journal.pone.0120496.g001
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Quantification and infectivity of the produced virions in vitro
In order to assess whether vaccinia-mediated reporter gene expression was associated with pro-
ductive virus replication, we titered chronically infected confluent SCCF1 cell culture superna-
tant on different time points. We observed low but constant secretion of virus at least up to 12
days post infection (Fig. 2A). Secreted particles were also used for re-infecting SCCF1 and
A549 cells and in both cell lines these particles were able to cause secondary infection indicat-
ing that these produced virions were infectious (Fig. 2B). To further characterize the nature of
the particles neutralization assay was performed showing that basically all the particles can be
recognized and neutralized by anti-vaccinia antibody (Fig. 2C).

Fig 2. Production of virus in SCC-F1 cells. A) Infected SCC-F1 cells constantly produce infectious particles to the supernatant.B) Virus released to the
supernatant by infected SCCF1 cells was able to re-infect both A549 and SCC-F1 cells.C) Viral particles released to the supernatant were completely
neutralized with anti-VV antibody.

doi:10.1371/journal.pone.0120496.g002
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Abnormal morphology of vaccinia virions secreted by cat SCCF1 cells
Electron microscopy on purified, secreted virus particles revealed clear differences between
particles produced by SCCF1 versus A549 cells. A549 cells were able to produced mature, en-
veloped virions with features typical of mature vaccinia viruses (Fig. 3A, B, C). All of the viral
particles were brick-shaped and are surrounded by an outer envelope (OE). In contrast, all viri-
ons produced by SCCF1 cell line were misshaped immature virions. Further, no outer enve-
lopes are detected and particles were loosely packed with irregular surface and irregular
staining intensity (Fig. 3D, E). Normal ultrastructural organelle morphology of SCCF1 cells is
shown in S2 Fig.

Ultrastructure of viral particles within infected cells revealed by thin
section
The replication, maturation and morphogenesis of vaccinia virus within a host cells is a process
consisting of successive intermediate steps thus producing a series of middle stage products.
Depending on specimen preparation methods employed in electron microscopy, particles with
different shapes and contents can be detected (primarily because the preferred orientation and
exposed plane of viral particle relative to electron beam in the microscope). Nomenclature of
the different particle structures is inconsistent in the literature for historic reason. Moss pro-
posed a simplified naming system for normal, mature poxvirus [13] using only three names for
mature, infectious form of the virus including MV (maturate virus), WV (wrapped virus) and
EV (extracellular virus). MV is mainly located inside cells excepting released via cell lysis. MV
replaces previous name IMV (intracellular mature virus). WV is located either intracellularly
or extracellularly and it replaces the old name IEV (intracellular enveloped virus), EEV (extra-
cellular enveloped virus) and CEV (cell associated extracellular enveloped virus). In our study,

Fig 3. Electron microscopy of negative stained, purified vaccinia viral particles released from
cultured cells. Supernatant from infected SCCF1 or A549 cells was collected, purified and negative staining
electron microscopy was performed. A-C: viral particles produced by A549 cells: mature particles of brick-
shaped, with outer envelope (OE) derived from cell membrane. D-E: immature vaccinia viral particles
produced by SCCF1 cells: the particles are irregular in shape and in electron density. Their internal contents
are not tightly packed, no clear boundary or membranous outer envelope is visible.

doi:10.1371/journal.pone.0120496.g003
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because more emphasis is put on different immature particles, we still use the old, descriptive
nomenclature for better identifying different mid-stage particles.

Findings from electron microscopy sections of infected cells are in agreement with the find-
ings from negative stained whole mount viral particles, and provided more details about the
maturation status of the viral particles. Infected A549 cells produce the whole range of viral
particles at different maturation stages. A low magnification outlook of two adjacent cells
(Fig. 4A) showing numerous viral particles, most of them are mature virus (MV), majority of
the MV are wrapped or enveloped intracellular enveloped virus (IEV) by membrane from
trans-Golgi cistern, and the extracellular viral particles are wrapped by double membrane
(EEV) with outer membrane from cell plasma membrane. Some EEV are still associated with
cells (CEV). Inserts with high magnification show them with clear membrane layers. Fig. 4B
shows the viral factory in the lower left cell in Fig. 4A. The viral factory (early replication cen-
ter) is manifested by a low-to-middle electron density area in the juxta-nuclear region void of
any cellular organelles. Intracellular enveloped viruses (IEV) come out farther from the factory.
Fig. 4C and 4D show another viral factory and wrapped vaccinia viral particles inside or outside
the cell in higher magnification.

Fig 4. Vaccinia virus replication andmaturation in A549 cells. A-B: After enter A549 cells, at 48 hours
post infection, vaccinia viral particles begin their normal life cycle quickly: form replication centre (viral factory)
in juxta-nuclear region manifested as a homogeneous, low-to-middle electron density, void of any organelles.
The replication begins with formation of crescent (Cr), then immature virus (IV), immature virus with nucleoids
(IVN), mature virus (MV). Many MV are wrapped by intracellular membrane from Trans-Golgi cistern, form
intracellular enveloped virus (IEV). IEVs move towards cell periphery, fuss with cell membrane and obtained
another envelope from cell membrane, finally they are released to extracellular space to form extracellular
enveloped virus (EEV). Some EEV remain attached on cell membrane as cell associated extracellular
enveloped virus (CEV). C-DDifferent intermediate particles from cells other than cells in a-b in
high magnification.

doi:10.1371/journal.pone.0120496.g004
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Inside the infected SCCF1 cells, the picture was different: the replication factory is incon-
spicuous, there were just some immature viruses (IV) of different size (Fig. 5A), and a few of
them have DNA injected to form nucleoids (IVN) (Fig. 5B). In some areas, the replication fac-
tory contains abnormal granular virosomes (VS), with a few IVs scattered around (Fig. 5C).
Even at the peripheral region, where viruses are going to be release outside of the cells, there
were only enlarged IVs inside cytoplasm and no membranous envelope obtained. Also, no
EEVs were found outside the cells (Fig. 5D).

Discussion
The life cycle of Vaccinia virus is well characterized starting from the moment it enters the cell
[14]. Vaccinia virus replication takes place in cytoplasm, where virions are fully uncoated by
viral enzymes released from the virion core. The viral DNA is not infectious per se. The replica-
tion cycle can be divided into functions controlled by early gene products and those controlled
by late gene products [15].

Conventionally, it has been perceived that vaccinia virus produces four different types of vi-
rions from each infected cell. Most virions remain within cells thus lacking the outer envelope
found on released virions. These intracellular mature viruses (IMV) stay inside cells until lysis;
constituting robust, stable virions well suited for transmission of infection between hosts. Intra-
cellular enveloped virus (IEV) is formed by wrapping of IMV with intracellular membranes,
and is an intermediate between IMV and cell-associated enveloped viruses (CEV) enabling effi-
cient virus dissemination to the cell surface, utilizing microtubules [16]. CEV induces the

Fig 5. Abortive vaccinia virus replication andmaturation in SCCF1 cells. A) At 48 hours after infection,
the replication centre (viral factory) is inconspicuous, only a few immature viruses (IV) were found around it.
B) Two IVs were visible, one IV showed nucleoid inside thus can be identified as IVN. Neither mature viruses
nor enveloped viruses were detected throughout all infected cells.C) there are two small immature viruses
(IV) located within cell and in the edge of an abnormal granular virosome (VS) region. No MVs were visible
there.D) The immature viruses (IV) migrate to peripheral of the cell, underneath cell membrane. They still fail
to get membranous envelope even at this late stage of nearly being released out.

doi:10.1371/journal.pone.0120496.g005
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formation of actin tails that drive CEV particles away from the cell which is important for cell-
to-cell spread [17]. Extra-cellular enveloped virus particles (EEV) which contain an additional
host-cell derived envelope mediate the long-range dissemination of virus in the bloodstream
[18]. The production of several different particle forms during the replication cycle secures effi-
cient spread of the virus and helps virus to evade antibodies and complement [19–21].

Several virus-encoded proteins have been identified to have a role in virus morphogenesis.
For example, the VV encoded I7 protein participates in proteolytic processing of the vaccinia
virus membrane and core components, and is critical for transition from IVN to MV [22].
Lack of I7 results in arrest of VV morphogenesis with some similarity to what was observed in
the SCCF1 cell line in our experiments. Other characterized virus proteins affecting morpho-
genesis include for example kinases B1 and F10 and a protein phosphatase H1. Moreover,
phosphorylation of several key poxvirus proteins, including A14, A30 and G7, is required for
early morphogenesis, and deletion of F10 results in lack of virosome condensation and crescent
formation [23, 24].

As mentioned above, the viral protein defects affect replication, maturation and morpho-
genesis of vaccinia virus. However, our data suggests that the similar effects might also be
brought out by the host cells. It seems that the vaccinia viral particles within SCCF1 cells were
not able to form the core unit from viral DNA and thus no MV was detected. One possible ex-
planation is that although the crescent can close to form IV, the viral genome DNA is not
packed or condensed to form the core unit. The loose nucleosome threads need some core nu-
cleoproteins to get further condensation and encapsidation. The IVN to MV transition ap-
peared to be completely arrested in SCCF1 cells, as we did not see any MV by electron
microscopy. However, it is important to keep in mind that thin section is not completely con-
clusive as a very small fraction of the cell volume is being visualized in each case. As all the core
proteins and membrane proteins needed for virion maturation are encoded by the viral ge-
nome, it seems that some cellular co-factor target of a viral protein affecting the replication of
the virus is missing or defective in the SCCF1 cell line. Alternatively, the cells might produce
some anti-viral cytokines or interferons which can arrest the life cycle of the virus. Identifying
the mechanism would yield interesting insight into both viral and cellular biology.

Notably, not much has been reported about vaccinia and feline cell lines. For domestic cats
more than 400 cases of Cowpox virus (CPXV) infections have been described [25], but it is pos-
sible that many infections are not recognized by veterinarians or their owners. Cat-to-cat trans-
mission is apparently rare [26]. Cats as predators are exposed to CPXV while hunting rodents,
which serve as a reservoir for CPXV [27] and at least one such case of has been reported [28].
While cowpox replicates and causes disease in cats, vaccinia virus infection appears self-limit-
ing and vaccinia virus (Lister strain) showed low infectivity in cats [26]. Poxviruses comprise a
group of pathogens including some zoonotic members affecting livestock and humans. There
might be genetically and phenotypically different poxvirus populations circulating in unknown
natural reservoirs but the poxvirus maintenance in nature and their transmission to humans
remains unknown [29]. Previously rabbit poxvirus, myxoma virus, has been shown to cause
mild cytopathic effects in the SCCF1 line. Similar findings to ours were observed in this study;
although cytopathic effects were seen, the replication of the virus was significantly slower than
in positive control cell line and there was no statistically significant difference in cell death
compared to mock-infected cells [30]. Further studies to determine if other feline neoplasms
are susceptible to vaccinia virus infection are needed to demonstrate conclusively these
findings.

To our knowledge, this is the first time this kind of replication pattern of vaccinia virus has
been reported. These findings could provide valuable insights into molecular mechanisms un-
derlying host cell infection, viral replication as well as virulence and life cycle of vaccinia virus.
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Supporting Information
S1 Fig. Transduction of vvdd in SCCF1 cell line. Infectious virus was recovered from SCC-F1
cells by plaque forming test after infection of cells with 0.01 pfu/cell.
(TIF)

S2 Fig. Normal ultrastructures of SCCF1 cells. A) The SCC cell line was derived from squa-
mous cell carcinoma and maintains most of the morphological features of squamous epithelial
cells; nucleus with loosely packed chromatin (Nu), cytoplasm is rich in different organelles like
mitochondria (Mit), ribosomes and endoplasmic reticulum, patches of glycogen (gl), and most
prominently, bundles of tonofibrils (Tf) consisting of keratin intermediate filaments. B) Cells
also display characteristics of cancer cells such as large nucleus filled with low electron density
euchromatin (Nu) and prominent nucleolus (No).D)Mitochondria within the cells were in a
high dynamic process of fusion and fission resulting in numerous long, irregular, branching
mitochondria, phenomena common when cells are under stress.
(TIF)

S1 Table. Colony counts of clonal assay. SCCF1 cells were infected with vvdd-tdTomato
10 pfu/cell in duplicates and 10,000, 1,001, 100 or 10 infected cells were grown 1 or 3 days to
evaluate if cell were able to form colonies.
(DOCX)

Acknowledgments
We thank technicians, especially Eerika Karli, in the Cancer Gene Therapy Group for expert
assistance. This study was supported by Integrative Life Sciences Doctoral Program, Aniwel
Graduate School University of Helsinki, the European Research Council, ASCO Foundation,
HUCH Research Funds (EVO), Sigrid Juselius Foundation, Academy of Finland, Biocenter
Helsinki, Finnish Cancer Organizations, Orion-Farmos Research Foundation, K. Albin Johans-
son Foundation, Waldemar Von Frenckell´s foundation, Ida Montini´s foundation and the
University of Helsinki.

Author Contributions
Conceived and designed the experiments: S. Parviainen KAMV-K KG S. Pesonen. Performed
the experiments: S. Parviainen KA KG S. Pesonen FZ. Analyzed the data: S. Parviainen KA KG
S. Pesonen FZ. Contributed reagents/materials/analysis tools: S. Parviainen KA TR FZ AH.
Wrote the paper: S. Parviainen KA FZ AH.

References
1. Upton C, Slack S, Hunter AL, Ehlers A, Roper RL. Poxvirus orthologous clusters: toward defining the

minimum essential poxvirus genome. Journal of virology. 2003; 77(13):7590–600. PMID: 12805459

2. Theves C, Biagini P, Crubezy E. The rediscovery of smallpox. Clinical microbiology and infection: the
official publication of the European Society of Clinical Microbiology and Infectious Diseases. 2014; 20
(3):210–8.

3. Geddes AM. The history of smallpox. Clinics in dermatology. 2006; 24(3):152–7. PMID: 16714195

4. Verardi PH, Titong A, Hagen CJ. A vaccinia virus renaissance: new vaccine and immunotherapeutic
uses after smallpox eradication. Human vaccines & immunotherapeutics. 2012; 8(7):961–70.

5. Haddad D, Chen N, Zhang Q, Chen CH, Yu YA, Gonzalez L, et al. A novel genetically modified oncoly-
tic vaccinia virus in experimental models is effective against a wide range of human cancers. Annals of
surgical oncology. 2012; 19 Suppl 3:S665–74. doi: 10.1245/s10434-011-2198-x PMID: 22258815

6. Liu TC, Galanis E, Kirn D. Clinical trial results with oncolytic virotherapy: a century of promise, a decade
of progress. Nature clinical practice Oncology. 2007; 4(2):101–17. PMID: 17259931

Production of Vaccinia Virus in Feline SCCF1 Cells

PLOS ONE | DOI:10.1371/journal.pone.0120496 March 23, 2015 11 / 12

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0120496.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0120496.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0120496.s003
http://www.ncbi.nlm.nih.gov/pubmed/12805459
http://www.ncbi.nlm.nih.gov/pubmed/16714195
http://dx.doi.org/10.1245/s10434-011-2198-x
http://www.ncbi.nlm.nih.gov/pubmed/22258815
http://www.ncbi.nlm.nih.gov/pubmed/17259931


7. Earl PL, Moss B, Wyatt LS, Carroll MW. Generation of recombinant vaccinia viruses. Current protocols
in protein science / editorial board, John E Coligan [et al]. 2001;Chapter 5:Unit5 13.

8. McCart JA, Ward JM, Lee J, Hu Y, Alexander HR, Libutti SK, et al. Systemic cancer therapy with a
tumor-selective vaccinia virus mutant lacking thymidine kinase and vaccinia growth factor genes. Can-
cer research. 2001; 61(24):8751–7. PMID: 11751395

9. Patil SS, Gentschev I, Nolte I, Ogilvie G, Szalay AA. Oncolytic virotherapy in veterinary medicine: cur-
rent status and future prospects for canine patients. Journal of translational medicine. 2012; 10:3. doi:
10.1186/1479-5876-10-3 PMID: 22216938

10. Tannehill-Gregg S, Kergosien E, Rosol TJ. Feline head and neck squamous cell carcinoma cell line:
characterization, production of parathyroid hormone-related protein, and regulation by transforming
growth factor-beta. In vitro cellular & developmental biology Animal. 2001; 37(10):676–83.

11. Guse K, Sloniecka M, Diaconu I, Ottolino-Perry K, Tang N, Ng C, et al. Antiangiogenic arming of an
oncolytic vaccinia virus enhances antitumor efficacy in renal cell cancer models. Journal of virology.
2010; 84(2):856–66. doi: 10.1128/JVI.00692-09 PMID: 19906926

12. Parviainen S, Ahonen M, Diaconu I, Hirvinen M, Karttunen A, Vaha-Koskela M, et al. CD40 ligand and
tdTomato-armed vaccinia virus for induction of antitumor immune response and tumor imaging. Gene
therapy. 2014; 21(2):195–204. doi: 10.1038/gt.2013.73 PMID: 24305418

13. Moss B. Poxvirus cell entry: how many proteins does it take? Viruses. 2012; 4(5):688–707. doi: 10.
3390/v4050688 PMID: 22754644

14. Moss B. Poxvirus entry and membrane fusion. Virology. 2006; 344(1):48–54. PMID: 16364735

15. Condit RC, Moussatche N, Traktman P. In a nutshell: structure and assembly of the vaccinia virion. Ad-
vances in virus research. 2006; 66:31–124. PMID: 16877059

16. Ward BM, Moss B. Vaccinia virus intracellular movement is associated with microtubules and indepen-
dent of actin tails. Journal of virology. 2001; 75(23):11651–63. PMID: 11689647

17. Blasco R, Moss B. Role of cell-associated enveloped vaccinia virus in cell-to-cell spread. Journal of vi-
rology. 1992; 66(7):4170–9. PMID: 1602540

18. Payne LG. Significance of extracellular enveloped virus in the in vitro and in vivo dissemination of vac-
cinia. The Journal of general virology. 1980; 50(1):89–100. PMID: 7441216

19. Vanderplasschen A, Hollinshead M, Smith GL. Intracellular and extracellular vaccinia virions enter cells
by different mechanisms. The Journal of general virology. 1998; 79 (Pt 4):877–87. PMID: 9568984

20. Hollinshead M, Vanderplasschen A, Smith GL, Vaux DJ. Vaccinia virus intracellular mature virions con-
tain only one lipid membrane. Journal of virology. 1999; 73(2):1503–17. PMID: 9882356

21. Smith GL, Vanderplasschen A, Law M. The formation and function of extracellular enveloped vaccinia
virus. The Journal of general virology. 2002; 83(Pt 12):2915–31. PMID: 12466468

22. Ansarah-Sobrinho C, Moss B. Role of the I7 protein in proteolytic processing of vaccinia virus mem-
brane and core components. Journal of virology. 2004; 78(12):6335–43. PMID: 15163727

23. Mercer J, Traktman P. Genetic and cell biological characterization of the vaccinia virus A30 and G7
phosphoproteins. Journal of virology. 2005; 79(11):7146–61. PMID: 15890954

24. Punjabi A, Traktman P. Cell biological and functional characterization of the vaccinia virus F10 kinase:
implications for the mechanism of virion morphogenesis. Journal of virology. 2005; 79(4):2171–90.
PMID: 15681420

25. Sandvik T, Tryland M, Hansen H, Mehl R, Moens U, Olsvik O, et al. Naturally occurring orthopox-
viruses: potential for recombination with vaccine vectors. Journal of clinical microbiology. 1998; 36
(9):2542–7. PMID: 9705389

26. Bennett M, Gaskell RM, Gaskell CJ, Baxby D, Kelly DF. Studies on poxvirus infection in cats. Archives
of virology. 1989; 104(1–2):19–33. PMID: 2923547

27. Pfeffer M, Pfleghaar S, von BD, Kaaden OR, Meyer H. Retrospective investigation of feline cowpox in
Germany. The Veterinary record. 2002; 150(2):50–1. PMID: 11829071

28. Hawranek T, Tritscher M, MussWH, Jecel J, Nowotny N, Kolodziejek J, et al. Feline orthopoxvirus in-
fection transmitted from cat to human. Journal of the American Academy of Dermatology. 2003; 49
(3):513–8. PMID: 12963921

29. Essbauer S, Pfeffer M, Meyer H. Zoonotic poxviruses. Veterinary microbiology. 2010; 140(3–4):229–
36. doi: 10.1016/j.vetmic.2009.07.024 PMID: 19716664

30. MacNeill AL, Moldenhauer T, Doty R, Mann T. Myxoma virus induces apoptosis in cultured feline carci-
noma cells. Research in veterinary science. 2012; 93(2):1036–8. doi: 10.1016/j.rvsc.2011.10.016
PMID: 22100245

Production of Vaccinia Virus in Feline SCCF1 Cells

PLOS ONE | DOI:10.1371/journal.pone.0120496 March 23, 2015 12 / 12

http://www.ncbi.nlm.nih.gov/pubmed/11751395
http://dx.doi.org/10.1186/1479-5876-10-3
http://www.ncbi.nlm.nih.gov/pubmed/22216938
http://dx.doi.org/10.1128/JVI.00692-09
http://www.ncbi.nlm.nih.gov/pubmed/19906926
http://dx.doi.org/10.1038/gt.2013.73
http://www.ncbi.nlm.nih.gov/pubmed/24305418
http://dx.doi.org/10.3390/v4050688
http://dx.doi.org/10.3390/v4050688
http://www.ncbi.nlm.nih.gov/pubmed/22754644
http://www.ncbi.nlm.nih.gov/pubmed/16364735
http://www.ncbi.nlm.nih.gov/pubmed/16877059
http://www.ncbi.nlm.nih.gov/pubmed/11689647
http://www.ncbi.nlm.nih.gov/pubmed/1602540
http://www.ncbi.nlm.nih.gov/pubmed/7441216
http://www.ncbi.nlm.nih.gov/pubmed/9568984
http://www.ncbi.nlm.nih.gov/pubmed/9882356
http://www.ncbi.nlm.nih.gov/pubmed/12466468
http://www.ncbi.nlm.nih.gov/pubmed/15163727
http://www.ncbi.nlm.nih.gov/pubmed/15890954
http://www.ncbi.nlm.nih.gov/pubmed/15681420
http://www.ncbi.nlm.nih.gov/pubmed/9705389
http://www.ncbi.nlm.nih.gov/pubmed/2923547
http://www.ncbi.nlm.nih.gov/pubmed/11829071
http://www.ncbi.nlm.nih.gov/pubmed/12963921
http://dx.doi.org/10.1016/j.vetmic.2009.07.024
http://www.ncbi.nlm.nih.gov/pubmed/19716664
http://dx.doi.org/10.1016/j.rvsc.2011.10.016
http://www.ncbi.nlm.nih.gov/pubmed/22100245


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


