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ABSTRACT
Alphavirus vectors are promising tools for cancer treatment. However, relevant entry mechanisms and
interactions with host cells are still not clearly understood. The first step toward a more effective therapy is
the identification of novel intracellular alterations that could be associated with cancer aggressiveness and
could affect the therapeutic potential of these vectors. In this study, we observed that alphaviruses
efficiently infected B16 mouse melanoma tumors/tumor cells in vivo, whereas their transduction efficiency
in B16 cells under in vitro conditions was blocked. Therefore, we further aimed to understand the
mechanisms pertaining to the differential transduction efficacy of alphaviruses in B16 tumor cells under
varying growth conditions. We hypothesized that the tumor microenvironment might alter gene
expression in B16 cells, leading to an up-regulation of the expression of virus-binding receptors or factors
associated with virus entry and replication. To test our hypothesis, we performed a proteomics analysis of
B16 cells cultured in vitro and of B16 cells isolated from tumors, and we identified 277 differentially
regulated proteins. A further in-depth analysis to identify the biological and molecular functions of the
detected proteins revealed a set of candidate genes that could affect virus infectivity. Importantly, we
observed a decrease in the expression of interferon a (IFN-a) in tumor-isolated cells that resulted in the
suppression of several IFN-regulated genes, thereby abrogating host cell antiviral defense. Additionally,
differences in the expression of genes that regulate cytoskeletal organization caused significant
alterations in cell membrane elasticity. Taken together, our findings demonstrated favorable intracellular
conditions for alphavirus transduction/replication that occurred during tumor transformation. These
results pave the way for optimizing the development of strategies for the application of alphaviral vectors
as a potent cancer therapy.
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Introduction

The application of recombinant viral vectors has become one of
the most intensively developed strategies in cancer gene therapy.
Such therapy is based on the ability of the viruses to preferentially
infect and kill cancer cells. Alphaviral vectors function as efficient
mammalian expression systems because of their high-level trans-
genic expression and induction of p53-independent apoptosis in
infected cells.1,2 These vectors also have a broad range of hosts
and induce a weak immune response against the vector.3 Alphavi-
ruses are small, enveloped, positive-stranded RNA viruses that
belong to the Togaviridae family. The classical Semliki Forest
virus (SFV) replicon vector is generated by replacing the struc-
tural genes under the control of the 26S viral subgenomic pro-
moter with a heterologous insert of interest.4 The vector RNA can
be packaged into recombinant viral particles during co-transfec-
tion of the host cells with a helper RNA that encodes structural
genes, i.e., capsid and envelope proteins. SFV RNA replicates
actively during infection, and the heterologous gene is expressed
at a high level. However, the vector cannot propagate because it
lacks genes encoding the viral structural proteins.

The expression efficacy of all viral vectors relies on the virus
transduction, replication and distribution ability. Alphaviruses are
able to infect a broad range of cancer cell lines with widely diver-
gent biochemical and genetic environments both in vitro and in
vivo.5-7 However, the tumor microenvironments are capable of
forming a barrier that is highly impermeable to the virus.8 Viral
penetration, persistence and spreadingmay be impeded alone or in
combination, thus causing a wide variation in viral transduction/
replication capacity even within a single cell line under in vitro and
in vivo conditions. We and other authors have found that alphavi-
ruses can efficiently infect B16 mouse melanoma tumors in vivo,
whereas the infection in vitro is blocked for unknown reasons.6

This observation has encouraged us to perform an in-depth analy-
sis of intracellular factors that could vary in the same cells before
and after administration in mice. Melanoma is a complex multi-
step heterogeneous disease in which most of the steps in the tumor
transformation process, such as proliferation, invasion, angiogene-
sis and metastasis, are modulated by microenvironmental factors
such as growth factors and proteolytic enzymes produced by stro-
mal cells.9 However, the ability of these factors to affect viral
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infectivity has yet to be explored. Taking into consideration that the
tumor microenvironment is able to influence gene expression in
cancer cells, we hypothesized that it might also play a role in the
upregulation of virus-binding receptors or other factors, which in
turn affect viral entry and replication. To date, only Sindbis virus
has demonstrated tumor tropism in vivo.10-11 We recently demon-
strated that SFV is capable of predominant tumor infection upon
systemic vector administration at an optimized dose.12 However,
the interaction/entry mechanisms have not been investigated in
detail.

Various studies have reported that alphaviruses enter the cell
via receptor-mediated endocytosis, involving multiple proteins
implicated in virus absorption/transduction, such as heparan
sulfate, laminin receptor, the major histocompatibility complex
(MHC), DC-SIGN, L-SIGN, heat shock 70 protein, and a1b1
integrin, among others.13-18 However, it is most likely that
alphaviruses may utilize multiple surface proteins as receptors
or alternative entry pathways in different cells. In addition to
receptors, cytoskeletal organization plays an essential role in the
interaction of viruses with the host cell, affecting penetration
through the membrane and further development of infection
and viral expression.19,20 The microtubule network regulates
several processes, including intracellular transport, transcrip-
tion, replication and secretion of progeny virions, as well as
assembly and cell-to-cell spread.21 Recent studies indicate that
the cell membrane interacts with the attached cytoskeleton/asso-
ciated motor proteins, thus controlling endocytosis/exocytosis
and modulating physical features of the cell such as its shape,
motility and membrane elasticity.21 All these processes could
potentially affect viral activity;22 however, the mechanism(s)
associated with the alphaviruses remain to be elucidated.

Efficient viral replication is one the most important prereq-
uisites for successful gene therapy. Alphaviral replication is
extremely high under favorable intracellular conditions, result-
ing in expression levels of nearly 20% of the total cell protein.23

However, infection triggers cellular defenses induced by a com-
bination of different factors. Thus, the up-regulation of several
immune system proteins or stress factors, such as interferon-
stimulated genes (ISGs),24 zinc-finger antiviral proteins25 or
eukaryotic translation initiation factors,26 can significantly sup-
press alphavirus-driven gene expression. Interferons were
shown to be the major players in the modulation of the perva-
sive antiviral environment, leading to the prevention of viral
spread and replication. Several studies have shown that
enhanced alphavirus infectivity is mediated by a decrease in the
intracellular level of type I IFNs, which is true both in vitro and
in vivo.27,28 Interesting results, which are consistent with the
current research, have been shown for Vesicular Stomatitis
Indiana virus (VSV). Ovarian and breast cancer cells were
highly susceptible to VSV infection in vitro, but the infection of
the developed tumors in vivo was inefficient due to activation
of the JAK/STAT pathways and overexpression of interferon-
stimulated genes induced by tumor-infiltrating macrophages.29

This study confirms our hypothesis that the tumor microenvi-
ronment is able to induce intracellular changes in cancer cells,
thus leading to variation in viral activity in vivo.

In this current study, we performed a proteomics analysis of
B16 cells cultivated in vitro and of tumor-isolated B16 cells and
the results were compared. Our goal was to identify genes that

are differentially expressed in mouse melanoma cells before and
after their inoculation in mice. Based on a quantitative analysis
of the detected proteins, we report a list of gene candidates
(S100b, Pycard, CD97, Pdcd4, Gpx1, Csnk2b, Gstz1, Gsto1, Scrib,
Hsp90aa1, Hspb1, Cryab, Csf1, Adh7, Sgtb, Aif1l, Crem, Etv6,
Nfe2l2, Stat1, IFI35, S100a11, Txnl1) that may be involved in the
antiviral response. We also identified cytoskeletal organization
gene candidates (Tmod, Dst, Dynll2, Opa1, Mlph, Actc1, Myo18a,
Dynlt1, Myo5a, Map7, Csnk2b, Lmna, Dync1h1, Timm10b,
Kif1a, Gfap, Capg, Flnc, Aspm, Hist1h1a, Ss18, Hist1h1t, Cfl1,
Cald1, Rps21, Tubb6), which might provide optimal intracellular
conditions for the infection and further expression of transgenes.
Our findings could extend what is currently known about the
alterations in the melanoma microenvironment during tumor
development. In turn, this information could provide a signifi-
cant contribution toward the modulation of more efficient strate-
gies for cancer gene therapy.

Results

Comparison of SFV infectivity in B16 cells and B16 tumors

To compare the efficiency of SFV-driven transgene expression
in mouse melanoma cells in vitro and in vivo, cultured B16 cells
were infected (in vitro) with the SFV/Enh.Luc vector at a multi-
plicity of infection (MOI) of 10. To examine SFV infectivity in
vivo, immunocompetent B16 tumor-bearing mice were inocu-
lated intratumorally (i.t.) with 108 SFV/Enh.Luc particles.
Luciferase expression was analyzed in the cell lysates and tumor
homogenates at 24 h post-infection.

In vitro, very low expression of the transgene was detected in
B16 cells post-infection, revealing the transduction/replication
inefficiency of the SFV vector under such conditions. By con-
trast, intratumoral administration of the same recombinant
virus resulted in high expression of the transgene in B16 mela-
noma tumors (Fig. 1A). These data indicate that there is varia-
tion in the genetic background between in vitro-cultivated B16
cells and B16 cells in tumor-bearing mice, which facilitates
transduction or replication of the SFV vector.

To determine the vector distribution within a subcutaneous
melanoma tumor nodule, 2 SFV vectors expressing green fluo-
rescence protein (SFV/EGFP) and red fluorescence protein
(SFV/DS-Red) were inoculated into different points of a B16
tumor nodule (Fig. 1B). The analysis of tumor cryosections
revealed only local expression of the corresponding fluorescent
protein at the location of the intratumoral injections, with no
broad intratumoral dissemination of the virus due to the absence
of SFV/EGFP expression at locations of SFV/DS-Red injection
and vice versa. Therefore, it is possible to conclude that although
the SFV vector is capable of a high level of expression of the
transgenes in B16 tumors, the efficacy of the alphavirus-based
therapy could be increased by enhancing the tumor permeabil-
ity, thus promoting the wide intratumoral spread of the vector.

Comparison of SFV infectivity of in vitro B16 cells and ex
vivo B16 cells

To investigate whether B16 cells were modified by the tumor
microenvironment, rendering them susceptible to SFV vector
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infection, we conducted a series of SFV transduction experi-
ments using 2 types of melanoma cells: i) B16 in vitro cells – a
standard B16-F10 cell line cultured under ordinary cell cultur-
ing conditions in vitro, and ii) B16 ex vivo cells - melanoma
cells isolated from B16-F10 tumors. The susceptibility of B16
ex vivo cells to SFV infection was analyzed over time at differ-
ent cell passages. In vitro and ex vivo B16 cells were infected
with SFV/Ds-Red at an MOI of 10. Ds-Red gene expression
was analyzed 24 h post-infection by fluorescence microscopy.

Our results demonstrated extremely high SFV-mediated
transgene expression during the first passage of B16 ex vivo
cells in contrast to control B16 cells in vitro (Fig. 2). Surpris-
ingly, further cultivation of the ex vivo cells led to a dramatic
inhibition of SFV vector infection. We hypothesize that the
tumor microenvironment can induce alterations at the level of
gene expression, which affect the morphology and physical
parameters of cells, such as cell shape, motility and membrane
elasticity. In turn, these changes provide conditions favorable
for SFV vector transduction/replication. Notably, although the
ex vivo B16 cells displayed these features for a short period,
these cells subsequently began to lose susceptibility to SFV
infection by the second passage upon splitting. Remarkably, the
replacement of fetal bovine serum to freshly prepared autolo-
gous mouse serum for cultivation of ex vivo and in vitro B16
cells had no effect on SFV infectivity. We did not observe any
significant increase in SFV/Ds-Red activity in B16 cells culti-
vated in cell medium supplemented with mouse serum (not
shown).

To demonstrate that the ex vivo-isolated cells were B16 mel-
anoma cells, we performed melanin staining using the classical
Fontana-Manson method (Fig. 2B). The results revealed mela-
nin production in the isolated cells. Moreover, in contrast to in
vitro B16 cells, the level of expression of melanin in ex vivo cells
was significantly increased. Further cultivation of ex vivo cells
led to a decrease in melanin synthesis (data not shown).

Protein profile analysis of ex vivo and in vitro B16 cells

To determine the intracellular conditions that could enhance
SFV infection, we performed a comparative proteomics analysis
of ex vivo B16 (first passage) and in vitro B16 cells using liquid
chromatography-mass spectrometry (LC-MS). To characterize
the in vitro and ex vivo B16 cells, we identified individual pro-
teomes of 3 in vitro B16 cell samples and 3 ex vivo B16 samples
(isolated from 3 different mice). A total of 4980 proteins were
identified using the UniProt database, among which 277 pro-
teins were differentially regulated (165 up-regulated and 112
down-regulated), with a fold change >1.4 in ex vivo B16 cells
in comparison to the in vitro B16 cells (p < 0.01; Table S1 and
Table S2). All these proteins were identified in triplicate for
each sample. The quantified proteins were functionally anno-
tated using the PANTHER bioinformatics resource (version
PANTHER 9.0; http://www.pantherdb.org/) and further classi-
fied according to their functions in biological processes
(Fig. 3A-B) and molecular mechanisms (Fig. 3C-D).30 The cel-
lular localization of the detected proteins were determined by
manual classification using the UniProt database (http://www.
uniprot.org/) (Fig. 3E-F).

We identified 165 proteins that were upregulated in the ex
vivo B16 cells during tumor development in comparison to the
in vitro B16 cells. According to the analysis of the biological
functions, the majority of the identified proteins belonged to dif-
ferent metabolic processes (37.8%). Smaller groups comprised
cellular process proteins (19.3%), cell component organization
and biogenesis proteins (8.2%), biological regulation proteins
(7.7%), developmental process proteins (7.7%) and localization
proteins (7.3%). Several other identified proteins were classified
as multicellular organismal process (4.7%), response to stimulus
(3%), immune system process (2.1%), reproduction (1.3%) and
apoptotic process (0.9%) proteins (Fig. 3A).

Regarding molecular functions, more that 70% of all up-reg-
ulated proteins were grouped into 2 leading categories: catalytic
activity proteins (47%) and binding proteins (25.5%). The other
overexpressed gene products were functionally distributed as
structural molecule activity proteins (12.1%), enzyme regulator
activity proteins (7.4%), receptor activity (2%), translation reg-
ulators (2%), nucleic acid binding/transcription factor activity
(2.7%), transporters (0.7%) and antioxidant activity (0.7%) pro-
teins (Fig. 3C).

Proteins perform their functions in specific cellular loca-
tions. Careful analysis of their subcellular localization revealed
that the majority of the upregulated proteins were localized in
the mitochondria (27%) and the cytoplasm (21%) (Fig. 3E).
Importantly, a large portion of the mitochondrial proteins were
NADH dehydrogenases, which are fundamentally crucial for
growth signaling and transcription in a broad array of

Figure 1. SFV expression and intratumoral spread in a melanoma mouse model.
(A) Infection of B16 melanoma cells in vitro and B16 tumor cells in vivo with SFV/
Enh.Luc vector. The B16 cells were infected with SFV at an MOI of 10 in vitro. For
the in vivo experiment, B16 tumor-bearing mice were i.t. inoculated with 108 SFV
v.p. The luciferase expression analysis in cell lysates and tumor homogenates was
performed 24 h post-infection by luminometry. The bar graph presents the RLUs
per 1 mg protein in the cell lysate/tumor homogenate. The results represent the
mean § s.e. RLU - relative light unit. (B) Administration strategy of SFV vectors
and fluorescence microscopy of B16 tumor cryosections, demonstrating SFV/FGFP
and SFV/Ds-Red virus spread in the tumor. A total of 106 v.p. of SFV/EGFP and SFV/
Ds-Red were injected in different tumor sides by direct intratumoral injections. The
tumors were cryosectioned and analyzed 24 h after SFV vector administration.
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melanoma tumors,31 indicating enhanced aggressiveness of the
ex vivo B16 cells in contrast to the control in vitro cells. The
intracellular distribution of the other proteins was predicted to
be localized in the nucleus (13%), cellular components (12%),
endoplasmic reticulum (7%), cell membrane (5%), Golgi appa-
ratus (3%) and both lysosomal and secreted (2%). More strin-
gent analysis was performed for the proteins localized in
melanosomes (4%), which are unique organelles in melanoma
cells. The ex vivo B16 cells overexpressed genes such us Typr1,
Tyr, Dct, Mlph and Myo5a, which are involved in melanin syn-
thesis, explaining the enhanced pigmentation of the ex vivo
cells, which resulted in the histological difference between the
ex vivo and in vitro B16 cells (Fig. 2B).

LC-MS analysis identified 112 downregulated proteins in the
ex vivo B16 cells. Regarding their involvement in biological pro-
cesses, the majority of the down-regulated proteins were also
categorized into different metabolic and cellular processes

(32% and 20.3%, respectively) in a similar manner as the up-
regulated proteins (see above). The other proteins were
involved in biological regulation (10.5%), developmental pro-
cess (9.8%), response to stimulus (7.8%), biogenesis (6.5%),
immune system process (5.2%), multicellular organismal pro-
cess (3.9%), localization (3.3%), biological adhesion (1%) and
apoptotic process (0.7%) (Fig. 3B).

Biological classification of the downregulated proteins in
terms of their molecular mechanisms revealed that most of
them had binding (44.3%) and catalytic activity (22.7%)
functions. A significantly smaller number of proteins were
related to nucleic acid binding transcription factor activity
(13.6%) and structural molecule activity (11.4%) proteins,
respectively. The smallest number of proteins were catego-
rized as enzyme regulator (3.4%), protein binding transcrip-
tion factor (2.3%), and receptor and transporter (1.1%)
activity proteins (Fig. 3D).

Figure 2. Comparison of SFV infection susceptibility and melanin expression of in vitro and ex vivo B16 cells. (A) Schematic illustration of the isolation, propagation and
infection of ex vivo B16 cells with SFV vector compared with the control in vitro B16 cells. The control in vitro B16 cultured cells were subcutaneously injected into immu-
nocompetent C57BL/6 mice. Ten days after cell inoculation, B16 tumor nodules were isolated, homogenized and plated as ex vivo B16 cells in 2 plates as the first cell pas-
sage. When the cell monolayer reached 80% confluency, the 1st plate of cells was split for further cultivation (second cell passage), whereas the 2nd plate of cells was
infected with SFV/Ds-Red vector for transgene expression analysis, which is presented as fluorescence and phase contrast microscopy images. (B) Melanin staining of in
vitro and ex vivo B16 cells. The cells were treated with Fontana-Masson silver stain to detect melanin (dark brown, black color). Negative control – non-stained cells. The
nuclei were counterstained with nuclear fast red.
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Most of the down-regulated proteins were predicted to
be localized in the nucleus (36%) and the cytoplasm (31%)
(Fig. 3F). A total of 6% were classified as cell membrane
and cellular component proteins. Interestingly, only 4% of
the downregulated proteins exhibited mitochondrial locali-
zation, which is in contrast to 27% of the upregulated pro-
teins (see above), indicating decreased mitochondrial
activity in the in vitro B16 cells. A total of 3% of the pro-
teins were localized in the endoplasmic reticulum and Golgi
apparatus, and 2% of the proteins were identified as
secreted proteins.

In summary, a functional analysis of the biological processes
of differentially regulated proteins revealed a similar distribu-
tion, in which more than 50% of all up/down-regulated pro-
teins participated in different metabolic processes (mostly in
primary metabolic processes such as protein, nucleobase-con-
taining compound, lipid, carbohydrate and tricarboxylic acid
cycle metabolic processes) and cellular processes, which
included cell communication, cell cycle, movement of cellular
components, chromosome segregation and cytokinesis (PAN-
THER annotation). According to the molecular mechanisms,
most of the detected up-regulated proteins were related to

Figure 3. Functional classification of 277 differentially regulated proteins in ex vivo B16 cells identified in total protein extracts by LC-MS. Protein profile analysis of both in
vitro and ex vivo B16 cells was performed by LC-MS, and in vitro B16 cells were used as reference cells. The pie charts demonstrate the distribution of 165 upregulated (left
panel) and 112 downregulated (right panel) proteins in ex vivo B16 cells according to their biological processes (A-B) and molecular mechanisms (C-D). Categorizations
were based on information provided by the PANTHER classification system (see methods). The subcellular localization prediction of up-regulated (E) and down-regulated
(F) proteins in B16 ex vivo cells was annotated manually using the UniProt database. The percentages shown in the pie and bar charts represent the percentage of genes
belonging to each group.
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catalytic activity proteins, indicating enzyme regulator, hydro-
lase, isomerase, ligase, oxidoreductase and transferase activity.
By contrast, the majority of the downregulated proteins were
responsible for binding calcium ions, calcium-dependent phos-
pholipids, chromatin, nucleic acids and other proteins. The dif-
ference in molecular functions between the up- and down-
regulated proteins was the reason for the different predominant
intracellular localization of these proteins.

Classical alphavirus-recognizing receptors, such as mem-
brane heparan sulfate, laminin receptor, major histocompat-
ibility complex (MHC), DC-sign, L-sign, heat shock 70
protein, and a1b1 integrin,13-18 which are implicated in
virus absorption/transduction and are described in several
studies, were not identified by LC-MS analysis in our exper-
iment or were not found to be significantly up/downregu-
lated. In addition, real-time PCR analysis did not
demonstrate any significant differences in the gene expres-
sion of some of these candidates (data not shown).

Antiviral response genes

The main biological processes that initiate intracellular
responses to viral infection and could potentially block replica-
tion primarily comprise the response to a stimulus, immune
system processes and apoptosis.32 The category of responses to
environmental stimuli (such as stress, endogenous or external

stimuli) displays considerable overlap with the immune
response category, usually regulating the expression of the
same genes. The induction of apoptosis is often a consequence
of such processes because all these features largely overlap.
Some of the genes could be classified into 2 or 3 biological pro-
cesses by the PANTHER classification system. Based on our
proteomics classification results (as mentioned above), we per-
formed a detailed analysis of the up/down-regulated genes that
participated in 3 biological processes, response to stimulus,
immune system response and apoptosis, summarizing these
genes in one “antiviral response genes” category (Fig. 4A). In
total, we identified 10 upregulated antiviral response genes in
the ex vivo B16 cells: S100b (6.2-fold increase), Pycard (4.9-fold
increase), CD97 (4-fold increase), Pdcd4 (3.1-fold increase),
Gpx1 (2.3-fold increase), Csnk2b (2.2-fold increase), Gstz1 (2.2-
fold increase), Gsto1 (1.9-fold increase), Scrib (1.7-fold
increase) and Hsp90aa1 (1.6-fold increase).

Overexpression of casein kinase II Csnk2b, scribble protein
Scrib and heat shock protein Hsp90aa1 has been reported to
potentially improve alphavirus-host cell binding and transduc-
tion (see Discussion). Additionally, all these proteins are corre-
lated with high tumor aggressiveness and poor prognosis.

Overexpression of S100b (S100b) in the ex vivo B16 cells
could be explained by active B16 tumor development because
S100b is generally synthesized only under pathological circum-
stances and not under normal physiological conditions.33

Figure 4. Up/downregulated genes in ex vivo B16 cells classified as antiviral response genes and cytoskeletal organization genes. (A) Based on the LC-MS data classifica-
tion by PANTHER, genes that participated in apoptosis, response to stimulus and immune system processes were summarized in the antiviral response genes group. (B)
Genes responsible for cellular component organization. The graph shows the fold-change in the expression of corresponding genes in ex vivo B16 cells compared with in
vitro B16 cells. The results represent the mean § s.e.
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Moreover, a high level of the S100B protein serves as a reliable
prognostic biomarker in patients with malignant melanoma.34

The overexpressed glutathione peroxidase 1 Gpx1, maleyla-
cetoacetate isomerase Gstz1 and glutathione S-transferase
omega-1 Gsto were sub-classified as toxic substance responsible
genes (PANTHER classification). Because there is limited infor-
mation available regarding these multifunctional enzyme activi-
ties in cancer models, the upregulation of the genes could be
explained as a consequence of a stress response caused by B16
cells upon transfer from the mice (in vivo conditions) to the
plates (ex vivo conditions).

Although the up-regulation of CD97 antigen in melanoma
cells has not been previously described, it was overexpressed in
advanced stages of different cancers. The protein is mostly
located in invasive tumors with higher cell motility than the
cells in solid tumors.35-37

The up-regulated apoptotic genes, Pycard (apoptosis-associ-
ated speck-like protein containing a CARD) and Pdcd4 (pro-
grammed cell death protein 4), in the ex vivo B16 cells could
act as key mediators in apoptosis and inflammation; however,
no studies have described their roles in melanoma or their
impacts on viral infectivity and replication.

In addition to the 10 upregulated genes described above, 13
downregulated genes involved in apoptosis, response to stimuli
and immune system processes have been identified: Hspb1
(5.3-fold decrease), Cryab (4.6-fold decrease), Csf1 (4.3-fold
decrease), Adh7 (3.7-fold decrease), Sgtb (3.4-fold decrease),
Aif1l (3.2-fold decrease), Crem (3-fold decrease), Etv6 (2.9-fold
decrease), Nfe2l2 (2.8-fold decrease), Stat1 (2.6-fold decrease),
IFI35 (2.6-fold decrease), S100a11 (2.5-fold decrease) and
Txnl1 (1.7-fold decrease) (Fig. 4A).

The roles of genes such as alcohol dehydrogenase 7 (Adh7,
also known as Adh3) and small glutamine-rich tetratricopep-
tide repeat-containing protein Sgtb have not been described for
alphavirus infection/replication. However, reduced Adh7
expression has been implicated in oncogenesis and might influ-
ence viral life cycles through increased S-nitrosylation and
formaldehyde-induced changes in cellular redox.38,39 By con-
trast, the down-regulation of SGT proteins remarkably enhan-
ces the activity of HIV-1 virus.40

An in-depth analysis of other down-regulated genes
showed that most of them participated in 3 IFN-regulated
pathways: JAK-STAT, p38 MAPK and PI3K. Specifically,
those genes were the heat shock protein Hspb1, a-B crystal-
lin Cryab, macrophage colony-stimulating factor 1 Csf1,
cAMP-responsive element modulator Crem, allograft
inflammatory factor 1 Aif1l, transcription factor Etv6,
nuclear factor erythroid 2-related factor 2 Nfe2l2, signal
transducer and activator of transcription 1 Stat1, protein
S100-A11 S100a11 and thioredoxin-like protein 1 Txnl1
(Table S3). These findings indicated that the described sig-
naling pathways were suppressed in the ex vivo B16 cells.
The expression of interferon-inducible 35 kDa protein
(IFI35) was also significantly inhibited. These results present
a network of downregulated genes modulated by IFN that
could cooperatively provide favorable conditions for SFV
transduction/replication.

Cytoskeletal organization genes

The cytoskeleton plays an important role in the life cycle of
every virus during attachment, internalization, endocytosis,
nuclear targeting, transcription, replication, transport of prog-
eny subviral particles, assembly, exocytosis or cell to-cell
spread.21 To investigate the genes regulating cytoskeletal orga-
nization that could facilitate alphavirus activity in ex vivo B16
cells, we performed a detailed analysis of the up/down-regu-
lated proteins that participated in cellular component organiza-
tion (or biogenesis) categorized by the PANTHER classification
system (Fig. 4B). We identified 17 up-regulated genes: Tmod
(5.3-fold increase), Dst (4.3-fold increase), Dynll2 (3.7-fold
increase), Opa1 (3.5-fold increase), Mlph (3.1-fold increase),
Actc1 (2.9-fold increase), Myo18a (2.7-fold increase), Dynlt1
(2.5-fold increase), Myo5a (2.4-fold increase), Map7 (2.3-fold
increase), Csnk2b (2.2-fold increase), Lmna (1.9-fold increase),
Dync1h1 (1.8-fold increase), Timm10b (1.8-fold increase),
Kif1a (1.7-fold increase), Gfap (1.7-fold increase), and Capg
(1.7-fold increase).

The cytoskeleton has 3 major types of filaments: actin, inter-
mediate filaments and microtubules. Each type of filament has
its own specific stabilization and motor proteins. In this experi-
ment, we identified the upregulation of the filamentous protein
a actin, Actc1. Moreover, both tropomodulin 1 (Tmod1) and
macrophage-capping protein (Capg), which serve as actin fila-
ment stabilization proteins,41,42 were also found to be overex-
pressed in B16 ex vivo cells. The up-regulation of the
intermediate filament protein Laminin (Lmna) was shown to
increase the stiffness matrix, to confer nuclear mechanical
properties, and to influence the differentiation of mesenchymal
stem cells.43 Conversely, tubulin, which is the main component
of microtubules, was found to be 1.4-fold downregulated in the
ex vivo B16 cells (see below). However, the microtubule-stabi-
lizing protein, Map7, which might play an important role dur-
ing the reorganization of microtubules, was found to be 2.3-
fold overexpressed.

Interestingly, in the ex vivo B16 cells, all the major motor
proteins involved in movement on cytoskeletal filaments were
upregulated. The myosins, Myo18a and Myo5a, are the only
motor proteins that are able to bind to actin. Myosin acts upon
actin filaments to generate cell surface contractions and other
morphological changes, including vesicle motility and cyto-
plasmic streaming. Additionally,Myo5a has been considered to
regulate melanosome transport in cooperation with the up-reg-
ulated Mlph.44 Both the upregulated kinesin, Kif1a, and the
dyneins, Dynll2, Dynlt1, and Dync1h1, act as the main microtu-
bule motor proteins, providing the intracellular retrograde
motility of vesicles and organelles along microtubules.45 There
are no known motor proteins for intermediate filaments.

Up to 4.3-fold upregulation of dystonin (Dst), which acts as
an integrator of intermediate filaments and actin and microtu-
bule cytoskeleton networks, facilitates intracellular transport by
regulating organelle organization.46 The overexpression of
another cytoskeletal organization factor, glial fibrillary acidic pro-
tein (Gfap), could be associated with cell mechanical strength
and shape, but its exact function remains poorly understood.47
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Casein kinase II subunit b (Csnk2b) is the only common
protein that was detected in both categories of antiviral
response genes and cellular component organization genes
(Fig. 3A-B). Several studies have shown that casein kinase II is
able to phosphorylate cytoskeletal proteins including tubulin48

or microtubule-associated protein 1B,49 thus contributing to
morphological changes that occur during mitosis and cytokine-
sis in differentiating cells. Additionally, we identified the up-
regulation of 2 mitochondrial membrane organization proteins,
Opa1 and Timm10b, which are responsible for multi-pass
transmembrane protein transport.50,51

Nine down-regulated genes responsible for cytoskeletal
organization have been identified in the ex vivo B16 cells: Flnc
(5.6-fold decrease), Aspm (3.1-fold decrease), Hist1h1a (2.9-
fold decrease), Ss18 (1.6-fold decrease), Hist1h1t (1.6-fold
decrease), Cfl1 (1.6-fold decrease), Cald1 (1.5-fold decrease),
Rps21 (1.4-fold decrease) and Tubb6 (1.4-fold decrease). In this
gene category, the muscle-specific filamin-C (Flnc) was
detected as one of the most downregulated genes in B16 ex vivo
cells that could potentially affect melanoma cell structure. The
reduced expression of Flnc in myoblast cells has been shown to
lead to defects in cell differentiation and fusion ability. These
cells form multinucleated “myoballs” rather than maintaining
an elongated morphology.52 Interestingly, the elongation of
B16 ex vivo cells could also be impeded by a low level of the
protein SSXT (Ss18), which has been described as a cytoskeletal
phenotype-associated protein that plays a role in the elongation
of the cell body via the induction of detyrosinated Glu tubu-
lin.53 Our results demonstrate the downregulation of abnormal
spindle-like microcephaly-associated (Aspm) protein in B16 ex
vivo cells. Some studies have suggested that mutations or dereg-
ulation of Aspm could cause microcephaly due to the dysregu-
lation of mitotic spindle activity, which increases the
probability of asymmetric cell division.54

Caldesmon (Cald1) and cofilin (Cfl1), which are important
for cytoskeletal organization and dynamics, were also found to

be down-regulated up to 1.5- and 1.6-fold, respectively. Caldes-
mon is a multifunctional ubiquitous regulator of the actin cyto-
skeleton that when expressed at low levels, determines the
bipolar shape and linear migration of cells.55 By contrast,
defects in cofilin expression alter the morphology of actin net-
works in vivo and reduce the rate of actin flux through actin
networks. The consequences of decreasing actin flux are mani-
fested by decreased, but not blocked, endocytic internalization
at the plasma membrane.56 Additionally, inhibition of the pro-
duction of the 40S ribosomal protein S21 (Rps21) was also
detected in B16 ex vivo cells.

Finally, suppression of H1 histone expression was detected
in B16 ex vivo cells (2.9-fold decrease in Hist and 1.6-fold
decrease in Hist1h1t), which could significantly impair the cell
differentiation capacity. H1 histones have been shown to con-
tribute to efficient repression of the expression of pluripotency
factors and to participate in the establishment and maintenance
of the epigenetic marks necessary for silencing pluripotency
genes during embryogenesis and stem cell differentiation.57

Comparison of membrane elasticity between in vitro and
ex vivo B16 cells

The transition of a tumor cell from fluid to adhesive conditions
involves an early polarization event and major rearrangements
of the submembrane cytoskeleton. This process can change the
mechanical properties of the membrane, for example by
increasing its elastic properties, which could affect cell endocy-
tosis,58 virus-cell interactions and transduction.22 In our study,
we used atomic force microscopy (AFM) to compare the cell
membrane elasticity (or hardness)59 of the in vitro B16 cells
and the first passage of the ex vivo B16 cells.

Several AFM force measurements were performed in which
equal contact points of the AFM tip and cell surface were
selected (the middle point between the cell nucleus and the
elongated cell body) (Fig. 5A). After tip-cell contact, the

Figure 5. Comparison of cell membrane elasticity and IFN-a/b expression between in vitro and first-passage ex vivo B16 cells. The principle of AFM measurement is sche-
matically demonstrated in panel A. The middle point between the cell nucleus and the elongated cell body was selected as the contact point of the AFM tip and the cell
surface. The pushing force was increased slowly until the membrane was punctured. The acquired maximal forces essential for membrane puncturing of in vitro and ex
vivo B16 cells are shown in panel B. The membrane resistance force indicates the elasticity of the sample surface; higher maximal force indicates higher membrane hard-
ness. The results represent the mean § s.e. Expression levels of IFN-a (C) and IFN-b (D) were determined in in vitro and first-passage ex vivo B16 cell lysates before SFV
infection (0 h) and at 1 h, 3 h, 6 h, 9 h and 18 h post-infection. The results represent the concentration of IFN protein per 1 ml of cell lysate (pg/ml).
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pushing force was slowly increased until the membrane was
punctured. The elasticity (or hardness) defined by the resis-
tance of the cell to the changes was measured. The greater the
resistance, the greater was the elasticity of the material and the
faster it regained its original shape or configuration upon with-
drawal of the deforming force.

In this experiment, the membrane resistance force indicated the
elasticity of the sample surface. A higher maximal force indicated a
greater membrane hardness. The AFM data demonstrated that the
ex vivo B16 cells had significantly lower cell membrane elasticity
(Fig. 5B), with an average maximal force of 38 nN compared with
the control cells with maximal forces within the range of 120–180
nN. The low level of membrane hardness in the case of the ex vivo
B16 cells could be one of the reasons for the improved alphavirus-
cell interaction and transduction by endocytosis.

IFN-a/b analysis

Type I interferon (IFN) is an extremely powerful antiviral
response factor that is capable of affecting alphavirus infec-
tions.60 We compared the expression levels of IFN-a and IFN-
b in the in vitro B16 cells and the first passage of the ex vivo
B16 cells before infection (0 h) and at different time points dur-
ing infection and replication (1 h, 3 h, 6 h, 9 h, and 18 h)
(Fig. 5C-D). Our data demonstrated a significant down-regula-
tion of IFN-a expression (4-fold decrease) in the ex vivo B16
cells before infection compared with the control in vitro cells.
Melanoma cells do not secrete IFN under normal conditions,
which results in the accumulation of IFN within the cells. In
our experiment, we observed an equal tendency of IFN-a accu-
mulation in both in vitro and ex vivo B16 cells starting from 1 h
after infection (Fig. 5C). However, the expression level of IFN-
a in in vitro cells was remarkably higher 1 h post-infection and
increased over time to reach a maximum of 576 pg/ml at 6 h
post-infection. By contrast, the maximum expression in ex vivo
cells reached only 269 pg/ml at the same time point. The inhib-
ited expression of IFN-a could be the main cause of the
enhanced alphavirus replication in the ex vivo melanoma cells.

There were no significant differences in the expression and
accumulation of IFN-b in either the in vitro or the ex vivo B16
cells, thus providing evidence that IFN-b might play a less
important role in host cell protection against alphaviral
infection.

Discussion

Although alphaviruses are successfully used as tumor-targeting
agents in cancer gene therapy, the key factors providing intra-
cellular conditions that are favorable for more efficient viral
activity as well as the virus-host interaction dynamics are not
well understood. The tumor microenvironment and innate
immune responses could cause a wide range of variations in
viral activity, blocking or facilitating the replication and spread
of the viral particles. We obtained interesting results demon-
strating an extremely high infectiousness of alphaviruses in B16
melanoma tumors in vivo, whereas delivery of the marker
transgenes was inefficient for the same cells in vitro (Fig. 1A).
These data corresponded well with the results of other authors.6

We hypothesized that this difference resulted from the

influence of the tumor microenvironment on the total cellular
proteome.

Alphavirus infectivity and spread in vivo

Although a high level of alphavirus-driven transgene expres-
sion was determined, the SFV vector displayed a limited distri-
bution in B16 tumors, demonstrating patchy expression of the
virus only in local injection areas (Fig. 1B). Several factors affect
the capacity of the virus to spread within the tumor, such as
virus neutralization by blood components or rapid generation
of an antiviral immune response; however, the main factor is
the intratumoral stromal barriers. For alphaviruses, it is possi-
ble to increase the tissue permeability and promote their intra-
tumoral distribution, simultaneously using synergic
chemotherapeutic drugs.27,61 However, the slow kinetics of viral
spread after intratumoral injections is a common disadvantage
that has also been reported for other vectors, e.g., adenovi-
ruses62 and retroviruses.63 The oncolytic properties of alphavi-
ruses make them a promising tool with the potential to
significantly improve the field of cancer treatment. Thus, it is
clearly important to investigate the details of the processes that
determine the efficiency of virus spread and infection within
tumor microenvironments.

Alphavirus infectivity in vitro

The ex vivo B16 tumor cells clearly demonstrated a high effi-
cacy of SFV infection in the first passage after isolation, whereas
the control B16 cells cultivated in vitro did not support the viral
activity. However, the ex vivo cells were not able to retain these
properties for a long time during the cultivation in vitro
(Fig. 2A). This observation indicated that the B16 tumor micro-
environment was able to provide favorable conditions for
alphaviral transduction and replication that were not present in
the in vitro culture.

The ability to support virus entry and subsequent expression
of the marker transgene is most likely determined by differen-
ces between the protein profile of the cells residing in the tumor
microenvironment and the cells cultivated in a monolayer. The
alterations of cellular protein levels might be reflected in
numerous ways, from changes in metabolic activity to the phys-
ical parameters of the cell membranes, which facilitate endocy-
tosis. Moreover, it is likely that a combination of several
appropriate properties is required simultaneously, which is
why we focused our efforts on the systematic top-down analysis
of the proteomic differences between ex vivo and in vitro cells.

Role of antiviral response genes in viral activity

The comparative analysis of the protein profile of B16 ex vivo
cells yielded the list of up/downregulated gene candidates,
which were classified into several groups based on their func-
tions and roles in biological processes and molecular mecha-
nisms (Fig. 3A-D). The statistical analysis showed that none of
the designated subgroups representing specific biological pro-
cesses and molecular mechanisms was significantly up- or
down-regulated in the ex vivo cells in general. This result was
expected because although the ex vivo and in vivo cells
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demonstrate altered properties, they still exhibit similar pheno-
types and thus similar expression patterns.

Because the main biological processes capable of dramati-
cally affecting viral activity are the response to stimuli, immune
system processes and apoptosis,32 it is very likely that altera-
tions of the expression and translation levels of these specific
proteins could ensure favorable conditions for viral activity
(Fig. 4A). The most interesting candidate genes that were found
to be up-regulated were Csnk2b ((CK2) family member), Scrib
and Hsp90aa1. Overexpression of all these genes not only
serves as an indicator of the increased aggressiveness of the ex
vivo B16 cells by facilitating malignant transformation64,65 but
also potentially facilitates viral vector activity. Recent studies
have shown that CK2 is essential for the infectious cycle of
alphaviruses and other different DNA/RNA viruses.66,67 The
inhibition of Hsp90 reduces chikungunya virus infection and
inflammation in vivo.68 Scrib acts as a binding protein and plays
a role in virus-host cell interactions in the case of several viral
infections.69 Moreover, Scrib is important for cell polarity, act-
ing as a crucial factor in cell membrane architecture and physi-
ology.70,71 Therefore, upregulation of Scrib could play a
significant role in the increased membrane elasticity of ex vivo
cells, which could in turn impact the process of viral entry.

Among the downregulated proteins, one of the most attrac-
tive candidates was IFN-a because it is one of the main negative
regulators of tumor growth. Inhibition of IFN-a expression has
been shown to cause transcriptional downregulation of several
anti-proliferative IFN-a-inducible signaling pathways, namely,
PI3K, p38 MAPK and JAK-STAT,72,73 which was correlated
with extremely high alphavirus activity.74,75 A detailed analysis
of down-regulated antiviral response genes in B16 ex vivo cells
showed that most of them participate in the PI3K, p38 MAPK
and JAK-STAT pathways (Table S3), but the expression of
genes such as Hspb1 (Hsp27), Cryab, Csf1, Stat1 and S100a11 is
mediated by all 3 pathways. The PI3K pathway has been shown
to be essential for the replication of different viruses. However,
inhibition of the activity of PI3K in B16 ex vivo cells apparently
did not function as a key factor affecting SFV vector-driven
expression. Alphaviruses are able to auto-activate and auto-reg-
ulate PI3K signaling during infection, providing essential con-
ditions for cap-dependent translation of viral proteins.76 By
contrast, down-regulation of p38 MAPK and JAK-STAT sig-
naling has a remarkable effect on the virulence potential of
alphaviruses. Both of these pathways can promote apoptosis,
thereby enhancing the cytopathic properties of the virus during
infection.74,75 The inhibited activity of both the p38 MAPK and
JAK-STAT pathways in B16 ex vivo cells facilitated alphavirus
replication and transgene expression, possibly by delaying the
onset of apoptosis during infection. The downregulation of sev-
eral genes coordinated by the IFN-inducible pathways shown
in Table S3 such us Nfe2l,77-79 Ifi35,80 S100A1181 has been
shown to promote different levels of virus infectivity.

Role of genes regulating cytoskeletal organization during
virus entry

An additional group, which might be responsible for the
improved viral activity, comprises the cytoskeleton-related pro-
teins. Genes regulating cytoskeletal organization are essential

during the virus life cycle. Up-regulation of several cytoskeleton
motor proteins such us dynein and kinesin in ex vivo B16 cells
facilitates the activity of various virus vectors. Generally, invad-
ing viruses use dynein to reach the nucleus for replication. In
turn, kinesin is used to reach the cell membrane where viral
budding and exit occur.82 Dynein has been reported to interact
with purified adenovirus,83 adeno-associated virus,84 parvovi-
rus,85 herpes virus86 and HIV-1.87 Kinesin appears to have sev-
eral important roles during the replication cycle of vaccinia
virus88 and to provide cellular transport for herpes virus
(HSV)89 along microtubules.90 Interestingly, the release of
enveloped HSV virions at the plasma membrane was promoted
by Myosin 5A (Myo5a), which is another overexpressed gene
candidate detected in ex vivo B16 cells.91 Additionally, a delay
of HSV replication and inhibition of capsid movement in the
cytoplasm during egress was observed under the condition of
dystonin (Dst) depletion, suggesting that this non-motor pro-
tein is an important part of the virus transport machinery.92

Furthermore, changes in the expression of cellular component
organization genes could also affect virus entry by altering the
physical features of the cell membrane, such as the elasticity
and the rigidness. During the endocytosis process, the cell
membrane must deform and accommodate a high degree of
curvature that requires low elastic features. We presume that
the reduced elasticity of the ex vivo B16 cells observed by AFM
analysis (Fig. 5B) was responsible for the improved alphavirus
transduction, whereas the re-organized cytoskeleton facilitated
its replication and spread.

In summary, we presented candidate genes (Fig. 4) that pro-
vided favorable conditions in combination for increased alphavi-
rus infectivity, thereby providing new possibilities for the
enhanced efficacy of alphavirus-based cancer gene therapy. Based
on the results of this study, we emphasize the role of combined
alterations in gene expression. Individual functional experiments
of the identified genes were not a focus of this study because
such experiments fail to reproduce the full network of different
factors that occur during malignant tumor development and
affect alphavirus infection. However, continuous progress in
these investigations in the future might impact our understand-
ing of the alphavirus transduction/replication process.

Materials and methods

Cell lines and animals

The BHK-21 (baby hamster kidney cells) and B16-F10 (meta-
static mouse melanoma) cells were obtained from the American
Type Culture Collection (ATCC/LGC Prochem). The BHK-21
cells were propagated in BHK - Glasgow MEM (GIBCO) sup-
plemented with 5% fetal bovine serum (FBS), 10% tryptose
phosphate broth, 2 mM L-glutamine, 20 mM HEPES and anti-
biotics (streptomycin 100 mg ml¡1 and penicillin 100 U ml¡1).
The B16-F10 cell line was cultured in Dulbecco’s GlutaMAX
medium (GIBCO) supplemented with 10% FBS and antibiotics
streptomycin 100 mg ml¡1 and 40 mg ml¡1 gentamicin. Specific
pathogen-free 4- to 6-week-old female C57BL/6 mice were
obtained from Latvian Experimental Animal Laboratory of
Riga Stradins University and maintained under pathogen-free
conditions in the accordance with the principles of the Latvian
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and European Community laws. All experiments were
approved by the local Animal Protection Ethical Committee
and the Latvian Food and Veterinary Service (permission for
animal experiments no. 32/23.12.2010).

Production of SFV (SFV/EGFP, SFV/DS-Red and SFV/Enh.
Luc) recombinant virus particles

The pSFV193 vector was used in this study. The pSFV/EGFP,
pSFV/Ds-Red and pSFV/Enh.Luc vectors were generated as
described previously.12,27 The resulting plasmids were used to
produce SFV/EGFP, SFV/DS-Red and SFV/Enh.Luc virus par-
ticles. Briefly, the pSFV/EGFP, pSFV/DS-Red, pSFV/Enh.Luc
and pSFV-Helper93 plasmids were linearized using the SpeI
restriction enzyme. In vitro RNA transcription was performed
using 1–2 mg of linearized DNA and 40 U of SP6 RNA poly-
merase (Thermo Scientific) in a 50 ml reaction mixture, as
described by the manufacturer. The RNA transcripts were
capped during the transcription reaction by adding 1 mM of
the 50(ppp)50G cap-analog (New England Biolabs). The DNA
template was removed by digestion with RNase-free DNase
(Thermo Scientific).

For packaging, the corresponding in vitro transcribed
recombinant RNA (20 mg each) were co-electroporated with
the helper RNA into 1 £ 107 BHK-21 cells (850 V, 25 mF, 2
pulses) using a Bio-Rad Gene Pulser apparatus without the
pulse controller unit. The electroporated cells were resuspended
in 15 ml of complete BHK medium, transferred into tissue cul-
ture flasks (75 cm2) and incubated at 37�C (5% CO2). After
24 h, the recombinant SFV particle-containing medium was
harvested, rapidly frozen and subsequently used as the virus
stock for cell culture infection.

The virus titer (infectious units per ml, iu ml¡1) was quanti-
fied by infection of BHK-21 cells with serial dilutions of viral
stock and analysis of EGFP or DS-Red expression by fluores-
cence microscopy on a Leica DM IL microscope (Leica Micro-
systems Wetzlar GmbH). SFV/Enh.Luc virus titer was
quantified by Real-time PCR as previously described.12

Infection of cell lines with recombinant virus particles

The BHK-21 and B16-F10 cells were cultivated in 24-well plates
at a density of 2 £ 105 cells per well in a humidified 5% CO2

incubator at 37�C. For transduction, the cells were washed
twice with PBS containing Mg2C and Ca2C (Invitrogen). Then,
0.3 ml of the medium containing the virus particles was added.
The SFV/DS-Red and SFV/Enh.Luc virus particles were diluted
in PBS (containing Mg2C and Ca2C) to achieve a multiplicity of
infection (MOI) of 10. The cells were incubated for 1 h in a
humidified 5% CO2 incubator at 37�C. The control cells (unin-
fected) were incubated with PBS (containing Mg2C and Ca2C).
After incubation, the solution containing virus was replaced
with 0.5 ml of growth medium.

Induction of tumor nodules

The B16-F10 cells were trypsinized, washed with PBS and
resuspended in PBS at a final concentration of 3 £ 105 cells
ml¡1. Two hundred microliters of the B16-F10 cell suspension

was subcutaneously injected above the right shoulder blade of
the mice. After 8–12 days, when tumor volumes reached
1000 mm3, the B16 nodules were i.t. injected with SFV particles
or isolated for further tumor cell cultivation.

SFV/Enh.Luc administration and analysis of luciferase
gene expression in tumors

B16 tumor-bearing mice (n D 3) were i.t. inoculated with
0.25 ml of SFV/Enh.Luc particle-containing stocks (4 £ 108 i.u.
per ml). The Luc gene expression level was estimated by mea-
suring luciferase enzymatic activity in tumor homogenates 24h
after SFV/EnhLuc virus administration. The tumors were
excised and manually homogenized in a 1x concentration of
ice-cold lysis buffer (Cell Culture Lysis buffer, Promega) con-
taining a protease inhibitor cocktail (10 ml per 1 ml of lysis
buffer) (Sigma). After homogenization, the samples were cen-
trifuged for 10 min at 9000 £ g, and the protein concentration
was determined in tissue lysates using the BCA Protein Assay
Kit (Thermo Scientific). Luciferase activity was measured by
adding 100 ml of freshly reconstituted luciferase assay buffer to
20 ml of the tissue homogenate (Luciferase Assay System,
Promega) and then was quantified as relative light units
(RLUs) using a luminometer (Luminoskan Ascent, Thermo
Scientific). The RLU values were expressed per mg of protein in
the lysates. As a negative control, B16 tumor-bearing mice were
inoculated with PBS, and the maximal negative value was sub-
tracted from the presented results.

SFV/EGFP, SFV/Ds-Red administration and analysis of
vector intratumoral spread

B16 tumor-bearing mice were i.t. inoculated with 106 i.u. of
SFV/EGFP and SFV/Ds-Red in different tumor sides (SFV/
EGFP was injected into right side of tumor, where SFV/Ds-Red
was injected into tumor left side). 24h after vectors administra-
tions the tumors were isolated and frozen in OCT compound
(Sigma). The cryosections (5–10 mm) were prepared and EGFP
and Ds-Red expression was visualized by fluorescent
microscopy.

Isolation and cultivation of ex vivo B16 cells

Freshly isolated B16-F10 tumors were manually homogenized
in PBS and filtered through 40-mm diameter filters. The
obtained cells were washed twice with PBS and seeded in 24-
well plates at a density of approximately 5 £ 105 cells per well
in Dulbecco’s GlutaMAX medium (GIBCO/Invitrogen) supple-
mented with 10% FBS, 100 mg ml¡1 streptomycin, and 40 mg
ml¡1 gentamicin. Two days later, the cells were washed with
PBS to remove unattached cells and cultivated in Dulbecco’s
GlutaMAX medium containing 10% FBS, 100 mg ml¡1 strepto-
mycin, and 40 mg ml¡1 gentamicin for 5–7 d until the cell
monolayer reached 80% confluency. The medium was replaced
every 2 d during cultivation. Next, the 80% monolayer 1st pas-
sage of ex vivo cells was trypsinized and plated in 24-well plates
at a low density of approximately 4 £ 103 cells per well (for
infection or melanin staining) and in 10-cm Petri dishes at a
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density of 2 £ 104 cells for further ex vivo B16 cell passaging
(2nd passage, 3rd passage, etc.).

Melanin staining of B16 cells was performed using a Fon-
tana-Masson Stain kit according to the protocol provided by
the manufacturer (Abcam). Briefly, 80–100% monolayered cells
were washed with PBS and fixed with 3% paraformaldehyde for
10 min. The cells were then washed with PBS and treated
according to the Fontana-Masson staining protocol. The cell
nuclei were counterstained with nuclear fast red.

Sample preparation for label-free LC-MS analysis

Ex vivo B16 cells were isolated from 3 B16-F10 tumor-bearingmice
and cultivated for 5–7 d until the monolayer of the first passage
reached 80% confluency (see above). The control in vitro B16-F10
cells were cultivated as described above until the monolayer
reached 80% confluency. Both in vitro and ex vivo B16 cells were
lysed with 0.1% ProteaseMax in 50 mM ammonium bicarbonate
buffer (Promega) and sonicated for 15 min at 35 kHz. The lysate
protein concentration was measured using Direct Detect� Assay-
free Cards (Merck Millipore). For LC-MS analysis, samples were
prepared using the FASP protocol.94 Briefly, 80 mg of proteins
from each sample were mixed with DTT at a final concentration of
10 mM and incubated for 15 min at 56�C. The cell lysate was then
incubatedwith 6Murea and filtered through a YM-30 spin column
(Millipore). The sample-containing columns were washed twice
with 100 mM Tris pH 8.5 and then digested by addition of lysyl
endopeptidase (Lys-C) (Wako) solution or trypsin to the column
overnight at 37�C. The resulting Lys-C and trypsin fractions were
eluted with H2O by centrifugation and mixed with 0.1% trifluoro-
acetic acid (TFA). All samples were purified using microcolumns
prepared by placing a C18 Empore Extraction Disk (Varian, St.
Paul, MN) into 200-ml pipet tips. Peptides were eluted by applying
80 ml of 80% acetonitrile (ACN) and 0.1% formic acid in water.
ACN was evaporated in a vacuum drier, and the samples were
diluted in 0.1% formic acid in water.

LC-MS

All experiments were performed on an Easy nLC1000 nano-LC
system connected to a quadrupole – Orbitrap (QExactive) mass
spectrometer (ThermoElectron) equipped with a nanoelectros-
pray ion source (EasySpray/Thermo). For liquid chromatography
separation, we used an EasySpray column (C18, 2-mm beads,
100 A

�
, 75-mm inner diameter) (Thermo) capillary with a 25-cm

bed length. The flow rate was 300 nl/min, and the solvent gradi-
ent was 2% B to 5% B in 10 min followed by 5% to 26% B in
230 min, and then 90% B wash in 20 min. Solvent A was aque-
ous 0.1% formic acid, whereas solvent B was 100% acetonitrile
in 0.1% formic acid. The column temperature was kept at 60�C.

The mass spectrometer was operated in data-dependent
mode to automatically switch between MS and MS/MS acquisi-
tion. Survey full-scan MS spectra (from m/z 400 to 1,200) were
acquired in the Orbitrap with resolution R D 70,000 at m/z 200
(after accumulation to a target of 3,000,000 ions in the quadru-
ple). The method used allowed for the sequential isolation of
the most intense multiply charged ions, consisting of up to 10
depending on the signal intensity, for fragmentation on the
HCD cell using high-energy collision dissociation at a target

value of 100,000 charges or a maximum acquisition time of
100 ms. MS/MS scans were collected at a resolution of 17,500
at the Orbitrap cell. Target ions already selected for MS/MS
were dynamically excluded for 30 seconds. General mass spec-
trometry conditions were as follows: electrospray voltage of
2.1 kV, no sheath and auxiliary gas flow, heated capillary tem-
perature of 250�C, and normalized HCD collision energy of
25%. The ion selection threshold was set to 1e4 counts. An iso-
lation width of 3.0 Da was used.

Protein identification and label-free quantitation

MS raw files were submitted to MaxQuant software version
1.4.0.5 for protein identification.95 Parameters were set as fol-
lows: protein N-acetylation, methionine oxidation and pyroglu-
tamate conversion of Glu and Gln as variable modifications.
First, we used a search error window of 20 ppm and a main
search error of 6 ppm. The Lys-C or Trypsin enzyme option,
both without proline restriction, was used depending on the
sample, with 2 allowed miscleavages. Minimal unique peptides
were set to 1, and the FDR allowed was 0.01 (1%) for peptide
and protein identification. Label-free quantitation was set with
a retention time alignment window of 3 min. The UniProt Ref-
erence Proteome mouse database was used (download from
April 2014). Generation of reversed sequences was selected to
assign FDR rates. All quantitative analyses were performed
using the Perseus suit from MaxQuant. Briefly, MaxLFQ values
were loaded and log-transformed, and 0 values were replaced
by noise detection values using an imputation approach based
on the normal distribution of the whole data. Differential pro-
teins were assigned by a t-test analysis using S0 D 0.5, a p-value
threshold of 0.01 and a permutation-based FDR correction.

Bioinformatics analysis

A total of 277 differentially expressed genes in ex vivo and in
vitro B16 cells were selected by filtering with confidence at
p < 0.01 from a total of 4980 proteins with a difference in
expression of at least 1.4-fold. The biological classification of
associated genes in terms of their biologic processes and molec-
ular functions was obtained by Gene Ontology (GO) analysis
using the Protein ANalysis THrough Evolutionary Relation-
ships (PANTHER) classification system (version: PANTHER
9.0; http://www.pantherdb.org).30,96 Analysis of the cellular
localization of selected genes was conducted using the UniProt
Knowledgebase (http://www.uniprot.org/).

Analysis of IFN-a and IFN-b in ex vivo and in vitro B16
cells

Control in vitro B16 cells and freshly isolated ex vivo B16 cells
were seeded in 24-well plates and cultivated until the cell
monolayer reached 80% confluency as described above. Expres-
sion levels of the IFN-a and IFN-b were determined in in vitro
and first-passage ex vivo B16 cell lysates before SFV infection
(0 h) and at 1 h, 3 h, 6 h, 9 h and 18 h after infection with SFV/
Ds-Red at an MOI of 10. The cells were trypsinized, washed
with PBS and resuspended in 100 ml of PBS. For the lysates, 3
freeze-thaw cycles of the cell suspensions were performed. The
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cell lysates were centrifuged for 10 min at 5000 £ g, and the
protein concentration was equalized in all samples using the
BCA Protein Assay Kit (PierceTM BCA Protein Assay Kit,
Thermo Scientific). The expression levels of IFN-a and IFN-b
in the cell lysates were determined using the Interferon Alpha
ELISA Kit (Uscn Life Science Inc.) and Interferon Beta ELISA
Kit (Cusabio Biotech) according to the manufacturers’
protocols.

Analysis of cell membrane elasticity by AFM

Control in vitro B16 cells and freshly isolated ex vivo B16 cells
were seeded in 8-well plastic chambers and cultivated until the
cell monolayer reached 80% confluency as described above. To
measure cell membrane hardness, an uncoated atomic force
microscope cantilever (Olympus AC240TS) with spring constant
C D 2 N/m and resonant frequency F D 70 kHz was used. Can-
tilever calibration was conducted by standard operations using
an MFP-3D atomic force microscope (Asylum Research) and
Igor Pro 6.34A software. The AFM tip with a radius of 10 nm
was manually positioned at the middle point between the cell
nucleus and the elongated cell body (Fig. 5A) using an OLYM-
PUS IX71 inverted optical microscope. After positioning, the tip
was engaged without scanning the surface of the cell to maintain
viability, and single force curves were acquired. Single force curve
data were exported to Microsoft Excel. For each cell, a particular
force curve was acquired using only trace data, where x was the
distance to the cell and y was the applied force. The maximum
force that could be endured by a cell was calculated by identify-
ing the intersection point of 2 linear trendlines: one describing
the tip approach region and the second describing the cell perfo-
ration region. The trendlines fit the experimental data with a
coefficient of determination of no less than 95%.

Statistical analysis

The RLU results of the in vivo and in vitro experiments pre-
sented in Fig. 1A are presented as the mean § s.e. of replicate
analyses and are representative of 2 independent experiments.
The data were transformed to the logarithmic scale. All error
terms shown in Figs. 4 and 5B are expressed as the standard
error of the mean from at least 3 different samples. Statistical
analyses of the results were performed using Microsoft Excel and
Statistica7 (StatSoft, Tulsa). Statistically significant differences
were determined using Student’s t-test (p < 0.05).
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