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Abstract

Vaccinia virus (VACV) has emerged as an attractive tool in oncolytic virotherapy. VACV replication efficiency
plays a crucial role in the therapeutic outcome. However, little is known about the influence of host factors on
viral replication efficiency and permissiveness of a host cell line to infection and oncolysis. In this study,
replication of the attenuated VACV GLV-1h68 strain and three wild-type VACYV isolates was determined in two
autologous human melanoma cell lines (888-MEL and 1936-MEL). Host gene expression and viral gene ex-
pression in infected cells were evaluated via respective expression array platforms.

Microarray analyses followed by sequential statistical approaches characterized human genes that change
specifically due to virus infection. Viral gene transcription correlated with viral replication in a time-dependent
manner. A set of human genes revealed strong correlations with the respective viral gene expression. Finally we
identified a set of human genes with possible predictive value for viral replication in an independent dataset.

The results demonstrate a probable correlation between viral replication, early gene expression, and the
respective host response, and thus a possible involvement of human host factors in viral early replication. The
characterization of human target genes that influence viral replication could help answer the question of host cell
permissiveness to oncolytic virotherapy and provide important information for the development of novel re-
combinant vaccinia viruses with improved features to enhance replication rate and hence trigger therapeutic
outcome.

Introduction

DESPITE EXTENSIVE RESEARCH, cancer, particularly at ad-
vanced stages, remains untreatable. For this reason,
novel therapeutic strategies are needed. A promising ap-
proach is the use of oncolytic viruses. Oncolytic virotherapy
exploits the natural or artificial tumor tropism of certain
viruses to specifically target, replicate in, and lyse tumor cells
without harming healthy somatic cells (Zeh and Bartlett, 2002;
Guo et al., 2008).

Vaccinia virus (VACV), which belongs to the poxvirus
family, has a large double-stranded DNA genome, enabling
insertion of up to 25kb of foreign DNA (Smith and Moss,
1983) without loss of infectivity, and because of its high in-
fection efficiency, VACV has emerged as an attractive tool
for gene delivery (Falkner and Moss, 1990). The recombinant
VACV GLV-1h68, derived from vaccinia virus Lister strain
(LIVP), contains three marker gene insertions that not only
attenuate the virus but also serve diagnostic purposes.
The expression cassettes encoding Renilla luciferase-green
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fluorescent protein (GFP, Aequorea) fusion, beta-galactosi-
dase, and beta-glucuronidase were inserted into the F14.5L,
J2R (coding for thymidine kinase), and A56R (coding for
hemagglutinin) loci of the parental virus genome, respec-
tively (Zhang et al., 2007). Insertion of the three expression
cassettes resulted in the attenuation of the parental virus by
both inactivation of the three loci and expression of the three
marker genes. It was reported previously that thymidine ki-
nase (TK)-deleted VACV mutants depended on a thymidine
triphosphate (TTP) source for viral DNA synthesis, leading
to a preferential viral replication in metabolically active cells
such as cancer cells with only minimal infection of normal
tissues (Buller et al., 1985; Puhlmann et al., 2000; McCart et al.,
2001). Further, it was published that alterations in the hem-
agglutinin gene resulted in a decrease in virulence in Wes-
tern Reserve (WR) or New York City Board of Health
(NYCBH) strains (Flexner et al., 1987; Shida et al., 1988; Lee
et al., 1992). The disruption of the F14.5L locus has an at-
tenuating effect as well (Izmailyan and Chang, 2008; Zhang
et al., 2009), but function of F14.5 and why perturbation of
this gene leads to attenuation is still unclear. In addition, it
was found recently that removal of each of the expression
cassettes from GLV-1h68 resulted in enhanced virus repli-
cation and virulence in mice. The increase in virus replication
efficiency was proportionate to the strength of removed
VACYV promoters linked to foreign genes (Chen ef al., 2011).

It has been shown that GLV-1h68 is capable of colonizing
xenografts from several solid cancers and affecting their
growth. Among them are breast (Zhang et al., 2007), pancreatic
(Yu et al., 2009a), prostate (Gentschev et al., 2010), squamous
cell (Yu et al., 2009b), anaplastic thyroid (Lin et al., 2007; Kelly
et al., 2008), hepatocellular carcinoma (Gentschev et al., 2011),
and malignant pleural mesothelioma (Kelly ef al., 2008).

VACYV, like all other members of the poxvirus family,
features a unique cytoplasmic life cycle. The 200 kbp-genome
encodes for more than 200 proteins involved in gene ex-
pression, DNA synthesis, virion morphogenesis, and host
defense/immune evasion (Moss, 2007). VACV genes are
expressed in a cascade-like manner and are therefore sub-
divided into three temporal classes: early, intermediate, and
late. After poxvirus infection, a series of virus-induced al-
terations of host’s cellular function occur to benefit virus
replication and avert virus recognition and antiviral defense
(Guerra et al., 2003). In addition, VACV infection induces an
inhibition of host DNA replication, RNA transcription, and
protein synthesis.

The enzymes required for early gene transcription (Broyles
and Knutson, 2010) are pre-packaged in the virus core.
Therefore, early transcription is completely independent
from cellular factors. Intermediate and late gene expression
requires more complex initiation and regulation strategies
than early gene expression. Assumptions about VACV effi-
ciency of intermediate and late transcription based on pro-
moter element spacing and involvement of host cell factors
like TBP (TATA-box binding protein) were reviewed by
Broyles and Knutson (2010). It is known that the initiation of
viral DNA synthesis is crucial for the beginning of interme-
diate gene transcription.

Five viral early gene products are essential for VACV
replication: DNA polymerase (E9), processivity factor (A20),
NTPase/primase (D5), uracil DNA glycosylase (D4), and
protein kinase (B1). Although most of the factors involved in
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VACV DNA synthesis are conserved within the poxvirus
family, the replication of different VACYV strains and isolates
varies significantly. Further, the analysis of the NCI-60 panel
of cell lines revealed that the replication efficiency of the
same virus strain (GLV-1h68) is quite heterogeneous among
different cancer cell lines and independent of the tissue from
which the cell lines were generated (Ascierto et al., 2011).
Thus, because of the lack of consistency in the behavior of
different VACYV isolates in infecting a given cell line and the
large variability in the efficiency with which distinct VACV
isolates infect different cell lines, the identification of pre-
dictors of permissiveness to VACV infection and replication
remains elusive.

In this study, we focused on early events related to VACV
infection to identify host genes that might influence viral
replication and indicate permissiveness. One general aim
was to understand the underlying kinetics of viral replication
and transcription. The use of a 36k whole genome human
array platform, as well as a custom-made VACV array, al-
lowed us to analyze viral and host gene expression simul-
taneously. We observed a correlation between viral early
replication, VACV early gene expression, and the respective
host response. Further, we identified 10 human candidate
genes as possible predictors for viral replication in an inde-
pendent dataset.

The characterization of human target genes that influence
viral replication and/or amplification could help the devel-
opment of novel recombinant oncolytic VACV with en-
hanced replication potential and potentially better
therapeutic outcome.

Material and Methods
Cell lines

The two melanoma cell lines 888-MEL and 1936-MEL
were derived from sequential subcutaneous metastases in
patient 888 as described previously (Wang et al., 2006;
Sabatino et al., 2008). The cell lines were cultured in Roswell
Park Memorial Institute medium (RPMI) supplemented with
10% fetal bovine serum (FBS), N-2-hydroxyethylpiperazine-
N’-2-ethanesulphonic acid (16mM HEPES), 1% Ciprofloxacin,
and 1% antibiotic-antimycotic solution (AA) (100 U/mL peni-
cillin G, 250 ng/mL amphotericin B, 100 ug/mL streptomycin).
GI101A, a metastatic breast tumor cell line, was kindly pro-
vided by Dr. A. Aller (Rumbaugh-Goodwin Institute for
Cancer Research, Inc., Plantation, Florida). HT29 colon ade-
nocarcinoma cells were purchased from American Type Cul-
ture Collection (ATCC, Manassas, VA). Both cell lines were
cultured in RPMI medium with the following supplements,
GI101A cells: 20% FBS, 4.5g/L glucose, 10mM HEPES, 1mM
sodium pyruvate, 1% AA, 4ng/mL f-estradiol, 5ng/mL pro-
gesterone; and HT-29 cells: 10% FBS and 1% AA. African green
monkey kidney fibroblasts (CV-1) were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10%
FBS and 1% AA. CV-1 cells were obtained from the ATCC. All
cells were maintained at 37°C under 5% CO,.

Viral constructs and infections

The construction of replication competent, recombinant
VACV GLV-1h68 was described previously (Zhang et al.,
2007). In brief, three expression cassettes (coding for Renilla
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luciferase-green fluorescent protein (Aequorea) fusion, f-
galactosidase, and p-glucoronidase cDNA) were inserted
into the F14.5L, J2R and A56R loci, respectively, of the wild
type (wt) LIVP genome. Different wt clones were picked
from the mixed population of the LIVP strain. Three isolates
that showed natural attenuations due to point mutations and
deletions were picked for further analysis, namely LIVP
1.1.1, LIVP 5.1.1, and LIVP 6.1.1. The generation of the re-
combinant VACV strains GLV-1h70, GLV-1h71, GLV-1h72,
GLV-1h73, and GLV-1h74 was described previously (Chen
et al., 2011).

Viral replication assay

888-MEL and 1936-MEL cells were infected with each vi-
rus in six-well plates at a multiplicity of infection (MOI) of
0.01. Cells were harvested at 2, 6, 10, 24, and 48 hours post
infection (hpi). Viral particles were released by applying
three freeze & thaw cycles. Viral titers were determined by
standard plaque assays on CV-1 cell monolayers. Each cell
lysate was titered in duplicate and the determined titer ex-
pressed in pfu/10° cells.

Total RNA isolation and amplification

Total RNA (tRNA) from tissue cultures was isolated with
the Qiagen miRNeasy Mini kit, and quality and quantity of
the RNA were determined with the Agilent Bioanalyzer
2000. For expression analyses on a human 36k platform, the
tRNA was amplified into antisense RNA (aRNA) as previ-
ously described (Wang ef al., 2000). As a reference for human
arrays, peripheral blood mononuclear cells (PBMCs) from
four normal donors were pooled. For viral expression anal-
ysis on a customized Affymetrix platform, tRNA was am-
plified into sense RNA by using the GeneChip® One-Cycle
Target Labeling and Control kit for HT29 and GI101A. Since
this product has been discontinued, aRNA of both melanoma
cell lines was generated by the GeneChip® 3’ IVT Express Kit
according to the manufacturer’s instructions.

Microarray performance

Array quality was documented as previously described
(Jin et al., 2004). For hybridization of the 36k human array, a
two-color system was applied. Both reference and sample
aRNA were labeled directly using ULS™ (Universal Linkage
System) aRNA Fluorescent Labeling kit with Cy3 and Cy5,
respectively. Samples and references were cohybridized to
the array slides (Worschech et al., 2008) and incubated for
20hr at 42°C, followed by washing steps and finally scan-
ning via an Agilent scanner. VACV gene expression was
analyzed using a customized VACV array platform (VAC-
GLab20445F) with 308 probes representing 219 genes that
cover the genome of GLV-1h68, including the Renilla lucif-
erase-Aequorea green fluorescent protein fusion gene, E.coli
beta-glucuronidase, and 337 human or mouse “housekeep-
ing” genes (393 probes) (Zhang et al., 2007). Fragmented,
labeled aRNA (6.5 ug) was hybridized to the VACV array
platforms. After 16 hr incubation in the hybridization oven at
45°C, the arrays were washed and stained in the Fluidics
station using the GeneChip® Hybridization, Wash, and Stain
Kit. Finally, the arrays were scanned using the GeneChip®
Scanner 3000 7G.
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Statistical analysis

Human array transcriptional data were uploaded to the
mAdb databank and analyzed using BRBArrayTools, de-
veloped by the Biometric Research Branch of the National
Cancer Institute (Simon et al., 2007), or Partek Genomics
Suite software as appropriate. VACV transcription was an-
alyzed using Partek Genomics Suite software. Data retrieved
from the VACV Affymetrix platform was normalized using a
robust multichip average (RMA) approach. Unsupervised
human data analysis was performed using the Stanford
cluster program, and results were visualized with TreeView
software (Eisen et al., 1998) or Partek Genomic Suite software
as appropriate. Gene ratios were mean centered across all
samples and displayed according to uncentered correlation
algorithm and a complete linkage model. Ingenuity pathway
analysis (IPA) was utilized to obtain biological insight in
gene functions and interactions.

Time-dependent changes in human transcriptional pat-
terns by different cell lines were identified by determination
of time-dependent variances across noninfected samples.
Time independent changes in human transcripts related to
viral infection were identified by weighting variance in the
infected sample as described in the results section. Correla-
tion among different transcriptional parameters within the
same or across platforms (human or VACV) were done ac-
cording to Pearson’s correlation analysis.

Results

Two previously characterized autologous cell lines (888-
MEL and 1936-MEL) derived from a patient with metastatic
melanoma (Wang et al., 2006; Sabatino et al., 2008), were
tested for permissiveness to the attenuated VACV GLV-1h68
strain and three wild-type VACYV isolates: LIVP 1.1.1, LIVP
5.1.1, or LIVP 6.1.1 (MOI 0.01). 888-MEL was established
when the cancer was still responsive to immunotherapy with
interleukin-2 and tumor-infiltrating lymphocytes. More than
a decade later 1936-MEL was generated from subsequent
metastases when the cancer had become unresponsive to
immunotherapy (Wang ef al., 2006). Infected and noninfected
control cells were tested 2, 6, 10, 24, and 48hpi for their
transcriptional pattern.

VACV-dependent changes in host cell transcription
over time

Using the human array platform, we first investigated in
the two cell lines the culture-dependent kinetic changes in
transcription, independent of infection (control samples).
Unsupervised clustering segregated infected and respective
uninfected samples together according to time in culture,
suggesting that this parameter dominated the global tran-
scriptional profile (Fig. 1A). To eliminate the dominant
effect of time and highlight the transcriptional changes
specific to VACV infection, we therefore applied a multi-
step filter (Fig. 1B). First, the standard deviation (SD) was
calculated for each gene in uninfected samples (2, 10, and
48 hpi); the analysis was performed separately for each cell
line assuming cell-specific variation in gene expression
during culture. A cut-off SD >0.25 was used that identified
8,300 genes stably expressed by uninfected; this set of
genes was applied to recluster infected and uninfected
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FIG.1. Flow chart, describing the experiment for analysis of VACV-dependent changes in host cell transcription. 888-MEL
and 1936-MEL cells were infected with four different VACYV isolates at an MOI of 0.01 (GLV-1h68, LIVP 1.1.1, LIVP 5.1.1, and
LIVP 6.1.1) in separate experiments or were treated with virus-free infection medium as negative control. Total RNA was
amplified, purified, and labeled before generating transcriptional profiles via 36k human or custom-made VACV array
platforms. (A) Expression profile of 888- and 1936-MEL cells after virus and mock infection at 2, 10, and 48 hr (filter 95%,
2-fold). (B) Statistical approach to obtain a list of human genes affected by VACV infection specifically. (C) Human tran-
scriptional profile after applying SD exclusion/inclusion method. (D) Correlation between VACV transcription and virus-
affected host genes (Pearson correlation, r=0.6). SD, standard deviation; ctr, control samples; hpi, hours post infection;

VACV, Vaccinia virus; MOI, multiplicity of infection.

samples. The results still did not segregate uninfected
from infected samples. Thus, we applied a second filter to
include only transcripts with high SD in the infected sam-
ples, therefore, eliminating transcripts stably expressed by
infected and uninfected cells. To identify a maximum
number of infection-specific genes for each cell line, the SD
cut-off was determined separately for each of them by a
stepwise increase (intervals of 0.05) starting from a value of
0.3 and reclustering samples until uninfected samples built
a separate cluster resulting in an SD >0.7 and >0.4 for 888-
MEL and 1936-MEL respectively (Fig. 1C). For subsequent
correlation analysis between human and viral gene ex-
pression, an additional filter was applied selecting genes
whose expression values were present in at least 90% of
samples (Fig. 1B and D). In the end, 400 and 370 infection-
specific genes were identified for 888-MEL and 1936-MEL
respectively.

With the resulting gene pool, we investigated VACV ef-
fects on human gene transcription on the two autologous cell
lines. The transcriptional profile at 48 hpi revealed a dramatic
alteration of expression of genes involved in broad cellular
functions such as cell death, cellular growth and prolifera-
tion, protein synthesis and folding, and DNA replication,
recombination, and repair (Supplementary Fig. S1; Supple-
mentary Material available online at www.liebertonline
.com/hgtb). These late effects were present independent of
cell line or virus strain utilized (Fig. 1A and C). However, we
previously observed that effects caused by VACV infection
occur earlier when using wt isolates compared to GLV-1h68
(Supplementary Fig. S2); therefore, we focus the rest of the
analysis on time-dependent, viral, and cell-specific changes.

Comparison of transcriptional patterns at 2 and 10hpi
between the two cell lines revealed a clearer clustering ac-
cording to time in 888-MEL and a less consistent pattern in
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1936-MEL, consistent with a less predictable responsiveness
of this cell line to VACV infection in functional assays.

VACV-dependent changes in viral gene transcription
over time

To characterize the transcriptional profile of the different
VACYV isolates, we compared viral gene expression at 2 and
10 hpi using a custom-made VACV array platform.
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ters C1, C2, C3a/3b, and C4 (Fig. 2A). VACV-infected arrays
clustered according to time elapsed, following VACV infec-
tion while the uninfected arrays segregated separately. A
clear separation between samples taken at 2 or 10hpi was
evident as also emphasized by principle component analysis
(PCA) (Fig. 2B). GLV-1h68 contains three marker gene
insertions (RUC-GFP: Renilla luciferase—green fluorescent
protein (Aequorea) fusion; lacZ: f-galactosidase; and gus A: -
glucoronidase cDNA), two of which are present in the VACV

The 219 VACV genes represented in the VACV platform
segregated in three array clusters and four main gene clus-

chip (RUC-GFP and gusA). At 10hpi, both genes were ex-
pressed at high levels in cell line preparations infected with
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gusA secre dgly oprotein
Emsmssassssesssmes Cellline PCA Mapping (91%)
: . 10hpi
= Similar (low) expressionat2 and 10 hpi; E/L genes
= Genes interspersed throughoutall categories (VV entry & spread; 2hpi
Structure & assembly; DNAreplication/RNAtranscription; Host 10
) 68
* Increased expression at 10 hpi; L genes 38
= Genes enriched in structure & assembly class w 04
28
Teediment » Decreasedexpression at10 hpi: E & EIL genes g ®
sL111 = Genes enrichedin DNA replication/RNA transcription class O 92
'tg” = Increased expression at 10 hpi;, L & EIL genes a 24
scir = Genes interspersed throughoutall categories oy
time point i BN
2 hrs . S|rniar (Il|g||) expression at2 and 10 hpi, E & E/IL genes -18.8 8
=10hrs hedin DNA replication/RNA transcription and Host . .-
cell line meracuonsﬂmmuns modulations 43 10478 52 26 0 2652 758 104 13
:?323 PC #151.1% PC #3 6.73%
C £ & " D 2 hpi
w 5 y 4 = =
= _; . y ~+-GLV-1h68 o C3a | JfeH IETEY 1511 Ljﬂ
% T § 4 \ ~-LVP1.1.1 200 €3b | Fi6E) EEEN 1511 [isin
= § C3a+3b ([ 1hée | [ETEN 1511 (L1l
@ E 3 \/ / LUVPS5.1.1 2 hpi
3 =@ T ~LVP6.11 C2a |G IEEEN 510 i) |
4 193-MEL  cab R 511 NN G6a
1 V| | WY C3a+3b |[HH6E] 1511 HEERW 1611
hnnrs post infection {hpi]
10 hpi
gz ° 5] cz|EEEW 1511 [IhBE] 11
3 A c3b EEEN 1511 (e8I ieii 10 hpi
L 3 S ~+GLV-1h68 888-MEL  c243b|JEFEN 151 [RGH) 631
W £5a4 W - ~—UVPLLL ca/Juia 1511 [EVEW Cis1n
= 3% ! C2+3b+4|3R6E1 1511 IEVTN t6a1
® fg 23 T uves.11
5, - UV 2 ! 151 STV i
B (3668 1511 [EFEW w11
g 1 19EMEL  caea SN fist EVEN NGHN

o 2_ 4 6 8 _10 12
hours post infection (hpi)

C2+3bea| 68N | 1511 [EREN U61EN

FIG. 2. VACV-isolate-specific changes in gene transcription over time and correlates with viral replication. 888-MEL and
1936-MEL cells were infected with four different VACV isolates (GLV-1h68, LIVP 1.1.1, LIVP 5.1.1, and LIVP 6.1.1) in
separate experiments (MOI 0.01) or were treated with virus-free infection medium as negative control. Viral titers were
determined by plaque assay and total RNA was isolated, amplified, purified, and labeled before generating transcriptional
profiles via custom-made VACV array platforms. (A) Transcription profile including subcluster classification of four VACV
isolates and negative control after 2 and 10 hr. (B) Principal components analysis (PCA, Partek Genomics Suite) of the VACV
microarray data. Infection period and infectional status appeared to be a major source of variation, as indicated by red
ellipsoids. The different colors specify the VACYV isolate utilized. Green=GLV-1h68; purple=LIVP 1.1.1; yellow =LIVP 5.1.1,
light blue=LIVP6.1.1; and pink =untreated controls. (C) VACV growth curves from 0 to 10 hpi. (D) Transcriptional ranking
of VACV isolates. Transcription values were averaged considering the different time points and individual subclusters.
Subsequently, viruses were ranked from lowest to highest mean gene transcription. (E) Hierarchical clustering of individual
genes representing the transcriptional ranking, low to high: GLV-1h68, LIVP 5.1.1, LIVP 1.1.1, LIVP 6.1.1 or GLV-1h68, LIVP
1.1.1, LIVP 5.1.1, LIVP 6.1.1 in C3a (top) and C4 (bottom). C1, 2, 3a, 3b, 4, cluster 1, 2, 3a, 3b, 4; hpi, hours post infection; hrs,
hours; VACV, Vaccinia virus; MOI, multiplicity of infection; RUC-GFP, Renilla luciferase-green fluorescent protein (Aequorea)
fusion; gus A, f-glucoronidase.
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GLV-1h68 (Fig. 2A, yellow asterisk). Additionally, the viral
interferon (IFN)-o./ f-receptor-like secreted glycoprotein
(BI9R, VACV Copenhagen), which is not present in full
length in the genome of the wt clones, was expressed ex-
clusively by GLV-1h68 (Fig. 2A, green asterisk).

The four gene clusters revealed a transcriptional pattern
representative of the three promoter classes of VACV (early,
early-late, and late). Moreover, we subdivided the open
reading frame (ORF) products into five functional categories:
VACV entry and spread, VACV structure and assembly,
VACV DNA replication and RNA transcription, host inter-
actions and immune modulations, and a final category re-
presenting genes with other or unknown functions. Genes
present in cluster C1 showed similar low-expression levels at
2 and 10 hpi and included all functional categories. The only
exceptions were the two marker genes RUC-GFP and gusA,
B11R with unknown function, and B19R, mentioned above.
We found an enrichment of late genes in cluster C2 consis-
tent with highly increased transcriptional levels at 10hpi.
Functional annotations revealed that these genes code pre-
dominantly structural components and enzymes involved in
assembly of viral particles. Cluster C3a was enriched of early
transcripts. Expectedly, proteins encoded by genes present in
C3a regulate DNA replication and RNA transcription. An
enrichment of early-late and late genes was found in cluster
C3b. The expressional pattern revealed notable expression at
2 hpi but this was more pronounced at the later time point.
C3a and C3b emerged as the clusters with the most hetero-
geneity among cell line preparations infected with different
VACV constructs. Finally, cluster C4 represented early-late
transcription with consistently high expression values espe-
cially at 2 hr. These genes mainly encoded proteins involved
in modulation of the host immune response.

VACYV isolate-specific changes in transcription
and correlation with viral replication

VACV replication efficiency of GLV-1h68 and wt iso-
lates. To characterize the different VACV wt isolates, we
performed a time course analysis determining viral titers
over time and comparing those with the well-characterized
GLV-1h68 strain (Zhang et al., 2007). Using plaque assay
analysis, we observed that all LIVP clones analyzed repli-
cated more efficiently compared to GLV-1h68, especially at
later time points. At 2hr the viruses ranked according to
their replication from lowest to highest titer as follows: GLV-
1h68, LIVP 5.1.1/LIVP 1.1.1, and LIVP 6.1.1 (Fig. 2C). The
ranking was consistent for both melanoma cell lines. With
progression of the infection, the number of plaque-forming
units became closer among all LIVP isolates with a widening
gap compared to GLV-1h68.

Ranking of VACV gene transcription level and correlation
with VACYV replication. To compare viral transcription with
replication according to plaque-forming units, we first
ranked viral isolates according to their overall transcriptional
activity. Within each gene cluster category (Fig. 2A), we
averaged the intensity values of all genes for each virus at
each time point. Averaged VACV gene expression was
ranked from lowest to highest for each virus. The sub-
clusters C3a and C3b were considered separately and in
combination as representative of early gene transcription
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(2hpi). The subclusters C2, C3b, C4, C2/C3b, and C2/C3b/
C4 were analyzed to assess late gene expression (10 hpi).

VACYV isolate-specific changes in transcription at 2 hpi.
We focused subsequent analyses on gene subclusters, re-
vealing the most pronounced differences among LIVP 1.1.1,
LIVP 5.1.1, LIVP 6.1.1, and GLV-1h68 at 2hpi. At this time
point, GLV-1h68 displayed the lowest mean levels of gene
transcription in all subclusters analyzed, whereas LIVP 6.1.1
showed the highest values at 2hpi independent of cell line
tested (Fig. 2D, top). LIVP 5.1.1 and LIVP 1.1.1 displayed
comparable intermediate transcription levels and were,
therefore, ranked together (rank 1=LIVP 6.1.1; rank 2=LIVP
5.1.1 and LIVP 1.1.1; and rank 3=GLV-1h68). As mentioned
above, cluster C3a was enriched of early transcripts. Al-
though cluster C4 also reflects high early expression levels,
there were no clear differences among VACV isolates at
2 hpi. Based on the equal gene expression of all VACV iso-
lates in cluster C4 at 2hpi, this cluster appeared to be ineli-
gible to point out differences between the viruses. For this
reason, gene cluster C3a emerged as the most representative
subcluster to study VACV at 2 hpi.

Subsequently, seven genes from cluster C3a, whose ex-
pression corresponded with the overall early transcriptional
ranking (rank 1-3, see above) were identified: F15L, G2R,
G5R, DIR, A5R, A20R, and A24R. These genes encode sub-
units of the DNA-dependent RNA polymerase, DNA poly-
merase processivity factor, NTP phosphorylase, late
transcription elongation factor, and a viral membrane for-
mation protein. Hierarchical clustering based on these seven
genes was used to test whether they could segregate exper-
iments according to VACV-specific gene transcription (Fig.
2E, top). The early viral gene transcription ranking (rank 1-3)
was consistent with replication according to plaque-forming
units at 2 hpi.

VACYV isolate-specific changes in transcription at 10 hpi.
Accordingly, we concentrated on subclusters pointing at
differences among viral isolates at 10 hpi. At this time point,
gene transcription intensities in clusters C1, C2, and C3b
were higher for GLV-1h68 when compared to LIVP 5.1.1. In
other words, viral gene transcription ranking (rank 1-3) was
inconsistent with replication according to plaque-forming
units at 10hpi in these clusters (Fig. 2D, bottom). However,
gene cluster C4 displayed strong distinctions in transcription
intensity, comparing GLV-1h68 with the different wt clones,
in accordance with replication data at 10 hpi. In both mela-
noma cell lines the lowest mean transcription was observed
for GLV-1h68, followed by LIVP 5.1.1 and LIVP 1.1.1 and
finally by LIVP 6.1.1 (Fig. 2D, bottom). Consequently, we
considered cluster C4 as representative of viral replication
according to plaque-forming units and used it for further
comparisons at 10 hpi.

We identified 32 VACV genes in C4 whose expression
followed the previously discussed ranking in both cell lines.
Self organizing reclustering of 10hpi microarray samples
based on these genes demonstrated a clear gradient in tran-
scription by the VACV isolates (Fig. 2E, bottom). Furthermore,
in accordance with VACV replication data, GLV-1h68-tran-
scription demonstrated a clear separation from all wt isolates.
Functional annotations revealed that almost half of the 32
genes were involved in DNA replication and RNA



VACCINIA VIRUS AND HUMAN TRANSCRIPTION

transcription and about one third in host interactions. Among
the former, we found genes whose products act in deoxyr-
ibonucleotid triphosphate (ANTP) synthesis (F2L, J2L, I4L),
replication initiation, and continuance (primase/NTPase ac-
tivity, ssDNA-binding), as well as components of the DNA-
dependent RNA polymerase.

Correlates between VACV and host cell transcription

To explore the relationship between host cell transcription
and viral replication, we correlated viral and human gene
expression at different time points.

At high multiplicity of infection (MOI >5), VACV gene
transcription levels are homogeneous according to the dif-
ferent temporal classes, independent of the VACV isolate
utilized. We, therefore, adopted low MOI to increase the
chance that subtle differences in the kinetics of transcrip-
tional activation among viral isolates could segregate infec-
tivity among different viruses.

We first characterized the correlation between viral early
and human early gene transcription (2hpi) and identified
seven VACV genes in cluster C3a (viral arrays) that were
most representative of early events; we will refer to these
seven genes as viral replication indicators (VRI). The ex-
pression values of the seven VRIs were averaged for each
sample. The samples in turn were ranked according to aver-
age transcription level of the VRI (Fig. 2D). Comparison be-
tween the VRI and human gene expression were performed
by Pearson’s correlation. We identified 114 human genes
strongly correlating (r >0.6) with VRI. IPA revealed that these
genes belong to the following networks: post-translational
modification, free radical scavenging, gene expression, cell
death, and cellular growth and proliferation. The top molec-
ular functions were cell cycle, cellular movement, develop-
ment, growth and proliferation, and cell-to-cell signaling.

We then investigated if human early gene transcription
could predict VACV intermediate/late transcription. As
discussed above, 32 VACV genes from cluster C4 seemed to
represent VACV isolate-specific intermediate/late replica-
tion-associated events. Sample-specific transcription value
averages of these 32 genes were sorted according to the
ranking of their transcription level (Fig. 2D). After arranging
the respective human expression table accordingly, Pearson’s
correlation analyses were applied to determine individual
correlation coefficients. Using a cut-off of r=0.6, we identi-
fied 84 human early genes that correlate with VACV inter-
mediate/late gene transcription. We found that the majority
of these 84 genes were involved in cell death, cell cycle, lipid
metabolism, small molecule biochemistry, and cellular de-
velopment. Comparing top canonical pathways of human
correlates with VACV early and intermediate/late tran-
scription, overlapping pathways were observable, such as D
glutamine and D glutamate signaling, anti-proliferative role
of TOB in T cell signaling, and cell cycle checkpoint regula-
tion (Fig. 3A and B). Even though the IPA results have to be
considered with caution, due to the low number of genes, we
found an intercept of 14 focus molecules for early and late
correlates present in the network: Post-translational modifi-
cation, free radical scavenging, and gene expression (Fig. 3C
and D). Further, there was an overlap of 18 focus molecules
in the network involving cell death, lipid metabolism, and
small molecule biochemistry.
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Prediction of VACV replication

Based on the early transcriptional correlates identified in
the two melanoma cell lines, we tested their predictive
strength in an independent data set, including different cell
lines and different viral constructs. Chen et al. (2011) de-
scribed that virus replication efficiency is linked to the
number of transgene insertions in a promoter-strength-
dependent manner using a series of recombinant VACV
strains, including GLV-1h68. Further, they demonstrated a
correlation between replication efficiency of these VACV
strains with antitumor efficacy and virulence. Therefore, this
series of recombinant viruses appeared well-suited to test
our hypothesis that a set of human genes may influence vi-
ral replication efficiency and/or permissiveness to VACV
infection. A human breast cancer (GI101A) and a colon
carcinoma (HT29) cell line were individually infected with
GLV-1h68 and five VACV recombinants (GLV-1h70, GLV-
1h71, GLV-1h72, GLV-1h73, and GLV-1h74). Samples were
taken at 2hpi. Infections, RNA isolation, and microarray
analyses were performed identically to the previous set.

For the prediction, we assumed that the transcriptional
pattern of the seven VRIs (Fig. 2E; F15L, G2R, G5R, DIR,
Ab5R, A20R, and A24R) reflects viral replication. Further,
human melanoma genes that correlated with the average of
the VRIs (r 20.5) were assumed indicative of viral replica-
tion. We applied the same analytic criteria to the data set
generated for GI101A and HT29. Gene transcription values
of the VRIs in GI101A and HT29 were averaged and ar-
ranged according to value. Then, averaged viral gene ex-
pression was correlated with the respective human gene
transcription (Pearson’s Correlation). Correlates were in-
cluded by the following criteria: (1) r in melanoma cell
lines >0.5 (absolute value); (2) r in all cell lines must have
the same algebraic sign (positive or negative); and (3) r in
GI101A and HT29 has to be either at least moderate (r be-
tween —0.5 and -0.3, or between 0.3 and 0.5) in both cases,
or, if one correlation is weak in one cell line it must be
strong in the other one.

We found 10 genes that matched these criteria (Fig. 4A
and B) as potential human indicators for viral replication
efficiency. The strongest positive correlations were ob-
served for lantibiotic synthetase component C-like 2
(LANCL2) and heterogeneous nuclear ribonucleoprotein L
(HNRNPL). Sortin nexin 17 (SNX17) transcription corre-
lated strongly with viral early transcription in HT29 and the
melanoma cell lines and revealed a moderate correlation
within GI101A. The strongest negative correlations were
found for ATP synthase, H+ transporting, mitochondrial
Fo complex, subunit Bl (ATP5F1), and chemokine (C-C
motif ) ligand 5 (CCL5).

Discussion

Since the approval of the first oncolytic virus for cancer
therapy in 2005 (Garber, 2006), huge progress has been made
in engineering oncolytic viruses with enhanced safety,
specificity, oncolytic efficiency, and reduced toxicity (Wong
et al., 2010; Hernandez-Alcoceba, 2011). Despite the re-
markable progress in oncolytic VACV-therapy, pre-existing
immunity in smallpox vaccinated subjects is still a concern
since neutralizing antibodies could limit the efficacy of
the therapy. A preformed protection against poxviruses is
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FIG. 3. Pathway analyses of correlates between VACV and host cell transcription. Canonical pathways and top networks
were identified by ingenuity pathway analysis (IPA). (A) Top canonical pathways of 114 early human correlates with
averaged VACV early gene transcription. (B) Top canonical pathways of 84 early human correlates with averaged VACV
intermediate/late gene transcription. (C, D) Network: post-translational modification, free radical scavenging, and gene
expression revealed an overlap of 14 genes out of an intercept of 66 genes between early (C) and intermediate/late (D)
correlates. Red circles, positive correlation; green circles, negative correlation; hpi, hours post infection; h, human; VACV,

Vaccinia virus.

particularly problematic for systemic treatment. Current re-
search targeting this issue has focused on alternative routes
of vaccine delivery (i.e., intratumoral), temporary immuno-
suppression, and immune evasion via carrier cell delivery
(Guo et al., 2010) as well as dose escalation.

In addition, the factors contributing to virus-mediated
tumor regression and therapeutic outcome are not yet fully
understood. Immune-mediated oncolysis following viral in-
fection (Prestwich ef al., 2009), destruction of the tumor
vasculature (Frentzen ef al., 2009; Tysome ef al., 2009), and
direct viral oncolysis (Weibel et al., 2011) are debated as
possible mechanisms. We previously observed that the ki-
netics of in vitro viral replication correlates with in vivo on-
colytic function (Worschech et al., 2009); therefore, in this
study we investigated whether parameters could be inves-
tigated that could predict VACV replication in vitro.

The LIVP-derived oncolytic VACV strain GLV-1h68
(Zhang et al., 2007) has been characterized extensively, and

its antitumor effect has been demonstrated for many solid
cancers (Lin et al., 2007; Zhang et al., 2007; Kelly et al., 2008;
Yu et al.,, 2009a; Yu et al.,, 2009b; Gentschev et al., 2010;
Gentschev et al., 2011). Recently, a series of VACV wt clones,
derived from the mixed population of the GLV-1h68 parental
strain, were characterized regarding replication efficiency,
toxicity, and therapeutic effect in nude mice (unpublished).
Three isolates that showed natural attenuation due to point
mutations and deletions were used in this study (LIVP 1.1.1,
LIVP 5.1.1, and LIVP 6.1.1.).

We, therefore, analyzed in vitro transcription of distinct
viral preparations to identify potential markers of permis-
siveness of cancer cells to VACV infection. Although cell
culture provides enormous benefits, its limitations have to be
considered. It has been documented previously that time in
culture can alter the gene expression profile of cells drasti-
cally (Zaitseva et al., 2006; Neumann et al., 2010). Accord-
ingly, we observed that the gene expression profile of
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FIG. 4. Prediction of viral replication in an independent dataset. GI101A and HT29 cells were infected with six different
VACYV isolates (GLV-1h68, GLV-1h70, GLV-1h71, GLV-1h72, GLV-1h73, and GLV-1h74) in separate experiments (MOI 0.01).
Total RNA was isolated, amplified, purified, and labeled before generating transcriptional profiles via custom-made VACV
array platforms or human whole genome (36k) array platforms. Predictor genes were determined by the following criteria: r
in melanoma cell lines >0.5 (absolute value); r in all cell lines has to have same direction (positive or negative); and r in
GI101A and HT?29 has to be either at least moderate in both cases or, if one correlation is weak in one cell line, it must be
strong in the other one. (A) Ten predictors of viral replication were determined by Pearson Correlation. (B) Heat map of the
six predictive positive human correlates at 2 hpi in 888-MEL, 1936-MEL, GI101A, and HT29; averaged viral gene expression
of seven VRIs at 2hpi from cluster C3a (bar graphs). VRI, viral replication indicators.

uninfected control samples greatly varied according to cul-
ture time. This variation resulted in a lack of segregation
between infected and uninfected samples. However, a mul-
tistep filter could determine a list of genes affected specifi-
cally by VACYV infection.

It has been reported that VACV infection causes major
alterations in cell function and metabolism (Buller and Pa-
lumbo, 1991), and results in a massive interference with host
DNA/RNA and protein synthesis (Moss, 2007). Guerra et al.
(2003) classified mRNAs that showed an altered expression
pattern after VACV infection of HeLa cells into distinct
groups depending on their kinetics of gene activation or re-
pression. Concordantly, we identified distinct categories of
virus-affected genes involved in broad cellular functions
such as cell death; cellular growth and proliferation; protein
synthesis and folding; and DNA replication, recombination,
and repair. Expectedly, these genes revealed a drastic up or
down regulation after 48 hr that was similar, independent of
viral strain utilized. We, therefore, postulate that initial
events, at an early stage of infection, can provide more
valuable information regarding permissiveness of a given

cell line to VACV infection. For this reason, we focused our
analysis on data obtained at 2 and 10 hpi.

In parallel to host gene expression, viral gene expression
was analyzed to get better insight over the interplay between
VACV and host. Furthermore, VACV gene expression was
evaluated as a parameter representative of viral replication.
Recently, we showed that GFP-marker gene expression of
GLV-1h68 correlates with the respective viral copy number
in A375, DU-145, and A549 cells (Ascierto et al., 2011). Using
a customized VACYV array platform, we identified a group of
genes that could be classified as early-stage genes by their
gene transcriptional pattern. Comparing the average gene
expression of those early genes within the different VACV
isolates, we found that LIVP 6.1.1 showed the highest mean
levels of gene transcription, followed by LIVP 1.1.1 and LIVP
5.1.1, and finally by GLV-1h68. Plaque assay analysis re-
vealed comparable results when looking at viral titers. We
therefore consider early gene expression as an appropriate
variable to represent viral replication.

Little is known about how interactions between VACV
and host contribute to the permissiveness of a host cell to
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infection. Poxviruses like VACV carry out their entire life
cycle, including DNA replication, transcription, and trans-
lation in the cytoplasm of its host cell. In particular, it has
been shown that certain cellular factors are required for post-
replicative transcription (Zhu et al., 1998; Wright et al., 2001;
Katsafanas and Moss, 2004; Knutson et al., 2006). However, a
participation of host factors in viral early gene transcription
or DNA replication remains poorly understood. Even though
VACYV provides all factors and enzymes directly required for
DNA and early RNA synthesis packaged within the virus
particle, host gene products might affect efficiency and out-
come of the syntheses by either providing a framework or
through facilitating molecular interactions.

In this study, we identified several parameters that may be
useful for the ultimate understanding of how VACV and host
cells interact: 1) we observed that a subset of VACV early-late
transcripts is mostly associated with variability in permis-
siveness of cell lines to VACV infection; 2) among them we
identified 7 and 32 transcripts (viral replication indicators, or
VRIs) that correlated strictly with viral replication at 2 and
10hpi, respectively, as judged by the functional plaque-
forming units assay; 3) further we identified a subset of 114
and 84 human transcripts whose expression tightly correlated
with that of the respective VRIs at 2 and 10 hpi; 4) finally, 10
of the 114 genes could be validated as predictors of VACV
replicative efficiency in an independent data set.

Out of the 7 VRIs (FI5L, G2R, G5R, D9R, A5R, A20R, and
A24R) used for correlation analysis, five are clearly involved
in viral replication or transcription. Among them we iden-
tified subunits of the DNA-dependent RNA polymerase,
DNA polymerase processivity factor, NTP phosphorylase,
and a late transcription elongation factor. It has been re-
ported previously that the DNA polymerase processivity
factor A20 interacts with other VACV DNA replication and
transcription-relevant proteins (D4, D5, E9, and H5) (Van
Vliet et al., 2009).

The 114 human genes correlating with VRI expression
represented cellular involvement in post-translational mod-
ification, free radical scavenging, gene expression, cell death,
cell-to-cell signaling, cell cycle, and cellular growth and
proliferation.

Finally, the 10 genes that could be validated in an inde-
pendent data set included heterogeneous nuclear ribonu-
cleoprotein L (HNRNPL). Proteins of the hnRNP family
feature wide-ranging functions (Chaudhury et al., 2010;
Dreyfuss et al., 1993; Krecic and Swanson, 1999) and shuttle
between the nucleus and the cytoplasm (Pinol-Roma and
Dreyfuss, 1992). It has been reported previously that mem-
bers of the hnRNP family may participate in vaccinia virus
late transcription (Wright ef al., 2001; Dellis et al., 2004) as
well as in the replication of other viruses (Li and Nagy, 2011).
Functions assigned to hnRNP L include, but are not limited
to, an involvement in transport of intronless mRNAs (Liu
and Mertz, 1995; Guang et al., 2005), a role in hepatitis C
virus (HCV) internal ribosome entry site (IRES)-mediated
mRNA translation (Hwang et al., 2009), as well as in mRNA
stability. Therefore, it is conceivable that hnRNP proteins
might influence vaccinia virus replication efficacy and thus
permissiveness of a host cell to VACV infection. Further-
more, strong negative correlations were detected for ATP
synthase, H" transporting, mitochondrial F, complex, sub-
unit Bl (ATP5F1), and chemokine (C-C motif) ligand 5
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(CCL5). The down-regulation of mitochondrial ATPase ex-
pression is considered as a hallmark of several human car-
cinomas (Willers and Cuezva, 2011; Cuezva et al., 2002).
Therefore, one could speculate an association between de-
gree of ATP5F1 down-regulation and permissiveness to
VACYV treatment. The chemotactic cytokine CCL5/RANTES,
(regulated upon activation, normal T cell expressed and se-
creted) in turn, is known for its antiviral activity (Glass et al.,
2003). Yu et al. (2009a) demonstrated through immune-
related protein antigen profiling a down-regulation of RANTES
in pancreatic xenografts in nude mice upon GLV-1h68 in-
fection. An inverse correlation between VACV replication
and CCL5 expression could therefore indicate an immune
evasion strategy, thereby providing a conductive environ-
ment for viral amplification.

In summary, we identified a set of human genes that are
likely to affect viral replication. Although more comprehensive
studies, including an increased sample size, fine tuning of the
applied statistics, and application of different confirmation
methods appear to be appropriate and will be needed to con-
firm these findings. The discovery of host factors that influence
viral replication could provide valuable information about host
cell permissiveness to oncolytic virotherapy and therapeutic
efficiency. Moreover, it could help identify possible biomarkers
that predict response to VACV treatment, eventually.
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