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Proteins of the secretory pathway govern
virus productivity during lytic gammaherpesvirus infection
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Abhstract

Background: Diseases caused by gammaherpesviruses continue to be a challenge for human health and antiviral treatment. Most of
the commonly used antiviral drugs are directed against viral gene products. However, the emergence of drug-resistant mutations may
limit the effectiveness of these drugs. Since viruses require a host cell to propagate, the search for host cell targets is an interesting
alternative. Methods: In this study, we infected three different cell types (fibroblasts, endothelial precursor cells and macrophages)
with a murine gammaherpesvirus and analysed the host cell response for changes either common to all or unique to a particular cell
type using oligonucleotide microarrays. Results: The analysis revealed a number of genes whose transcription was significantly up- or
down-regulated in either one or two of the cell types tested. After infection, only two genes, Lman1 (also known as ERGIC53) and
synaptobrevin-like 1 (sybl1) were significantly up-regulated in all three cell types, suggestive for a general role for the virus life cycle
independent of the cell type. Both proteins have been implicated in cellular exocytosis and transport of glycoproteins through the secre-
tory pathway. To test the significance of the observed up-regulation, the functionality of these proteins was modulated, and the effect
on virus replication was monitored. Inhibition of either Lman1 or sybl1 resulted in a significant reduction in virus production.
Conclusions: This suggests that proteins of the secretory pathway which appear to be rate limiting for virus production may represent
new targets for intervention.
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Introduction

Diseases caused by gammaherpesviruses continue to be a chal-
lenge for human health as well as for antiviral treatment. Most

of the commonly used antiviral drugs are directed against viral
gene products but the emergence of drug-resistant mutations
may limit their effectiveness. Because viruses require a host cell
to propagate, the search for cellular targets is an interesting
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Epstein-Barr virus (EBV) and Human Herpesvirus 8 (HHV-8,
also called KSHV) are hampered by the lack of readily available
cell culture systems capable of supporting productive replica-
tion. In contrast, murine gammaherpesvirus 68 (MHV-68)
efficiently replicates in various cells in tissue culture and thus
provides a model to study gammaherpesvirus infection. In
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particular, it allows the systematic comparison of the global
response of different cell types to infection. MHV-68 is a natu-
ral pathogen of wild rodents [1]. The nucleotide sequence of
MHV-68 is similar to EBV, but it is more closely related to KSHV
[2]. Thus, MHV-68 is used as a model for infections with human
gammaherpesviruses [3-9].

It is generally assumed that genes conserved among different
organisms or different species/strains within the same group of
organisms usually are of functional importance [10, 11]. The
same holds true for viruses. For example, all herpesvirus
genomes share a set of conserved genes to accomplish viral
replication [12]. In addition, the genomes also contain genes
which facilitate the specific life style of a herpesvirus in the spe-
cific host species or in a specific cell type of the host. To tune a
cell to its specific needs, the virus modulates functions of the
host cell. To match the specific requirements, the virus may reg-
ulate one and the same cellular gene differentially in different cell
types. Nevertheless, some important functions have to be accom-
plished in most of the host cell types. Thus, we hypothesized that
cellular genes targeted by a given virus in all tested host cell types
should be important for the viral life cycle and could therefore
reflect new targets for antiviral therapy. In particular, cellular
genes being expressed at low level in uninfected cells and up-reg-
ulated only during infection could indicate rate limiting functions.
Global monitoring of cellular gene expression using microarrays
after infection of different cell types with MHV-68 allows to
search for such cellular genes important for gammaherpesvirus
replication.

In this study, we infected three different cell types (fibroblasts,
endothelial precursor cells and macrophages) with MHV-68 and
analysed the host cell response for changes either common to all
or unique to a particular cell type using DNA microarrays covering
12,488 probe sets. The analysis revealed a number of genes
whose transcription was significantly up- or down-regulated in
either one or two of the cell types tested. The transcription of two
genes was found to be regulated in all three cell types, suggesting
an important role for the virus life cycle independent of the cell
type. Lman1 (also known as ERGIC53) and synaptobrevin-like 1
(sybl1) were significantly up-regulated after infection in all three
cell types. Both proteins are implicated in cellular exocytosis by
transport of glycoproteins through the secretory pathway.
Inhibition of these proteins resulted in a significant reduction in
virus production.

Materials and methods

Cell culture, virus stocks and plaque assays

The original stock of MHV-68 (clone G2.4) was obtained from Dr. A. Nash
(University of Edinburgh, Edinburgh, UK). Cell culture, virus stocks and
plague assays were performed essentially as described [13]. Briefly,
working stocks of virus were prepared on BHK-21 cells (ATCC CCL10),
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which were maintained in Glasgow modified Eagle’s medium (GIBCO)
supplemented with 5% newborn calf serum, 5% tryptose phosphate
broth, penicillin (100U/ml) and streptomycin (100pg/ml). The BHK-21
cells were infected at a multiplicity of infection (MOI) of 0.1, and virus
stocks were prepared when the cytopathic effect (cpe) was complete by
2x freezing and thawing the cells. Cellular debris were removed by cen-
trifugation, and the supernatants were stored in aliquots at —80°C. Virus
titres were determined by plaque assay on BHK-21 cells. Briefly, tenfold
dilutions of virus were adsorbed onto BHK-21 cells. After 90 min. at 37°C,
the inoculum was removed and fresh medium containing 1.5% car-
boxymethylcellulose was added. Cells were stained after 4-5 days with
0.1% crystal violet solution to determine the number of plaques. Primary
mouse embryonal fibroblasts (MEFs) were prepared from embryos of
C57BL/6 and Balb/c mice. MEFs were cultured in Dulbecco’s modified
Eagle medium supplemented with 10% newborn calf serum, penicillin
(100U/ml), streptomycin (100pg/ml) and 1% L-glutamine. The C57BL/6-
derived macrophage cell line ANA-1 [14] (kindly provided by Dr. K. Pfeffer,
University of Diisseldorf, Diisseldorf, Germany) was cultured in RPMI
1640 medium supplemented with 10% newborn calf serum, penicillin
(100U/ml), streptomycin (100pg/ml) and 1% L-glutamine. Mouse embry-
onic endothelial progenitor cells (eEPCs) were isolated and propagated as
described before [15, 16]. Vero cells were cultured in Dulbecco’s modified
Eagle medium supplemented with 10% newborn calf serum, penicillin
(100U/ml), streptomycin (100pg/ml) and 1% L-glutamine. A clinical iso-
late of HSV-1 was kindly provided by Dr. J. Haas (Max von Pettenkofer-
Institute, Munich, Germany). A virus stock was prepared as clarified lysate
of infected Vero cells. Briefly, Vero cells were infected at low multiplicity,
and virus stock was prepared after removing the supernatant by two
rounds of freezing and thawing of the infected cell pellets in culture
medium. The clarified lysate was aliquoted and stored at —80°C until used.
Viral titres were determined by standard plaque assay on Vero cells as
described previously [17].

Infection of cells and RNA-isolation
for microarray analysis

In order to analyse the host cell response for common or unique changes
in response to MHV-68 infection, three different cell types including
fibroblasts, endothelial precursor cells and macrophages were infected
with MHV-68. In pilot experiments, we first determined the optimal infec-
tion conditions for each cell type using a recombinant MHV-68 express-
ing the green fluorescent protein (gfp) [13]. To allow for comparison of
the results obtained from the different cell types, the conditions for infec-
tion were adjusted to result in a similar number of gfp-expressing cells at
48 hrs after infection in all three cell types. This adjustment included the
MOI used for each cell type as well as using centrifugal enhancement [18]
for the infection of macrophages. The MOI determined to be necessary to
achieve a 100% infection rate 48 hrs after infection was 10, 50 and 40 for
fibroblasts, endothelial precursor cells and macrophages, respectively.
After establishing the infection conditions for each cell type, the cells were
infected with wild-type MHV-68 (clone G2.4) for microarray analysis.
Untreated fibroblasts and endothelial precursor cells or macrophages
treated with an equal amount of heat-inactivated (by boiling for 30 min.)
virus were used as uninfected controls. Total RNA was isolated 48 hrs
after infection from infected or uninfected cells using the TRI-REAGENT
(SIGMA, Saint Louis, Missouri, USA), according to the instructions of the
manufacturer. Three independent experiments were performed with each
cell type.
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Microarray analysis

Total RNA was processed and hybridized to the mouse expression array
MG-U74Av2 (Affymetrix, Santa Clara, USA) according to the manufac-
turer’s protocols. Subsequently, microarrays were scanned and analysed
using Affymetrix Microarray Suite V5.0 (MAS 5.0) software. For each con-
dition (C57BL/6 or Balb/c derived MEF cells, ANA-1 macrophages or
eEPCs, mock-treated and infected, respectively) three biological replicates
were used, resulting in total of 24 microarrays. ANA-1 and eEPCs derived
cell intensity file (CEL) files were normalized separately for each cell line by
using dCHIP 1.3 (http://www.dCHIP.org) [19] and expression values were
generated using the same program and the PM/MM model. Arrays derived
from MEF cells were normalized to the probe sets AFFX-BioB-3_at, AFFX-
BioC-3_at, AFFX-BioDn-3_at, and AFFX-CreX-3_at, with a mean target
value of 1000 using the MAS 5.0 software. These probe sets represent the
signals of four pre-labelled controls, which were spiked routinely into the
hybridization cocktail. The Present Call percentages were obtained using
the affy package for R' (http://www.R-project.org).

Significance analyses between mock-infected and MHV-68 infected
cells were performed with the significance analysis of microarrays (SAM)
two-class paired algorithm (http://www-stat.stanford.edu/~tibs/SAM/)
[20]. Probe sets were considered as significantly regulated if the median
false discovery rate (FDR) was below 1% and the transcript was induced
or repressed at least twofold. Clustering was performed with Genesis soft-
ware, with the Euclidean distance used as the similarity distance measure-
ment [21]. Further filtering and list comparison was done using Spotfire
DecisionSite (www.spotfire.com). Analysis of overrepresentation of dis-
tinct gene categories was done with the program EASE [22].

RT-PCR

1.0 yg RNA was reverse transcribed using the First Strand cDNA Synthesis
Kit for RT-PCR (AMV) (Roche Diagnostics GmbH, Mannheim, Germany)
according to the instructions of the manufacturer. 2 pl of the resulting
cDNA were used as template for PCR amplification of selected genes. The
primer sequences were as follows:

GAPDH: 5'primer: CTCACTCAAGATTGTCAGCAATG
3’primer: GAGGGAGATGCTCAGTGTTGG
CD14: 5'primer: CCTGGAATACCTTCTAAAGCGTGTG
3'primer: CCCTTGTTGCCCACGACACGTTGC
TGFBRS: 5'primer: GTCTTCTCTGTGGCAGAGAATGAGC
3'primer: CTAGAGAGGTGCAGGCGTCGTCAGG
Sybl1: 5'primer: TGGAAACCACCAAACTTATGACCTG
3’primer: CAGTTCAACTTGGTAATGGATAAAC
CCL3: 5'primer: TTCTCAGCGCCATATGGAGCTGACAC
3'primer: GAGATGGAGCTATGCAGGTGGCAGG
Wisp1: 5’primer: TACACATCAAGGCAGGGAAGAAATG
3'primer: CATGGAACTTTACCCTGAGCCACAC
Lmanft: 5'primer: GGTGCAGACAGTGTTGTTCGTTGG
3'primer: GTGCTGTGACACTTCTAGGATAAATGC
Irgt: 5’primer: CAATATCTAAACGAGTTGCACTGG

3'primer: GTGTATTTCATAGGGGTACAGTC
The PCR reactions were performed using Titanium Tag DNA polymerase
(CLONTECH, Palo Alto, CA, USA) according to the instructions of the man-
ufacturer.

'R Development Core Team (2006). R: A language and environment for
statistical computing. R Foundation for Statistical
Computing, Vienna, Austria. ISBN 3-900051-07-0, URL
http://www.R-project.org.
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siRNA experiments

For siRNA experiments, the C57BL/6-derived MEF cell line MEF-BL/6-1
(ATCC SCRC-1008), NIH3T3 cells (ATCC CRL1658) and VERO cells (ATCC
CCL81) were used. Cells were cultured in Dulbecco’s modified Eagle
medium supplemented with 10% newborn calf serum, penicillin (100U/ml),
streptomycin (100pg/ml) and 1% L-glutamine. Cells were plated in 24-well
plates, and after overnight culture, transfected with 50 pmoles of the appro-
priate siRNAs. siRNAs directed against murine sybl1 (synaptobrevin like 1;
NM_011515) and siRNA libraries as negative control were designed and
purchased from EUROGENTEC (EUROGENTEC, Seraing, Belgium) and
transfected using jetSI-ENDO (EUROGENTEC) as recommended by the
manufacturer. The sequences of the siRNAs directed against murine sybl1
are as follows: siRNA1: 5’-CCACUAUCCUUGCCAAACA99-3’ and siRNA2:
5’-GCAUCACUCUGAGAAUAAG99-3'. The siRNAs directed against murine
Lman1 (also called ERGIC53; NM_027400) were purchased from Qiagen
(Qiagen, Hilden, Germany) (SiRNAQ12: HP GenomWide siRNA 1027400;
Mm_Lman1_2_HP siRNA and siRNAQ14: Mm_Lman1_-4_HP siRNA) and
transfected using HiPerfect transfection reagent (Qiagen) as recommended
by the manufacturer. 24 hrs after transfection, cells were infected with MHV-
68 or HSV-1 at an MOI of 1, unless otherwise indicated. After 60 min. at
37°C, the inoculum was removed and fresh medium was added. Cells and
supernatants were harvested 48 hrs after infection, unless otherwise indi-
cated, and virus titres were determined by plaque assay after two rounds of
freezing and thawing. To determine whether transfection with siRNAs might
have any effect on cell proliferation or viability, cell numbers and viability
were determined either using trypan blue or 3-(4,5-Dimethylthiazol-2-yl)-2,
5-diphenyltetrazotiumbromide (MTT) after harvesting the cells from parallel
cultures. To demonstrate the ability of the siRNAs to inhibit the expression
of the target genes, total RNA from parallel cultures was isolated and
analysed by RT-PCR as described above.

Treatment of infected cells with ONO-RS-082

NIH3T3 cells in 6-well plates were pre-incubated at 4°C for 30 min. and
infected with MHV-68 at an MOI of 0.1. After an incubation period of 60 min.
at 4°C to allow virus adsorption, inocula were removed and the temperature
was shifted to 37°C in the presence or absence of 50 M of the phospholi-
pase A2 (PLA2) inhibitor 2-(p-amylcinnamoyl)amino-4-chlorobenzoic acid
(ONO-RS-082) (Biomol, Hamburg, Germany), dissolved in ethanol. Viral
titres were determined after 48 hrs by plaque assay on BHK-21 cells.

Results

Global changes of gene transcription profiles
in different cell types

For a comprehensive analysis of the changes in the steady state
levels of the cellular transcription program during lytic MHV-68
replication, we performed a microarray screen. Three cell types,
Ana-1 macrophages (ANA), embryonic endothelial progenitor
cells (eEPCs, also labelled ENDQ) and primary MEF, all derived
from the C57BL/6 (BL/6) background, were studied. In addition,
MEF cells derived from the Balb/c background were used. In all
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infection experiments, the same time-point (48 hrs) was chosen,
and for each condition, three biological replicates were analysed,
resulting in 24 microarrays altogether. The time-point 48 hrs after
infection was chosen since studies with KSHV during later time
points of lytic infection are difficult due to the lack of cell culture
systems that support KSHV replication. In contrast, MHV-68 effi-
ciently replicates in various tissue culture cells and thus allowed
us to analyse pathways most dramatically modulated when lytic
replication is fully ongoing. This should reflect how cellular genes
are regulated to aid production of virus particles. We used
Affymetrix murine MG-U74Av2 oligonucleotide arrays, measuring
12,488 transcripts.

In a first quality screen of the pre-processed data, unusually
high-scaling factors for the microarrays derived from RNA sam-
ples from MEF cells infected with virus were observed, which
pointed to a lower median intensity for these arrays. As shown in
Figure 1A, the average present calls from three microarrays per cell
type and condition for all cell types was higher than 40%, except
for infected MEF cells were the average present call percentage
was 30.7 (+ 4.5). This indicated a general shut down of the host
RNA transcription, frequently seen after viral infection of mam-
malian cells [23-25], that would make the application of standard
global normalization procedures of microarray data obsolete.
Therefore, we normalized the MEF-derived data to spike-in control
RNAs, which are routinely added to the cRNA after the labelling
process (see Materials and methods). A box plot analysis of
expression values normalized to spike-in controls indeed revealed
a global down-regulation of cellular transcription at 48 hrs after
infection with MHV-68 (Fig. 1B). Only the virus-infected MEF sam-
ples showed a dramatically decreased median signal compared to
the mock samples. This effect of overall decrease in signal inten-
sity was even more pronounced in MEF cells derived from the
Balb/c background (data not shown).

We found that MHV-68 infection up-regulated 231 transcripts
and down-regulated 965 probe sets. In order to define a core
response to MHV-68 infection, we compared the genes from the
three cell types for up- and down-regulated transcripts. In
Figure 1C, the distribution and the overlap of concordant induction
is summarized in a Venn diagram. The cell types did not react to
the same extent to the viral infection. Endothelial progenitor cells
showed the greatest change in gene induction with 156 probe
sets. Ana-1 macrophages gene expression was with 82 probe sets
intermediate, while the embryonal fibroblast cells showed the
weakest induction in this set with just 26 probe sets. Despite dif-
ferences in the amount of up-regulation, there was an overlap
between cell types with regard to the genes found up-regulated
(overlap of ANA/ENDO 28%, ANA/MEF 9.8%, MEF/ANA 30.8%,
MEF/ENDO 15.4%, ENDO/ANA 14.7% and ENDO/MEF 2.6%). Two
genes were induced in all three cell types: Lectin, mannose bind-
ing 1 (Lman1, probe set 161622_f_at) and synaptobrevin like 1
(sybl1, probe set 162113_r_at), both assigned to be involved in
intracellular protein trafficking. The up-regulation of Lman1 was
122.5, 16.1 and 4.2-fold in fibroblasts, endothelial precursor cells
and macrophages, respectively. The corresponding changes of
sybl1 were 13.1, 7.8 and 5.0-fold. It has to be mentioned that the
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probe set we refer to Lman1 is not automatically annotated, since
just five out of the nine oligos representing this probe set matches
to the 3" UTR of the transcript as deposited in the ENSEMBL data-
base (http://www.ensembl.org/-Mus_musculus/index.html). A
second probe set (160270_at), which is matching 100% to the 3”
UTR of Lman1, was not induced in the three cell types.
Nevertheless, Lman1 induction could be confirmed by an inde-
pendent RT-PCR as described later. By looking at the distribution
of the 965 down-regulated transcripts (Fig. 1D), the remarkable
repression of mRNA transcription in MEF cells after virus infection
that was already assumed by the drop in present calls, with 905
probe sets down-regulated, could be confirmed. ANA and ENDO
cells down-regulated only 45 and 20 probe sets, respectively. With
regard to down-regulation, the overlap of the gene lists was
much weaker than seen before for up-regulated transcripts. ANA
and MEF cells share two (two times lymphocyte specific 1,
LSP1), MEF and ENDO cells just one (coagulation factor IlI, F3)
and ENDO and ANA cells two probe sets (Zinc finger protein of
the cerebellum 2, Zic2 and Necdin, Ndn). Interestingly, Ndn was
also down-regulated in MEF cells (15.1-fold), however, it did not
pass the significance threshold.

In Figure 1E, a hierarchical cluster of the 231 up-regulated
probe sets, based on the fold-changes, is depicted. The homology
plot reveals a stronger similarity between ENDO and ANA cells,
compared to MEF cells, because most transcripts induced upon
infection in ENDO and ANA cells appear to be strongly down-reg-
ulated in MEF cells due to the general decrease in median signal
levels in MEF cells compared to the mock samples. However,
despite the overall similarity, a number of gene clusters were iden-
tified in ANA and ENDO cells, which were regulated in a cell type-
specific manner.

Cell type specific activation programs

For a thorough analysis of possible functional relationships
among the induced sequences, the list of 231 transcripts was sub-
jected to a term analysis with the EASE program to detect overrep-
resentation of distinct gene classification units (e.g. GO terms)
hidden in the list. Nearly all significantly overrepresented gene cat-
egories were functionally connected to the immune response. On
the contrary, gene categories like apoptosis, cell cycle arrest or
transcriptional repression were not represented. A subsequent
similar analysis for each individual cell type did not yield any cell
type specific categories. Depicted in Table 1A is a selection of
overrepresented categories with their probabilities (P-values).
Genes from the GO category defense respone were induced with
high significance (P-value = 7*10"13), including the more specific
sub-categories MHC I and Interferon induction.

With the help of the gene category annotation derived from the
EASE output, we manually assigned up-regulated transcripts to
the functional classes as shown in Table 1B. In this manner, a
number of previously unrecognized cell type specific differences
in gene expression became apparent. For example, MHC class |
expression in response to virus infection was induced in both
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Fig. 1 Overview of the general changes
in expression values upon murine
gammaherpesvirus 68 (MHV-68) infec-
tion. (A) Barplot showing the mean per-
centage of Affymetrix present calls for
the three arrays of one condition,
respectively. The present call is an indi-
cation for the reliability of detection of a
probe set. Standard deviation is shown
based on three array replicates. (B)
Boxplots representing the normalized
log2 expression values of all 12,488
transcripts present on the arrays, aver-
aged per condition, for the three BL/6-
derived cells, mock and MHV-68
infected, respectively. (C) Venn diagram
describing the partitioning and overlap
' of the 231 significantly up-regulated
probe sets among the three cellular sys-
tems. (D) Diagram as in C for the 965
significantly down-regulated probe sets.
(E) Hierarchical Clustering of the aver-
age fold-changes induced by the viral
infection. The 231 transcripts clustered
are significantly different in at least one
cell type with a fold-change >2 com-
pared to the respective mock-treated
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45 prebe sets

\ MEF
1905 probe sets

/ cells. Red colour indicates up-regula-

// tion, green colour down-regulation after

z _— virus infection.  ANA,  Ana-1

. . macrophages; ENDO, embryonic

i i i i endothelial progenitor cells or eEPCs;

231 genes . Lo
MEF, primary mouse embryonic fibrob-
ENDO lasts; all cell types are of BL/6 genetic
background.

ANA
MEF

ENDO and ANA cells, whereas antigen processing molecules, like
the proteosome subunit, 8 type 9 or the TAP-binding protein were
solely induced in ENDO cells. MEF cells did not show any induc-
tion of genes associated with antigen presentation.

Chemokines as a group were induced in all cases, but there
was little overlap of individual members among the three cell
types. In brief, Ccl2 (MCP1) and Ccl7 (MCP3), both capable to
chemoattract macrophages, were induced only in ANA cells
and the only chemokine induced in ENDO cells was Cxcl14
(Mip2g). Ccl4 (Mip1b), Ccl5 (Rantes) and Cxcl2 (Mip2a) were
all found induced in MEF and ANA cells. Interleukin 1 « and B

1978

and tumour necrosis factor o are highly induced solely in
infected MEF cells. This might reflect the immune modulatory
function of fibroblasts in the infection process. Interestingly, no
cytokine was found to be induced in either ANA macrophages
or endothelial cells.

Examining genes related to innate immunity, it is surprising
that four out of 26 probe sets were induced in MEF cells (15%),
namely Csf2rb, Fpr-rs2, Fpr1 and Procr, to a high extent. The
induction of interferon-associated genes was, with 10 genes,
highest in ENDO cells. It should be mentioned that no induction of
interferon itself was detected in this screen.
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Table 1 Functional analysis of the 231 significantly up-regulated transcripts upon MHV-68 infection. (A) Analysis of overrepresentation of gene
categories for induced transcripts. Gene categories were assigned to the list of 231 up-regulated genes with the program EASE. The probability of
seeing the number of ‘List Hits’ in the ‘List Total’, given the frequency of ‘Population Hits’ in the ‘Population Total’, is calculated by the Fisher exact
probability and the P-values are shown in the last column. (B) Selected genes were manually assigned to functional biological categories. For each
of the three cell lines, the average fold-change (FC) is shown.

A
System Gene category List hits  Listtotal Population  Population Probability
hits total
GO Biological process Defense response 45 168 629 7516 710713
GO Biological process Innate immune response 17 168 146 7516 2%10708
GO Biological process Chemotaxis 13 168 95 7516 2+1007
SwissProt keywordinte Interferon induction 7 130 27 5351 31006
GO Molecular function Chemokine receptor binding activity 7 170 30 7550 3*1070
GO Molecular function Cytokine activity 15 170 177 7550 1*1070°
SwissProt keywordinte MHC | 4 130 10 5351 6*10%°
GO Molecular function Antiviral response protein activity 5 170 24 7550 1*10°04
B
Classification Probe set Gene Gene title MEF ANA ENDO FC
symbol FC FC
Antigen 9754 _f_at H2-D1 Histocompatability 2, D region locus 1 2.1 1.1 2.1
presentation 99378_f_at H2-D1 Histocompatability 2, Q region locus 1 -1.4 1.3 2.0
98472_at H2-T23 Histocompatability 2, T region locus 23 -1.3 24 -1.1
99379_f_at L0C676689 Similar to H-2 class | histocompatability antigen. -1.6 1.3 2.1
L-D « chain precursor
93085_at Psmb9 Proteosome (prosome, macropain) 1.0 1.1 2.4
subunit, B type 9
100154_at Tapbp TAP binding protein -1.9 1.4 3.1
Chemokines 102736_at Ccl2 Chemokine (C-C motif ) ligand 2 -6.0 3.8 -1.0
94146_at Ccl4 Chemokine (C-C motif ) ligand 4 7.7 3.0 1.2
94761 _at Cel7 Chemokine (C-C motif ) ligand 7 -24.7 4.8 -1.1
96953_at Cxcl14 Chemokine (C-X-C motif ) ligand 14 1.7 1.1 3.7
101160 at Cxcl2 Chemokine (C-X-C motif ) ligand 2 2.2 2.9 1.1
Cytokine and other 98240_at 1112rb1 Interleukin 12 receptor, B 1 -1.6 2.7 2.4
::J“rs'“""e modula- o755 at IMa Intrleukin 1 o 10.3 1.0 1.0
103486_at l11b Interleukin 1 8 11.3 1.6 1.5
93871_at I11m Interleukin, receptor antagonist -1.1 3.1 1.6
102629_at Tnf Tumour necrosis factor 5.1 1.2 -1.0
Innate immunity  98088_at Cd14 CD14 antigen 1.6 2.7 5.5
94747 _at Csforb1 Colony stimulating factor 2 receptor g 1 71 14 11
101800_at Fpr-rs2 Formyl peptid receptor, related sequence 2 7.2 1.0 -1.2
99387_at Fpri Formyl peptide receptor 1 3.1 1.0 11
95585_at Proc Protein C -1.5 2.2 1.6
98018_at procr Protein C receptor, endothelial 3.4 2.2 -1.1
© 2007 The Authors 1979
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Table 1 Continued.

Classification Probe set Gene Gene title MEF ANA ENDO FC
symbol FC FC
Interferon associ- 98406_at Ccl5 Chemokine (C-C motif ) ligand 5 3.6 6.7 -1.0
ated 98822_at Isg15 ISG15 ubiquitin-like modifier -4.1 1.7 6.6
98466_r_at 1fi204 Interferon activated gene 204 -2.9 3.1 1.1
100013_at Ifi35 Interferon-induced protein 35 -2.6 1.7 3.8
100981_at Ifit1 Interferon-induced protein with -6.0 1.2 7.9
tetratricopeptide repeats 1
93956-at Ifit3 Interferon-induced protein with -2.5 1.3 3.8
tetratricopeptide repeats 3
160253_at [fitm3 Interferon induced transmembrane -1.9 1.6 &3
protein 3
161699_i_at [rf6 Interferon regulatory factor 6 1.0 11 2.2
104669_at Irf7 Interferon regulatory factor 7 1.2 6.9 1.5
97409-at [rgm immunity-related GTpase family, M -6.1 2.0 2.7
103432_at Isg20 Interferon-stimulated protein -4.1 =140 6.0
102717 _at Oas1g 2'5' oligoadenylate synthetase 1G -1.4 2.3 3.9
101465_at Stat1 single transducer and activator of -3.9 1.4 2.4
transcription 1
Scavenger receptor 97507_at Lgals3bp Lectin, galactoside-binding, soluble, 3 binding pro- 2.2 2.4 2.1
activity tein
102974_at Marco macrophage receptor with collagenous structure 6.2 11 -1.1

Transcriptome comparison between BL/6 and
Balb/c derived MEF cells after infection

To search for possible genotype-specific patterns of gene expres-
sion changes after MHV-68 infection, we compared the response
of BL/6- and Balb/c-derived embryonic fibroblasts (MEF). Similar
to the BL/6 results, there was only a weak general induction of
transcription in Balb/c MEFs. As shown in Figure 2A, 16 probe
sets were induced, with a reasonable overlap of five transcripts
that were also induced in BL/6 cells. Of note, Lman1 and Sybl1,
which were found as part of the core response in all three cell
types of BL/6 background, were also induced in Balb/c MEF. The
remaining three probe sets induced in both MEF cell types could
not be assigned to any known gene. One annotated transcript,
which showed concordant induction in both cell types, although
not significant for the BL/6 background, was the major intrinsic
protein of eye lens fibre (Mip).

Strikingly, none of the chemokines, cytokines and genes asso-
ciated with innate immune function, which were induced in the
BL/6 cells, was up-regulated in Balb/c MEF cells, suggesting that
the genetic background might play a fundamental role in fibrob-
last-associated immune response.

1980

MEF cells from the BL/6 background showed a remarkable shut-
down of transcription (905 transcripts), a process even more pro-
nounced in MEFs from Balb/c mice (2319 probe sets repressed).
535 probe sets were repressed in both cell types indicating that the
type of gene down-regulation is not incidental (Fig 2B).

Validation of microarray data by RT-PCR analysis

To verify the microarray data, we performed RT-PCR analysis on a
subset of representative genes. The RT-PCR analysis indicated
a pattern of up- or down-regulation of transcription which corre-
lated well with the microarray data (Fig. 3).

Down-regulation of both Lman1 or sybl1 by siRNA
reduces virus productivity

Because Lman1 and sybl1 were significantly up-regulated after
infection in all three cell types, we tested whether up-regulation of
these proteins is important for Iytic virus replication. Lman1 and
sybl1, respectively, were down-regulated by siRNA technology. We
first showed that selected gene-specific siRNAs blocked efficiently
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Fig. 2 Common and unique changes in gene expression comparing BL/6 and Balb/c-derived MEF cells. (A) Venn diagram and heat map showing the
36 transcripts that are significantly up-regulated in either BL/6 or Balb/c MEF cells. The heat map is based on fold-changes. Red colour indicates up-
regulation, green colour down-regulation after MHV-68 infection. (B) Venn diagram of the 2698 transcripts that are significantly down-regulated in

MEF cells.

the expression of the respective target genes (Fig. 4A). Next, we
analysed the effect of two different siRNAs directed against sybl1
on MHV-68 lytic replication in MEF cells. As shown in Figure 4B,
down-regulation of sybl1 by two different siRNAs resulted in a sig-
nificant reduction in virus yield 48 hrs after infection. Unrelated
effects of siRNAs on cell numbers or viability could be excluded by
either trypan blue exclusion test or MTT assay (data not shown).
To exclude interferon induced by the siRNA transfection as the
mediator of the effect, we performed the same experiments in
NIH3T3 cells, which are hyporesponsive to interferon [26-28]. As
in MEF cells, down-regulation of sybl1 by two different SiRNAs
resulted in a significant reduction in virus yields (Fig. 4C).
Consistent with these results, we failed to detect the induction of
interferon (IFN-B) after siRNA transfection of NIH3T3 cells both at
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the level of transcription, as analysed by RT-PCR, and at the pro-
tein level, as analysed by ELISA in supernatants of transfected
cells (data not shown). Similar to the results with sybl1, we were
able to demonstrate a significant reduction in virus yield using two
different siRNAs directed against Lman1 (Fig. 4D). To further rule
out that the drop in virus yields is due to interferon effects, we per-
formed an experiment in Vero cells, which have a defect in the
interferon system [29, 30]. One of the siRNAs directed against
murine sybl1 was predicted by computer analysis to target the
monkey sybl1 sequence. Using RT-PCR, we could indeed demon-
strate the ability of this siRNA to inhibit the expression of sybl1 in
Vero cells (data not shown). Consistent with the results in the
other cell lines, down-regulation of sybl1 in Vero cells resulted in
a significant reduction in MHV-68 virus yield (Fig. 4E). Finally, we
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Fig. 3 Validation of microarray data
by RT-PCR. Total RNA derived from
infected or non-infected cells was
reverse-transcribed, and the resulting
cDNA was amplified using gene-spe-
cific primers. RT-PCR products were
separated by electrophoresis in 2%
agarose gels and visualized by ethid-
ium bromide staining. Upward- and
downward-pointing arrows indicate
up- and down-regulation, whereas ‘=’
indicates that the expression was
unchanged. In all cases, RT-PCRs
were consistent with the microarray
data. ANA, Ana-1 macrophages;
ENDO, embryonic endothelial progen-
itor cells or eEPCs; MEF, primary
mouse embryonic fibroblasts
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Fig. 4 Effect of SiRNA-mediated gene silencing on MHV-68 yield. NIH3T3 cells (A, C, D, F and G), MEF cells (B) and Vero cells (E) were transfected with
50 pmoles of the indicated siRNAs. 24 hrs (A-E) or 72 hrs (F and G) after transfection, cells were infected with MHV-68 with an MOI of 1 (A-F) or 0.1
(G). After 60 min. at 37°C, the inoculum was removed and fresh medium was added. Cells and supernatants were either harvested 48 hrs (A-E) or 72
hrs (F and G) after infection, and RNA was isolated and analysed by RT-PCR (A). Virus titres were determined by plaque assay (B—G). In panel A, down-
regulation of synaptobrevin-like 1 (sybl1) by siRNA1 directed against sybl1 is shown on the left, and down-regulation of Lman1 by siRNAQ12 directed
against Lman1 is shown on the right. Different concentrations of cDNA template, as indicated on top of each panel, were amplified by PCR with primer
pairs specific for sybl1 and Lman1, respectively. A primer set for the housekeeping gene GAPDH was used in parallel for PCR amplification as a
control. In panels B—G titres are expressed as percentages of the virus yield, where 100% represents the titre of virus grown in wells transfected with
control siRNA. In panels B-G, values are means = SD from three independent experiments. The asterisks indicate a statistically significant difference
with P<0.003 (Student’s t-test). In panels F and G, data from single experiments are shown.

tested the siRNA1 effect at a later time point. For this purpose,
NIH3T3 cells were transfected with siRNA1, infected 72 hrs after
transfection with either an MOI of 1 (Fig. 4F) or 0.1 (Fig. 4G), and
virus titres were determined 72 hrs after infection. In this experi-
ment, down-regulation of sybl1 by siRNA treatment resulted in a
strong (99.75% and 96%, respectively) reduction in MHV-68 virus
yield (Fig. 4F and G).

Inhibition of the retrograde transport of Lman1
results in a significant reduction in virus production

To confirm the important role of Lman1 in the process of viral
infection, we blocked Lman1 activity with an alternative method
using a phospholipase A2 (PLA2) antagonist. PLA2 enzymes are
involved in regulating membrane trafficking events, and thus,
PLA2 antagonists can be used to inhibit constitutive retrograde
membrane traffic to the endoplasmic reticulum [31]. Since Lman1
is a transmembrane lectin, which cycles constitutively between the
ER, ERGIC and cis-Golgi elements, it can be inhibited by PLA2
antagonists [31]. For our experiments, we selected the well-
described PLA2 inhibitor 2-(p-amylcinnamoyl)amino-4-chloroben-
zoic acid (ONO-RS-082) [31]. Inhibition of Lman1 by treatment
with ONO-RS-082 resulted in a significant reduction in virus yield
(Fig. 5). Again, this reduction was not due to effects of ONO-RS-
082 on cell numbers or viability, which were similar in all samples
(data not shown). Thus, pharmacological evidence further sup-
ports the notion that inhibition of retrograde membrane traffic
results in reduced virus production.

The replication of herpes simplex
virus 1 (HSV-1) in Vero cells is inhibited by
siRNA- down-regulation of sybl1

Finally, we tested whether our findings are restricted to MHV-68,
or if they may be also relevant for other herpesviruses. As
mentioned above, studies on the productive replication of the
human gammaherpesviruses EBV and KSHV are hampered by
the lack of cell culture systems which support productive repli-

1984

cation. The human alphaherpesvirus HSV-1 replicates, like MHV-
68, efficiently in various tissue cultured cells, including Vero
cells. Since the siRNA directed against sybl1 was active in Vero
cells this provided us with the possibility to analyse the effect on
the replication of HSV-1. As for MHV-68, down-regulation of
sybl1 resulted in a significant reduction in virus vyield also for
HSV-1 (Fig. 6).

Discussion

Microarrays are widely used to determine the complex transcrip-
tional programs of larger viruses and for global monitoring of
host cell transcriptional changes in response to virus infection or
expression of viral proteins [32—-47]. Transcriptional changes in
virally infected cells can be either the result of anti-viral, pro-viral
or bystander host responses [48]. In contrast to antiviral
response pathways of the host, other host pathways might be
beneficial or even essential for viral replication. Inhibition of these
pathways may lead to the discovery of novel anti-viral drugs [48].
For example, cyclooxygenase-2 was identified in microarray
experiments as a host gene induced by human cytomegalovirus
infection [49]. Specific inhibition of cyclooxygenase-2 leads to a
significant decrease in virus titers [50]. Similar results were also
reported for MHV-68 infection [51]. For KSHV, up-regulation of
the proto-oncogene c-kit was identified by gene expression pro-
filing and shown to be essential for the transformation of
endothelial cells [36]. Concomitantly, inhibition of c-kit activity
could reverse the KSHV-induced morphological transformation of
endothelial cells [44].

In this study, we infected three different cell types (fibroblasts,
endothelial precursor cells and macrophages) with MHV-68 and
surveyed the host cell response for changes, either common to all,
or unique to a particular cell type using oligonucleotide microar-
rays covering 12,488 probe sets. A similar approach, analysing
the modulation of host cell gene expression early during infection,
has been described for KSHV [33]. In that study, modulation of
host cell gene expression was analysed by oligonucleotide arrays
immediately (2 and 4 hrs) after infection of endothelial, fibroblast
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Fig. 5 Effect of pharmacological phospholipase A2 (PLA2) inhibition on
MHV-68 yield. NIH3T3 cells in 6-well plates were pre-incubated at 4°C
for 30 min. and infected with MHV-68 at an multiplicity of infection
(MOI) of 0.1. After the incubation period of 60 min. at 4°C to allow virus
adsorption, inocula were removed and temperature was shifted to 37°C
in the presence or absence of 50 yM of the phospholipase A2 (PLA2)
inhibitor 2-(p-amylcinnamoyl)amino-4-chlorobenzoic acid (ONO-RS-
082), dissolved in ethanol. Viral titers were determined after
48 hrs by plaque assay on BHK-21 cells. Values are means — SD from
three independent experiments. The asterisk indicates a statistically sig-
nificant difference with P = 0.0000011 (Student’s t-test).

and B cells. Among the genes found to be differentially expressed,
33 were shared by all three cell types [33]. Studies with KSHV dur-
ing later time points of Iytic infection are difficult due to the lack of
cell culture systems that support KSHV replication. In contrast,
MHV-68 efficiently replicates in various tissue culture cells. Thus,
we were able to analyse the host cell response of different cell
types during lytic replication of a gammaherpesvirus. We found
that MHV-68 infection induced 231 transcripts and repressed 965
probe sets. The remarkable repression of mRNA transcription in
MEF cells is consistent with the profound shutoff of host gene
expression during the KSHV lytic cycle, induced by superinfection
of latently infected endothelial cells with an adenovirus encoding
the lytic switch protein replication and transcriptional activator
(RTA) [24, 52], and also consistent with the reduced expression of
cellular transcripts after infection of murine epithelial cells with
MHV-68 [35].

To detect genotype specific patterns, Balb/c-derived MEF cells
were compared with BL/6-derived MEF cells. In both cases, we
observed a weak induction of transcription and a general transcrip-
tional shutdown, which was more pronounced in Balb/c MEF cells.
There was a substantial overlap of probe sets showing down-
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Fig. 6 Effect of SIRNA on herpes simplex virus 1 (HSV-1). Vero cells
were transfected with 50 pmoles of siRNA1 directed against sybl1. 24
hrs after transfection, cells were infected with HSV-1 at an MOI of 1.
After 60 min. at 37°C, the inoculum was removed and fresh medium
was added. Cells and supernatants were harvested 48 hrs after infec-
tion, and virus titres were determined by plaque assay. Titres are
expressed as percentages of the virus yield, where 100% represents
the titre of virus grown in wells transfected with control siRNA. Values
are means = SD from three independent experiments. The asterisk
indicates a statistically significant difference with P=0.0007 (Student’s
t-test).

regulation between Balb/c and BL/6 MEFs, suggesting that the pat-
tern of suppressed genes is not random. It is noteworthy that none
of the chemokines, cytokines and genes associated with innate
immune function induced in the BL/6 background was induced in
Balb/c MEF cells. This suggests that, besides the well-recognized
differences in the response of immune system cells between BL/6
and Balb/c [53], there is also an important role of the genetic back-
ground in the fibroblast-associated immune response. However, it
should be noted that MEF cells are not pure fibroblast cultures and
can be contaminated by small percentages of other cell types.
Therefore, the findings with regard to differences in the innate
response need to be corroborated in future studies.

In our study, the transcription of only two genes, Lman1 (also
known as ERGIC-53) and sybl1, was found to be modulated in all
three cell types, indicating that they might be critical for the virus
life cycle independently of the cell type. Both proteins are impli-
cated in cellular exocytosis, transporting glycoproteins through
the secretory pathway. Lack of functional ERGIC-53 leads to a
selective defect in secretion of glycoproteins and to haemophilia
[54-57]. Sybl1 encodes a member of the synaptobrevin family of
proteins involved in exocytosis and membrane transport [58, 59].

1985

Journal compilation © 2007 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd



To test whether these two proteins are required for transport of
viral proteins, and thus virus production, we used siRNA technology
to knockdown the expression of either gene. Inhibition of either
ERGIC-53 or sybl1 resulted in a significant reduction in the yield of
MHV-68. In addition, inhibition of sybl1 resulted in a significant reduc-
tion in the yield of the human alphaherpesvirus HSV-1. Importantly, in
VERO cells which have a defect in the interferon system [29, 30], the
same effect was seen, arguing against interferon effects which can be
induced by siRNAs under certain conditions [60].

Recently, siRNAs targeted against viral or host cell genes have
been used to inhibit a variety of viruses both in vitro and in vivo
[61-65]. Using siRNAs directed against the host cell genes sybl1
or ERGIC-53, we were now able to decrease virus production up
to 10-fold, in one experiment even up to 400-fold. The extent of
inhibition (approx. 10-fold) is in a range comparable to reports on
pharmacological inhibitors or siRNAs directed against host cell
genes. For example, a 10-fold reduction of poliovirus titres was
observed in human cells transfected with siRNA against the ribo-
somal protein S6 (RpS6) [66]. Treatment of cells with siRNAs
against a host cell kinase caused a nearly 10-fold decrease in pro-
duction of West Nile virus [48]. Pharmacological treatment of cells
with the cyclooxygenase-2 inhibitor NS-398 resulted in an inhibi-
tion of MHV-68 production of about 50% [51], comparable to the
approx. 80% of inhibition in our experiments using the PLA2
inhibitor ONO-RS-082.

It was not surprising that the siRNA-based approach resulted in
only modest inhibition of virus production since the achieved knock-
down of gene expression was far from complete and, in particular,
since the targeted proteins have a very long half-life, which is in
case of ERGIC-53 of several days [67]. Nevertheless, we think that
the relevance of our results is not to suggest the use of siRNAs for
inhibition of sybl1 or ERGIC-53 but is the validation that these and
possibly other proteins of the secretory pathway are important for
virus replication. This deserves further studies on the mechanisms
which should lead to potential targets for antiviral therapy.

Our study was designed to investigate lytic replication of MHV-
68 as a model for a gammaherpesvirus, and thus the question
remains how this relates to KSHV. It is believed that products of
Iytic infection may act in a paracrine fashion to promote KS
tumourigenesis [68], and that chronic Iytic infection is required for
KS tumourigenesis since interruption of lytic replication by ganci-
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clovir appears to prevent KS development [69]. Thus, it is likely
that interfering with lytic replication may attenuate infection.
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secretory pathway has an antiviral potential. Herpesviruses require
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membrane glycoproteins during the course of virus assembly, and
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more subtle approach where virus production can be inhibited with-
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tion state [48]. Even if inhibition of virus replication by targeting
specific host cell pathways would not be complete, it may be thera-
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compounds, which target other steps in the viral life cycle [50].
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