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Although recombinants based on the attenuated poxvirus vectors MVA and NYVAC are currently in clinical
trials, the nature of the genes triggered by these vectors in antigen-presenting cells is poorly characterized.
Using microarray technology and various analysis conditions, we compared specific changes in gene expression
profiling following MVA and NYVAC infection of immature human monocyte-derived dendritic cells (MDDC).
Microarray analysis was performed at 6 h postinfection, since these viruses induced extensive cytopathic
effects, rRNA breakdown, and apoptosis at late times postinfection. MVA- and NYVAC-infected MDDC shared
upregulation of 195 genes compared to uninfected cells: MVA specifically upregulated 359 genes, and NYVAC
upregulated 165 genes. Microarray comparison of NYVAC and MVA infection revealed 544 genes with distinct
expression patterns after poxvirus infection and 283 genes specifically upregulated after MVA infection. Both
vectors upregulated genes for cytokines, cytokine receptors, chemokines, chemokine receptors, and molecules
involved in antigen uptake and processing, including major histocompatibility complex genes. mRNA levels for
interleukin 123 (IL-12f3), beta interferon, and tumor necrosis factor alpha were higher after MVA infection
than after NYVAC infection. The expression profiles of transcription factors such as NF-kB/Rel and STAT were
regulated similarly by both viruses; in contrast, OASL, MDAS, and IRIG-I expression increased only during
MVA infection. Type I interferon, IL-6, and Toll-like receptor pathways were specifically induced after MVA
infection. Following MVA or NYVAC infection in MDDC, we found similarities as well as differences between
these virus strains in the expression of cellular genes with immunological function, which should have an
impact when these vectors are used as recombinant vaccines.

Attenuated strains of vaccinia virus (VACV), MVA and
NYVAC, are currently being tested as vaccine vectors (8, 35,
49, 77). NYVAC is a derivative of VACV strain Copenhagen,
from which 18 open reading frames were specifically deleted
from the parental viral genome; genes involved in host range,
virulence, and pathogenesis were thus lost (75). NYVAC-de-
rived vectors are able to express antigens from a broad range
of species (75). A number of examples using NYVAC as a
delivery system for recombinant vaccines to pathogens and
tumors have been reported (22, 39, 52, 71). Phase I/II clinical
trials using NYVAC against human immunodeficiency virus
(HIV) type 1 and pathogens are currently under way and
showed immunogenicity and a good safety profile (55). MVA
was generated after more than 500 passages in chicken embryo
fibroblasts and has lost approximately 15% of the parental viral
genome (5, 48); the structural genes remained unaltered, but
genes involved in immune evasion factors and host range (5,
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48, 78) have been deleted or fragmented. In mammals, MVA
recombinants induce protective immunity against a wide spec-
trum of pathogens (49, 66). Differences in the degree and
magnitude of the immune response to HIV proteins have been
observed between MVA and NYVAC vectors (24). Phase I/I
clinical trials with MVA-based recombinants have been per-
formed or are under way for HIV type 1, malaria, and tumors
(13, 18, 23, 33). MVA is also a potentially safe candidate for a
vaccine against smallpox should this virus reemerge as a bio-
terrorism weapon (10).

While there is major interest in the use of MVA and
NYVAC as vectors for antigen delivery and as vaccines for
pathogens and tumors, little is known of the impact of these
vectors on host genome expression by antigen-presenting cells
(APC). Whereas other viruses productively infect dendritic
cells (DC), including cytomegalovirus, varicella zoster virus,
and measles virus (1, 26, 59), several studies indicate that
poxviruses do not produce an infectious cycle in DC (20, 21, 38,
40), while Langerhans cells allow VACV replication (19). Re-
cent findings show that MVA infection of human DC inter-
rupts cell maturation and leads to apoptosis associated with a
decrease in Bcl-2 and Bcl-X, levels late in infection in a virus
multiplicity-dependent manner (15). Both MVA and NYVAC
are potent in vivo activators of T-cell-specific immune re-
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sponses to recombinant antigens, indicating efficient antigen
delivery in APC and the activation of immune T cells, possibly
due to virus infection of activated DC (80).

DC, the best-known group of APC, are bone marrow-de-
rived leukocytes. They act as sentinels of the immune system
and are present in an immature state in almost all peripheral
tissues, where they can induce specific T-cell-mediated im-
mune responses (6). Maturation is induced by the contact of
immature DC with various products of infectious agents (4,
14). During maturation, DC lose their ability to take up anti-
gens and migrate from the sites of antigen accumulation to the
areas of antigen presentation, primarily the T-cell zones of
secondary lymphoid organs (6, 58). Due to the essential role of
DC in immune response development, we characterized the
impact of two vaccine poxvirus vectors, MVA and NYVAC, on
the gene expression profile of human monocyte-derived den-
dritic cells (MDDC) infected for a relatively brief period (6 h
postinfection [hpi]). This infection time was chosen to identify
upregulated genes, since rRNA breakdown effects at this time
are minimal compared to those at late times postinfection,
when rRNA breakdown and apoptosis are found in infected
MDDC (15). DNA microarray technology allows monitoring
of the expression of several thousand individual genes (32) and
has been used to identify the genomic expression profiles of
human HeLa cells in response to infection by both virulent
VACYV (WR strain) as well as attenuated MVA and NYVAC
(28-30) and other VACYV strains (43, 46).

In this investigation, we have defined the characteristics of
MVA and NYVAC infection of MDDC in culture and show
that MVA infection upregulates a larger number of genes
encoding immunomodulatory molecules than NYVAC, with
higher expression levels. We demonstrated a distinct regula-
tion of host genes by the poxvirus vectors in infected MDDC
under three microarray conditions, comparing MVA- or
NYVAC-infected with uninfected cells, MVA-infected with
NYVAC-infected cells, and MVA/NYVAC-infected HeLa
cells with MVA/NYVAC-infected MDDC. Levels of alpha in-
terferon (IFN-a), tumor necrosis factor alpha (TNF-a), and
proinflammatory cytokines such as interleukin 6 (IL-6) were
higher in MVA-infected MDDC than in NYVAC-infected
MDDC. Genes involved in the antiviral response such as ret-
inoic acid-inducible protein I (RIG-I), melanoma differentia-
tion-associated gene 5 (MDAYS), and 2'-5'-oligoadenylate (5-
OA) synthetase-like (OASL) were upregulated exclusively in
MVA-infected MDDC. Our findings show similarities and dif-
ferences in the genes induced by MVA and NYVAC in human
MDDC. These genes are important for the innate immune
response and could influence the extent of the host response
and protective efficacy when these two poxvirus vectors are
used as vaccines.

MATERIALS AND METHODS

Cells, viruses, and infection conditions. HeLa cells (ATCC) were cultured in
Dulbecco’s modified Eagle’s medium supplemented with 10% newborn bovine
serum and antibiotics. Human MDDC were generated as previously reported,
with minor modifications (51, 56). Peripheral blood mononuclear cells were
obtained by using a standard Ficoll gradient for heparinized blood extracted
from healthy individuals. To obtain human monocytes, peripheral blood mono-
nuclear cells (3 X 10° to 4 X 10° cells/ml) were incubated (2 h at 37°C) in a
humidified atmosphere with 5% CO, in MDDC medium (serum-free XVIVO-15
medium; BioWhittaker, Walkersville, MD) with 1% human blood group AB
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serum, 50 pg/ml gentamicin (Braun, Melsungen, Germany), and 2.5 pg/ml am-
photericin B (Bristol-Myers Squibb, Rueil-Malmaison, France). Adherent cells
were washed four times with prewarmed serum-free XVIVO-10 medium and
cultured in MDDC medium as described above. To obtain immature MDDC,
cells were stimulated for 5 days by the addition of 1,000 U/ml each of IL-4 and
granulocyte-macrophage colony-stimulating factor (both from Prospec-Tany
Technogene, Rehovot, Israel) at days 0 and 2. MDDC immunophenotyping was
confirmed by flow cytometry using the following monoclonal antibodies to cell
surface markers: fluorescein isothiocyanate (FITC)-conjugated anti-HLA-DR,
anti-CD14, and anti-CD19 and an immunoglobulin Gyl (IgGyl) isotype-
matched control; phycoerythrin (PE)-conjugated anti-HLA-DR, anti-CDl1lc,
anti-CD14, anti-CD40, anti-CD45, and anti-CD56 and an IgG-y1 control; and
peridinin-chlorophyll-protein complex-anti-CD3 and -anti-CD14 and an IgG-vy1
control (all from BD Biosciences, San Diego, CA). PE-anti-CD80, -CD83, and
-CD86 were from Coulter, and PE-anti-CD209 was from eBioscience (San
Diego, CA). Cells were washed with phosphate-buffered saline (PBS), resus-
pended at 2 X 10° cells/ml (50 pl/tube), and incubated with FITC-, PE-, and/or
PerCP-conjugated monoclonal antibody (30 min at 4°C). Cells were washed with
PBS, fixed with 1% formaldehyde in PBS, and analyzed by flow cytometry in an
EPICS Profile cytometer (Coulter, Hialeah, FL). Cell populations were selected
by forward- and side-light-scatter parameters. This analysis showed that the
purity of MDDC was =95%, and the phenotype observed was characteristic of
immature MDDC: CD3~ CD8~ CD14~ CD19~ CD56~ HLA-DR* CD80~
CD83~ CD86™ CD1lc* CD40" CD45* CD209*.

These immature MDDC were used for virus infection. NYVAC (28a, 75) and
MVA (24, 29) strains were cultured in chicken embryo fibroblast cells, purified
by two sucrose cushions, and titrated on BHK-21 cells by immunostaining of
fixed infected cultures with a polyclonal anti-VACYV antibody (62). MDDC were
infected at 5 PFU/cell, virus inoculum was removed after 1 h, fresh medium was
added, and infection continued for another 5 h. Cells were collected and cen-
trifuged, supernatants were saved for an enzyme-linked immunosorbent assay
(ELISA), and cells were washed twice with PBS and processed for RNA extrac-
tion or Western blot analyses.

Metabolic labeling of proteins. MDDC were infected with 5 PFU/cell, and at
the indicated times (10° cells/time postinfection), cells were washed with methi-
onine-free medium and incubated in methionine-free medium containing
[3*S]methionine (50 p.Ci/well for 30 min at 37°C). Proteins from cell extracts
prepared in lysis buffer were fractionated by 12% sodium dodecyl sulfate (SDS)-
polyacrylamide gel electrophoresis (PAGE) and developed by autoradiography.

Microarray labeling. Ultraspect_II RNA (Biotecx, Houston, TX) was used to
isolate total RNA from purified human MDDC infected with NYVAC or MVA
(3 X 10° cells/time postinfection; 5 PFU/cell), or mock infected. RNA was then
purified with Megaclear (Ambion, Foster City, CA), and the integrity was con-
firmed by using an Agilent (Santa Clara, CA) 2100 Bioanalyzer. Total RNA (1.5
pg) was amplified with an Amino Allyl MessageAmp aRNA kit (Ambion); 54 to
88 ug of amplified RNA (aRNA) was obtained. The mean RNA size was 1,500
nucleotides, as observed using the Agilent 2100 Bioanalyzer. For each sample, 6
g aRNA was labeled with one aliquot of Cy3 or Cy5 Mono NHS Ester (CyDye
postlabeling reactive dye pack; GE Healthcare) and purified using Megaclear.
Incorporation of Cy5 and Cy3 was measured using 1 pl of probe in a Nanodrop
spectrophotometer (Nanodrop Technologies). For each hybridization, Cy5 and
Cy3 probes (150 mol each) were mixed and dried by speed vacuum and resus-
pended in 9 pl RNase-free water. Labeled aRNA was fragmented by adding 1 pl
10X fragmentation buffer (Ambion), followed by incubation (70°C for 15 min).
The reaction was terminated with the addition of 1 pl stop solution (Ambion) to
the mixture. Two dye-swapped hybridizations were performed for each compar-
ison; in one, the mock-infected sample was Cy3 labeled, and the MV A-infected
sample was Cy5 labeled; in the second, labeling was reversed. Double labeling
was used to abolish dye-specific labeling and hybridization differences.

Slide treatment and hybridization. Slides containing 22,264 spots (19,256
different oligonucleotides) corresponding to Human Genome Oligo set version
2.2 (QIAGEN, Hilden, Germany) were obtained from the Genomic and Mi-
croarrays Laboratory (Cincinnati University, Cincinnati, OH). Information
about printing and the oligonucleotide set can be found on their website (http:
//microarray.uc.edu). Slides were prehybridized and hybridized as described pre-
viously (28-30). Images from Cy3 and Cy5 channels were equilibrated and
captured with an Axon 4000B scanner, and spots were quantified using GenePix
5.1 software. Data for replicates were analyzed using Almazen software
(Bioalma, Spain). Basically, Lowess normalization was applied to each replicate,
and the log ratios were merged with the corresponding standard deviations and
Z scores.

Gene expression analysis. The original data set contained 19,256 oligonucle-
otides per slide. In each analysis, genes with an interreplicate mean signal of
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FIG. 1. Cellular and biochemical changes in human immature MDDC following infection with MVA or NYVAC poxvirus vectors. (A) Mor-
phological changes in immature MDDC mock infected or infected with MVA or NYVAC (5 PFU/cell) in six-well plates; changes were examined
by phase-contrast microscopy at 6 hpi. The upper panels show representative fields (magnification, X4); the lower panels show the indicated areas
at a higher magnification. (B) IF analysis. MDDC cultured on coverslips were infected with MVA or NYVAC (5 PFU/cell), and cells were fixed
at 6 hpi and treated with a rabbit polyclonal antibody to VACV proteins (a-WR), followed by a Texas Red-labeled secondary antibody,
phalloidin-FITC (for actin staining), and ToPro (for DNA staining) (left panels). Cells expressing viral antigens were quantified by IF in four

independent experiments (right panel).

<100 or an interreplicate standard deviation of >1 were filtered out. Genes were
considered to be differently expressed if the expression change (n-fold) was <—2
(downregulated) or >2 (upregulated). Functional analyses of regulated genes
were generated by Ingenuity Pathways Analysis (Ingenuity Systems [www
.ingenuity.com]). Hierarchical clustering was carried out using SpotFire Decision
Site for Functional Genomics software. Ward’s method with an average value-
ordering function and a half-square Euclidean distance function was used.

Quantitative real-time RT-PCR. RNA (1 pg) was reverse transcribed using the
superscript first-strand synthesis system for reverse transcription (RT)-PCR (In-
vitrogen, Carlsbad, CA). A 1:40 dilution of the RT reaction mixture was used for
quantitative PCR. The primers and probe set used to amplify TNF, IFN-B,
IFN-stimulated gene 15 (ISG15), NF-«kB-2, IL-12, IL-7, IL-6, IFN-y, OASL,
ATF-3, ADORA, and H2AFY were purchased from Applied Biosystems. RT-
PCRs were performed according to Assay-on-Demand, optimized for TagMan
Universal PCR MasterMix, No AmpErase UNG (28-30). All samples were
assayed in duplicate. Threshold cycle values were used to plot a standard curve
in which the threshold cycle decreased in linear proportion to the log of the
template copy number. Correlation values of standard curves were always >99%.

Immunofluorescence. MDDC cultured on coverslips were infected with MVA
or NYVAC (5 X 10° cells/time postinfection; 5 PFU/cell). At 6 and 16 hpi, cells
were washed with PBS, fixed with 4% paraformaldehyde, and permeabilized with
0.1% Triton X-100 in PBS (room temperature for 10 min). Cells were incubated
with primary anti-WR (anti-VV), anti-A36R or anti-BSR (both obtained from R.
Blasco, INIA, Spain), or anti-E3L (obtained from B. L. Jacobs, University of
Arizona) antibodies, followed by fluorescein- or Texas red-conjugated isotype-
specific secondary antibodies. F-actin was stained with fluorescein-conjugated
phalloidin (Molecular Probes, Carlsbad, CA); DNA was stained with ToPro
(Molecular Probes). Images were obtained using a Bio-Rad Radiance 2100
confocal laser microscope.

Western blot. HeLLa and MDDC were infected (10° cells/time postinfection; 5
PFU/cell) with MVA or NYVAC and collected, and cell extracts were prepared
at 2, 6, and 16 hpi by lysis in buffer (50 mM Tris-HCI [pH 8.0], 0.5 M NaCl, 10%
NP-40, 1% SDS) for 5 min on ice. Protein lysates (100 pg) were fractionated by
14% or 8% SDS-PAGE, transferred onto nitrocellulose membranes, and incu-
bated with anti-poly(ADP-ribose) polymerase (PARP) (Cell Signaling, Boston,

MA), anti-actin (Santa Cruz, Santa Cruz, CA), anti-E3L, anti-A14L (64), anti-
A4L (60), anti-A27L (63), anti-Al7L (61), anti-phosphorylated interferon-re-
sponsive factor 3 (IRF-3) (Upstate, Chicago, IL), anti-IRF-3 (Cell Signaling),
anti-IRF-7 (Santa Cruz), anti-B5R, anti-phosphorylated IF-2a (Biosource,
Camarillo, CA), or anti-alpha subunit of eukaryotic initiation factor 2 (eIF-2a)
(Santa Cruz) antibodies, followed by secondary antibodies (mouse and rabbit
peroxidase conjugates). Protein expression was detected using ECL reagents
(Amersham, Uppsala, Sweden).

Cytokine determination. IL-2, TL-4, IL-6, IL-10, TNF-c, IFN-vy, IL-1B, IL-8,
and IL-12 levels in 30 pl of supernatants were determined using Cytometric Bead
Array, human Th1/Th2 cytokine, and Cytometric Bead Array human inflamma-
tion kits (BD Bioscience) according to the manufacturer’s protocol.

RESULTS

Infection with attenuated poxvirus vectors MVA and
NYVAC causes extensive cell damage in human MDDC. To
characterize the impact of MVA and NYVAC infection on
immature human MDDC, we first defined the induced cyto-
pathic effects by phase-contrast and immunofluorescence (IF)
microscopy. At 6 hpi, MVA or NYVAC infection at 5 PFU/cell
resulted in alterations in cell morphology characterized by cell
rounding and cytoplasmic contraction; the cytopathic effect
was more pronounced in NYVAC than after MVA infection
(Fig. 1A). The effects on cell morphology were severe by 16 hpi
in MDDC infected with either virus strain (not shown). The
number of MVA- or NYVAC-infected MDDC was monitored
by IF after staining with a polyclonal antibody to VACV pro-
teins. At 6 hpi, approximately 35% of MVA- or NYVAC-
infected MDDC stained for viral proteins, which increased to
45% by 16 hpi (Fig. 1B). Since the use of higher virus multi-
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FIG. 2. Protein synthesis evaluation in MDDC after MVA or NYVAC infection. (A) Viral protein expression during NYVAC and MVA
infection. MDDC were mock infected (M) or infected with MVA or NYVAC (5 PFU/cell). At the indicated times postinfection, equal amounts
of proteins from cell extracts were fractionated by SDS-PAGE, transferred onto nitrocellulose, and treated with antibodies to VACV proteins
(WR) or specific virus early (p25) and late proteins (p21, p14, p39, p16, and p42). Molecular weight (MW) (in thousands) is indicated based on
protein standards. (B) Metabolic labeling of proteins during NYVAC and MVA infection. MDDC were mock infected (M) or infected with MVA
or NYVAC (5 PFU/cell). At the times indicated, cells were labeled (30 min) with [**S]Met-Cys Promix (50 wCi/ml), and equal amounts of proteins
were analyzed by SDS-PAGE (10%) and autoradiography. (C) The gel in B was transferred onto nitrocellulose and incubated with antibodies to
total eIF-2a or elF-2o phosphorylated (P) at Ser51. Molecular weight (MW) (in thousands) is indicated based on protein standards.

plicities caused extensive MDDC damage, we used 5 PFU/cell
in these studies.

To examine viral protein synthesis in MDDC during MVA
or NYVAC infection, we performed Western blotting using
antibodies specific for early p25 (E3L) and late viral proteins
pl4 (A27L), p21 (A17L), p16 (A14L), p39 (A4L), and p42
(B5R). Proteins encoded by the E3L, A4L, and Al4L genes
were detected efficiently in lysates of cells infected with both
viruses (Fig. 2A). The late proteins encoded by the A17L and
A27L genes were detected only in lysates of MVA-infected
cells, concurring with previous reports for HeLa cells (53). The
protein encoded by the B5R gene was not detected in lysates of
cells infected with either virus, as determined by Western blot
(Fig. 2A) and IF (not shown) analyses. MV A-infected MDDC
gave a similar result for A36R gene expression, as previously
described (15).

To document the overall protein expression pattern and the
shutoff effect, MDDC were metabolically labeled with [**S]me-
thionine at 2, 6, and 16 h after MVA or NYVAC infection and
analyzed by SDS-PAGE and autoradiography. We observed a
severe translational block in protein synthesis by 6 hpi in cells
infected with either virus (Fig. 2B). This blockade coincided

with an increase in phosphorylation of the small subunit of the
initiation factor eIF-2a (Fig. 2C), as described previously for
NYVAC in HeLa cells (28, 53). These findings show that MVA
or NYVAC infection of MDDC caused shutoff by 6 hpi,
whereas the synthesis of early and some late viral proteins
continued, indicating functional cell translational machinery. It
has been previously reported that the viral C7L gene is able to
prevent elF-2a phosphorylation in NYVAC-infected HelLa
cells (53). The presence of this gene in the MVA genome
might explain the different levels in eIF-2a phosphorylation
between MVA- and NYVAC-infected MDDC, although we
cannot rule out the possibility of other mechanisms.

Since NYVAC infection of HeLa cells induces apoptosis
(28a, 53), we used an antibody that recognizes both full-length
and cleaved PARP-1 (73) to analyze whether apoptosis occurs
in infected MDDC. In both MVA and NYVAC infection,
cleavage of 89-kDa PARP-1 was evident by 16 hpi, with no
apoptosis at 6 hpi (Fig. 3A). After IF staining with the E3
antibody for an early viral protein and ToPro for the ap-
pearance of apoptotic bodies, we found similar numbers of
apoptotic cells for both viruses at 16 hpi (nearly 40% of total
infected cells) (Fig. 3B). This result contrasts with the low
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FIG. 3. Apoptosis induction and rRNA breakdown during MVA or NYVAC infection of MDDC. (A) Time course of PARP-1 cleavage during
MVA and NYVAC infection. MDDC were mock infected (M) or infected with MVA or NYVAC (5 PFU/cell); at the times indicated, total
proteins (100 ng) were fractionated by SDS-PAGE, transferred onto nitrocellulose, and immunoblotted with anti-PARP-1. An 89-kDa PARP-1
cleavage product was observed at 16 hpi. Molecular weight standards (MW) (in thousands) are indicated (right). Equivalence of protein loading
was confirmed using anti-actin controls. (B) Quantification of cells in apoptosis after MVA or NYVAC infection. MDDC were mock infected
(M) or infected with MVA or NYVAC (5§ PFU/cell); at 16 hpi, cells were fixed and processed to visualize apoptosis by IF using antibodies to the
viral E3 protein (red) and ToPro for DNA staining (blue). The percentage of cells in apoptosis was determined by counting ~2,000 cells in two
independent experiments (bottom). (C) MVA or NYVAC infection of MDDC causes rRNA breakdown. Total rRNA was isolated from uninfected
MDDC (M) or MDDC infected with MVA or NYVAC at the indicated times postinfection; 2 pg of each sample was applied for electrophoresis,
and the gel was stained with ethidium bromide. Arrows indicate bands corresponding to characteristic rRNA degradation products.

apoptotic effect induced by MVA in human HeLa cells
(28a, 53).

We previously showed that NYVAC but not MVA infection
of HeLa cells triggers rRNA degradation late in infection, with
the same cleavage pattern observed during activation of the
interferon-induced 2-5A oligonucleotide synthetase/RNase L
system (53). We therefore examined rRNA integrity in MVA-
and NYVAC-infected MDDC. Total RNA was isolated from
infected and mock-infected cells and fractionated by formal-
dehyde-agarose gel electrophoresis. There was no rRNA deg-
radation in uninfected cells or in infected cells at 6 hpi; in
contrast, we observed a breakdown of 28S and 18S rRNA at
later times in cells infected with both viruses (Fig. 3C). These
results revealed that MVA and NYVAC infection of MDDC
does not induce apoptosis or rRNA degradation at 6 hpi, but
these effects appeared later in infection.

Differential gene regulation following MVA or NYVAC in-
fection of human MDDC compared to mock-infected cells.
Since MDDC are the most potent APC and the only cells able
to activate naive T cells (47), we studied the impact of both
viruses on MDDC gene expression at a time when host rRNA
had not been degraded by virus infection. We used chips car-
rying oligonucleotides from 19,256 human genes to profile
MDDC gene expression and hybridized cDNA samples from
infected and uninfected (mock-infected) cells at 6 hpi. The

gene expression data were selected as described in Materials
and Methods. Compared to uninfected cells, we identified
1,215 genes differentially expressed in MDDC after MVA in-
fection (21.6% of the genes selected), 554 of which were up-
regulated and 661 of which were downregulated (see examples
in Table S1 in the supplemental material). A similar experi-
ment comparing NYVAC-infected with uninfected MDDC
showed variance in the regulation of 728 genes after NYVAC
infection (13.5% of the genes selected), 360 of which were
upregulated and 368 of which were downregulated (see exam-
ples in Table S2 in the supplemental material).

Host genes with altered expression in MVA- or NYVAC-
infected MDDC belong to a number of functional categories
(Fig. 4A). Both poxvirus vectors regulated similar numbers of
genes involved in cell death, cancer, gene expression, cell de-
velopment, and organism survival. NYVAC nonetheless selec-
tively regulated more genes involved in cell growth, prolifera-
tion, and morphology than MVA. In contrast, MVA regulated
a larger number of genes involved in the immune response and
immune system development than NYVAC (Fig. 4A). Exam-
ples of the differentially regulated genes are presented in Table
1. Genes differentially expressed after poxvirus infection were
represented using Venn diagrams to display differently and
similarly regulated genes for MVA and NYVAC (Fig. 4B).
MVA and NYVAC shared 195 genes that were upregulated
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FIG. 4. Functional classification of genes with altered expression in MVA- or NYVAC-infected MDDC versus uninfected cells after
microarray analysis. Genes with altered expression in MVA- or NYVAC-infected MDDC were compared with uninfected cells. (A) The y
axis shows the most representative high-level functions associated with genes regulated in MVA- or NYVAC-infected MDDC, according to
ingenuity pathway analysis. The x axis represents the percentage of the total number of regulated genes associated with a given function.
(B) Venn diagrams represent common or specific genes upregulated (>2-fold) or downregulated (<—2-fold) in MVA- or NYVAC-infected

MDDC compared to mock-infected cells.

and 220 that were downregulated, whereas 359 genes were
upregulated only by MVA and 165 genes were upregulated
only by NYVAC. In infected MDDC, MVA specifically down-
regulated more genes than NYVAC (441 versus 148 genes).
Both viruses produced an increase in specific immune mole-
cules such as CXCL2, TNF-«, and several interferon-induced
proteins (IFIT1, IFIT4, ISG1S5, and ISG20), with higher ex-
pression levels in MVA-infected MDDC than in NYVAC-
infected MDDC. An alternative visualization using hierarchi-
cal cluster analysis was also developed (not shown).
Comparison of MVA and NYVAC infection of human
MDDC shows specific differences in host gene expression
levels. To further document specific differences between the
two vectors, we performed microarrays with cDNAs prepared
from MDDC infected with MVA and NYVAC for 6 h, but we
now compared NYVAC-infected samples with MV A-infected
samples. We evaluated specific transcriptional differences be-
tween the two vectors by removing those genes regulated
equally by both viruses from the processed data. We identified
11,800 genes with similar expression levels for both viruses; 544
genes showed expression pattern differences after poxvirus in-
fection (4.4% of the genes selected), 283 of which had at least
twofold-higher transcriptional levels after MVA than after
NYVAC infection. Human genes differentially expressed in
MVA versus NYVAC infection of MDDC are shown in Table

2 and in Table S3 in the supplemental material. Genes includ-
ing TNF-a, IFN-B, and IL-123 were increased by fivefold or
higher after MVA infection compared to NYVAC infection.
MVA and NYVAC infections produced 12- and 4-fold upregu-
lation, respectively, of a recently described member of the
NF-«kB family, such as MAIL (molecule possessing ankyrin
repeats induced by lipopolysaccharide) (Tables 1 and 2).

The microarray findings indicate that both poxvirus vec-
tors triggered similar but also distinct regulatory pathways in
MDDC, with MVA upregulating more host genes than
NYVAC.

Validation of microarray data by quantitative real-time RT-
PCR. To confirm the microarray results, we validated the
changes in transcript levels using real-time RT-PCR to verify
the transcriptional changes in 12 selected genes (TNF, IFN-B,
ISG15, NF-kB-2, ILi12, IL7, IL6, IFN-y, OASL, ATF-3,
ADORA, and H2AFY); HPRT was used as an internal control.
The assay was performed with the same RNAs as those used in
the microarray experiment (Table 2). The expression pattern
and relative mRNA abundance of the selected genes con-
curred with microarray data in all cases, with only slight vari-
ations, validating the microarray findings (see Table S4 in the
supplemental material). Indeed, clear differences were ob-
served in the expression levels of selected genes for both vi-
ruses.
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TABLE 1. Representative genes regulated by MVA or NYVAC in infected MDDC according to predicted biological function
Fold change in
Description GenBank accession no. Gene transcription
MVA NYVAC
IFN and IFN-induced genes
IFN-induced protein with tetratricopeptide repeats 4 NM_001549 IFIT4 52.45 3.37
IFN-induced protein with tetratricopeptide repeats 1 NM_001548 IFITI 47.8 4.65
IFN-induced, hepatitis C virus-associated microtubular NM_006417 MTAP44 20.95 2.63
aggregate protein (44 kDa)
IRF-2 NM_002199 IRF2 6.54 3.48
IRF-7 NM_004031 IRF7 252 1.3
IFN-al NM_024013 IFNAI 2.51 1.92
Myxovirus (influenza virus) resistance 1, IFN-inducible NM_002462 MX1 2.26 1.44
protein p78 (mouse)
IRF-5 NM_002200 IRF5 —2.31 1.06
IFN-a-inducible protein 27 NM_005532 IF127 —2.46 —1.62
IFN-vy-inducible protein 30 NM_006332 IFI30 —2.79 -2.79
Interleukins
IL-6 (IFN, beta 2) NM_000600 IL6 4.05 1
IL-1a NM_000575 ILI1A —1.43 2.01
IL-8 NM_000584 ILS -29 -1.39
IL-1B NM_000576 ILIB —2.25 1.39
TNF (TNF superfamily, member 2) NM_00059%4 TNF 52.21 6.79
Other cytokines
GRO2 oncogene (SCYB2), CXCL2 NM_002089 GRO2 6.58 222
Small inducible cytokine A3 NM_002983 SCYA3 422 1.12
Small inducible cytokine A5 (RANTES) NM_002985 SCYAS 4.17 -1.17
Small inducible cytokine A4 NM_002984 SCYA4 3.74 -1.14
Colony-stimulating factor 2 (granulocyte-macrophage) NM_000758 CSF2 3.13 —1.08
Apoptosis
Nuclear factor of kappa light polypeptide gene NM_020529 NFKBIA 9.59 6.02
enhancer in B cells inhibitor o
MAIL, NFKBIZ NM_031419 MAIL 12.99 491
BCL2-associated athanogene 3 NM_004281 BAG3 8.42 1.28
Calpain 1, (mu/I) large subunit NM_005186 CAPNI 4.1 1.78
Antiviral immune response
Melanoma differentiation-associated protein 5 NM_022168 MDAS 7.71 1.67

To further validate these results (see Table S4 in the sup-
plemental material), we used cDNAs from MDDC obtained
from two other healthy volunteers. MDDC were infected with
MVA or NYVAC for 6 h, cDNA was prepared, and RT-PCR
was performed as described above (Table 3). The results for
three donors revealed a similar pattern of cytokine gene ex-
pression induced by the two poxvirus vectors (Table 3), vali-
dating the microarray data.

Differences in host gene expression levels in MVA- and
NYVAC-infected MDDC compared to infected HeLa cells.
To provide further evidence for distinct gene regulation by
NYVAC and MVA, we compared gene expression levels
between HeLa cells infected with MVA or NYVAC with
MDDC infected with the same poxvirus vectors. Genes ex-
pressed in 6-h NYVAC- or MVA-infected HeLa cells were
subtracted from the genes regulated by both viruses in in-
fected MDDC. Thus, we selected those genes showing at
least twofold-higher expression levels in one cell type than
in the other. We identified 1,245 genes that were differen-
tially expressed after MVA infection of MDDC compared to
HeLa cells (34.5% of the genes selected); of these genes,

463 were upregulated and 782 were downregulated in in-
fected MDDC compared to infected HeLa cells. In the case
of NYVAC infection, 1,970 genes were differentially ex-
pressed in MDDC versus HeLa cells (51.1% of the selected
genes); of these genes, 1,009 were upregulated and 961 were
downregulated in infected MDDC compared to HeLa cells.
MVA- and NYVAC-infected MDDC shared 268 upregu-
lated and 380 downregulated genes (data not shown). Func-
tional analysis of genes with at least twofold-higher expres-
sion levels in MVA- or NYVAC-infected MDDC showed
similar percentages for the main functional categories in-
cluding immune response, cell death, or cell signaling (data
not shown). Examples of these genes are shown in Table 4
and in Tables S4 and S5 in the supplemental material.

Several genes that were upregulated in MVA-infected
MDDC also showed higher expression levels than their coun-
terparts in MVA-infected HeLa cells or in NYVAC-infected
MDDC. These include TNF-«, IFN-B, interferon-induced
IFIT1 and IFIT4 genes, cytokines such as GRO2 (CXCL2),
and genes involved in the antiviral immune response (RIG-I,
MDAS, and GBPY).
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TABLE 2. Differential gene expression profiling of MVA-infected versus NYVAC-infected human DC*

Fold change of

Description GenBank accession no. Gene MVA/NYVAC
IFNs and IFN-induced genes
IFN-induced protein with tetratricopeptide repeats 4 NM_001549 IFIT4 11.45
IFN-induced protein with tetratricopeptide repeats 1 NM_001548 IFITI 7.38
IFN-induced, hepatitis C virus-associated microtubular aggregate NM_006417 MTAP44 5.52
protein (44 kDa)
Guanylate binding protein 5 NM_052942 GBP5 5.37
IFN-B1, fibroblast NM_002176 IFNBI 5.06
IFN-stimulated protein, 15 kDa NM_005101 ISGI5 2.56
IFN-stimulated gene (20 kDa) BC016341 1SG20 2.51
IRF-7 NM_004031 IRF7 2.31
IFN-al NM_024013 IFNAI 1.18
Interleukins
IL-12B (NK cell-stimulatory factor 2) NM_002187 IL12B 5.44
IL-6 (IFN-B2) NM_000600 IL6 4.05
IL-1a NM_000575 ILI1A —242
IL-1B NM_000576 ILIB —3.14
TNF and related genes
TNF (TNF superfamily, member 2) NM_000594 TNF 10.38
TNF receptor-associated factor 6 NM_004620 TRAF6 1.7
Tumor necrosis factor receptor superfamily, member 10b AF016266 TNFRSFI10B -1.07
Other cytokines
Small inducible cytokine A4 NM_002984 SCYA4 5.61
Small inducible cytokine A5 (RANTES) NM_002985 SCYAS 3.06
GRO?2 oncogene (SCYB2), CXCL2 NM_002089 GRO2 2.78
Small inducible cytokine subfamily B member 10, CXCL10, IP-10 NM_001565 SCYBI10 2.35
Colony-stimulating factor 2 (granulocyte-macrophage) NM_000758 CSF2 1.94
Apoptosis
BCL2-associated athanogene 3 NM_004281 BAG3 4.55
MAIL, NFKBIZ NM_031419 MAIL 2.85
Calpain 1 (mu/I) large subunit NM_005186 CAPNI 1.72
Antiviral immune response
RNA helicase NM_014314 RIG-1 5.72
Melanoma differentiation-associated protein 5 NM_022168 MDAS 5.05
OASL NM_003733 OASL 4.53

“ Shown is a comparison of gene expression profiling between MVA- and NYVAC-infected MDDC. Representative human genes specifically regulated by each

vector according to predicted biological function are shown.

TABLE 3. Expression levels of selected genes by
real-time RT-PCR*

Fold change by real-time RT-PCR

Gene product MVA vs mock NYVAC vs mock

DC1 DC2 DC3 DC 1 DC2 DC3

TNF 36.63 2545 4432 2.23 4.95 4.48
IFN-B 43.86 28.87  27.76 2.15 4.98 1.85
I1SG15 3.82 4.62 3.81 2.15 2.27 2.26
1L-12 7.91 5.89 7.98 2.08 1.98 1.79
IL-7 1.78 0.90 2.07 1.27 1.55 0.81
IL-6 2.01 2.36 3.03 1.16 1.41 2.54
IFN-y 1.45 1.82 1.4 1.19 0.98 1
NFk2 2.02 3.05 3.64 1.68 2.06 2
OASL 27.66 37.66  26.63 213 1.43 0.519
ATEF-3 1.96 2.19 1.98 3.51 3.75 3.91
H2AFY 1.44 1.89 1.98 3.73 0.75 0.91

ADORAA2 0.714 1.18 3.6 1.28 1.18 0.63

“ MDDC from three donors (DC1, DC2, and DC3) were mock, MVA, or
NYVAC infected and processed for RT-PCR.

The comparative profiling of infected MDDC versus HelLa
cells provides additional evidence that both poxvirus vectors
affect host gene expression differently.

Induction of immunomodulatory molecules and activation
of IFN pathways in MVA- and NYVAC-infected MDDC. While
the above-described experiments indicate that both MVA and
NYVAC produced an increase in gene expression of certain
cytokines (see Tables S1 and S2 in the supplemental material),
MVA elicited higher expression levels of specific immuno-
modulatory molecules such as TNF-«, IFN-B, CCLS5, and IL-
12. IL-1a and IL-1pB expression levels were nonetheless slightly
enhanced after NYVAC infection. Genes involved in the an-
tiviral response, such as OASL, RIG-I, and MDAS, were up-
regulated after MVA infection. We therefore analyzed the
correlation between transcription and translational levels of
specific immunomodulatory molecules after poxvirus infection
of MDDC. Since we observed high transcriptional levels of
TNF-«a after MVA infection of MDDC in the microarrays, we
used ELISA to evaluate TNF-a levels in supernatants of in-
fected MDDC from three healthy volunteers. High TNF-«
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TABLE 4. Differential gene expression in MVA/NYVAC-infected DC compared to that in MVA/NYVAC-infected HeLa cells”

Fold change
Description GenBank accession Gene _
MVA NYVAC
Immune response, inflammatory response
Small inducible cytokine A3 NM_002983 SCYA3 66.81 10.63
IFN-induced protein with tetratricopeptide repeats 4 NM_001549 IFIT4 32.52 10.87
TNF (TNF superfamily, member 2) NM_000594 TNF 31.40 5.60
1L-8 NM_000584 ILS 20.53 31.45
V-fos FBJ murine osteosarcoma viral oncogene homolog NM_005252 FOS 20.49 1.75
Guanylate binding protein 5 NM_052942 GBP5 15.21
CD83 antigen (activated B lymphocytes, immunoglobulin superfamily) NM_004233 CD83 14.53 12.41
IFN-B1, fibroblast NM_002176 IFNB1 13.70 4.52
GRO2 oncogene NM_002089 GRO2 13.21 1.64
Pre-B-cell colony-enhancing factor NM_005746 PBEF 8.01 13.38
MDAS NM_022168 MDAS 6.66
Nuclear factor of kappa light polypeptide gene enhancer in B cells 1 (p105) NM_003998 NFKB1 5.70 12.59
RNA helicase NM_014314 RIG-1 5.42
IFN-a-inducible protein (clone IFI-6-16) NM_022873 GIP3 4.69 2.77
IRF-7 NM_004031 IRF7 4.24 3.37
IFN-induced protein with tetratricopeptide repeats 1 NM_001548 IFITI 3.88 8.63
IFN-vy-inducible protein 30 NM_006332 IFI30 3.51 5.85
Myxovirus (influenza virus) resistance 1, IFN-inducible protein p78 (mouse) NM_002462 MX1 3.45
Small inducible cytokine A4 NM_002984 SCYA4 14.94
Apoptosis
TNF-a-induced protein 3 NM_006290 TNFAIP3 18.24 20.04
Apolipoprotein E NM_000041 APOE 15.45 4.58
TNF receptor-associated factor 1 NM_005658 TRAFI 2.43 4.92
Death-associated protein 6 NM_001350 DAXX -1.22 6.17
IL-1B NM_000576 ILIB 5.49
Cathepsin B NM_001908 CTSB 11.43
Cell cycle, signaling
Carcinoembryonic antigen-related cell adhesion molecule 6 M18216 CEACAMG6 78.47 10.14
Endothelial PAS domain protein 1 NM_001430 EPASI 11.21 7.29
Leupaxin NM_004811 LPXN 9.59 7.45
Fibrinogen, gamma polypeptide NM_021870 FGG 7.79 13.30
Prostaglandin E receptor 1 (subtype EP1), 42kD NM_000955 PTGERI 5.76 10.54
Mitogen-activated protein kinase 6 NM_002748 MAPK6 5.33 8.48
Wingless-type MMTYV integration site family, member 10B NM_003394 WNTI10B 4.25 6.44
Pleckstrin NM_002664 PLEK 11.08
CD53 antigen NM_000560 CD53 9.48
RAP1B, member of RAS oncogene family NM_015646 RAPIB 15.26

“ Both cell types were infected with MVA or NYVAC (5 PFU/cell), and total RNA was extracted at 6 hpi and processed for microarray and data analysis (see
Materials and Methods and Results). FBJ, Finkel-Biskis-Junkins; PAS, Per-Arnt-Sim.

levels were induced in MDDC from all volunteers after MVA
infection compared to NYVAC infection, with higher levels at
6 than at 16 hpi (Fig. 5A).

Since high levels of type I IFN gene expression (Table 2)
were produced after poxvirus infection of MDDC, and IFN
expression is regulated by IRFs (IRF-3 and IRF-7), we ana-
lyzed the levels of these two factors involved in the IFN-
responsive pathway. Western blot analysis showed increased
IRF-7 levels after MVA and NYVAC infection of MDDC but
not after infection of HeLa cells (Fig. 5B). To induce IFN gene
expression, IRF phosphorylation is needed (72). We thus used
Western blotting to determine levels of IRF-3, both unphos-
phorylated and phosphorylated, in MVA- or NYVAC-infected
MDDC. The results showed an increase in IRF-3 phosphory-
lation in MVA- and NYVAC-infected compared to uninfected
cells (Fig. 5B). Phosphorylation levels were higher in NYVAC-
than in MV A-infected MDDC, although this increase was not
observed in HeLa cells. Levels of the VACV protein E3, an

inhibitor of IRF-3 phosphorylation (72), were considerably
higher after MVA infection than after NYVAC infection.

These findings indicate that the enhanced transcriptional
levels of genes encoding immunomodulatory molecules ob-
served in microarray after MVA or NYVAC infection corre-
late with protein levels, at least for TNF, and that the induction
of type I IFN gene expression may be mediated by poxvirus-
induced expression of RIG-I/MDAS. This in turn would trigger
the phosphorylation of IRF-3, translocation to the nucleus,
and the activation of IFN gene expression.

DISCUSSION

Efficient antiviral immunity involves both innate and adap-
tive immune responses. Adaptive immunity leads to viral clear-
ance and generates long-term immunological memory through
the generation of specific T and B cells. DC found in an
immature state in all tissues orchestrate the development of
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FIG. 5. Validation of microarray data at the protein level. (A) TNF-a levels in cell supernatants after MVA or NYVAC infection. MDDC from
three different donors were mock infected or infected with MVA or NYVAC (5 PFU/cell) for 2, 6, and 16 h, and TNF levels in supernatants were
measured by ELISA. Values indicate duplicate samples in two independent experiments. An asterisk indicates a lack of data. (B) IRF-3 and IRF-7
levels in virus-infected MDDC. Mock (lanes 1 and 4)-, MVA (lanes 2 and 5)-, or NYVAC (lanes 3 and 6)-infected (5 PFU/cell) MDDC or HeLa
cell extracts were fractionated by SDS-PAGE, transferred onto nitrocellulose, and incubated with antibodies to IRF-7, IRF-3, phosphorylated
IRF-3 (IRF-3-P), eIF-2a (as a protein loading control), and the viral protein E3L (as a virus infection control). The molecular weight of protein

standards (MW) (in thousands) is indicated (right).

adaptive immunity (6). Following pathogen recognition, there
are changes in the expression of DC proinflammatory genes,
including those coding for cytokines, chemokines, and costimu-
latory molecules, in a process known as DC maturation (6, 58).
These functional changes are necessary for initiating adaptive
immunity. Immediately after viral infection, host innate im-
mune defenses are induced. These immune responses are crit-
ical for the activation of adaptive immunity. There is nonethe-
less a 4- to 7-day delay before the adaptive immune response is
initiated, during which time the innate immune response has
an important role in early viral clearance (37). VACV attempts
to subvert the innate response by secreting proteins that inac-
tivate complement (41), inhibit the IFN response (9, 74), pro-
tect it from inflammatory responses, and prevent natural killer
(NK) cell activation (2).

Poxvirus vectors are efficient activators of host immune re-
sponses to virally expressed antigens of distinct origin and are
being used as potential vaccines for several pathogens and
tumors (49, 50, 55). It is therefore important to define the
transcriptional changes in human APC, particularly in MDDC,
after VACYV vector infection. Here, we showed that MDDC
infected with MVA or NYVAC at 5 PFU/cell caused extensive
morphological damage to the cells at late times postinfection.
This is characterized by the severe inhibition of protein syn-
thesis by 6 hpi and apoptosis induction together with rRNA
cleavage at 16 hpi. In spite of a general translational block
induced by the two vectors, some of the early (E3) and late
(A4, Al4, and A27) viral proteins examined were produced in
the infected cells, although differences were observed between
these vectors. In contrast to MVA infection, NYVAC-infected

MDDC do not produce A17 or A27 proteins, and both viruses
do not synthesize A36R or B5R proteins. The difference in
viral gene expression between the two vectors might be related
to the extent of eIF-2a phosphorylation and RNA degradation
induced during infection as well as the presence or absence of
certain viral genes in the poxvirus vectors. In agreement with
other investigators, MVA induced apoptosis late in the infec-
tion and inhibition of some of the late proteins. In view of the
severity of the effect triggered by the two poxvirus vectors in
MDDOC late in the infection, we used 6 hpi and a multiplicity of
5 PFU/cell for gene expression profiling. We applied genomic
studies using microarrays and various data analysis conditions
to define the impact of infection of immature human MDDC
with the two attenuated VACV strains MVA and NYVAC.
We identified genes regulated by MVA and NYVAC infection
of MDDC at a postinfection time before rRNA breakdown
and defined that these two vectors trigger some similar and
some distinct host gene expression profiles. For this study, we
used three approaches. First, we identified genes that were
selectively expressed in MVA- or NYVAC-infected MDDC
compared to mock-infected cells. We subsequently defined
genes that were specifically regulated by MVA in comparison
with NYVAC infection, and finally, we described genes regu-
lated in MVA- or NYVAC-infected HeLa cells compared to
MDDC infected by these viruses. Our analysis showed that in
infected human MDDC, MVA upregulates more genes than
NYVAC. Since the expression of genes involved in host de-
fense is markedly enhanced after MVA infection, we discuss
the contribution of some of these genes to MDDC responses,
taking the viral genes that counteract host immune responses
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FIG. 6. Signaling pathways regulated by MVA or NYVAC infection in MDDC. Genes whose expression levels are enhanced in MDDC by the
poxvirus vector infection are shown in gray, and downregulated genes are shown in black. Viral genes known to interfere with selected pathways
are indicated. MVA lacks genes that interfere TLR signaling (A52R and A53R), which are present in NYVAC.

into consideration. It should be noted that the effect of the
poxvirus vectors on host genome profiling is due to the contri-
bution of the infected and noninfected cells (Fig. 1) together
with the immunomodulators released during infection acting in
an autocrine and paracrine manner.

TLR. An efficient innate immune response is a prerequisite
for the activation of adaptive immune responses. Toll-like re-
ceptors (TLR) are expressed predominantly in APC such as
macrophages and MDDC. TLR3 is a double-stranded RNA
receptor with a key role in antiviral and inflammatory re-
sponses through cross-priming of several physiological path-
ways including the activation of IFN responses, NF-«kB,
mitogen-activated protein kinase pathways, and the caspase
cascade (54). We found that TLR3 expression was clearly up-
regulated after MVA infection of MDDC, implying a possible
role for TLR3 in double-stranded RNA-initiated antiviral and
inflammatory responses. Altered TLR expression has been
linked to enhanced responsiveness to viral infection, as re-
ported previously for viruses such as respiratory syncytial virus

(27), VACV (34), and hepatitis C virus (45). In VACV, two
viral genes have been implicated in TLR-dependent signaling,
the A46R and A52R genes. While the A46R gene is present in
both MVA and NYVAC genomes, the A52R gene is found
only in NYVAC. Since this viral gene is involved in the block-
ade of NF-«kB by several TLR, including TLR3, we propose
that the upregulation of the TLR3 pathway after MVA infec-
tion (Fig. 6) could be due to the absence of the A52R gene in
its genome. This activation was not observed after NYVAC
infection. The A52R gene has been described to associate with
both IL-1 receptor-associated kinase 2 (IRAK2) and TNF re-
ceptor-associated factor 6 (TRAF6), two key proteins in TLR
signal transduction (34). We observed the upregulation of
TRAF6 and the downregulation of IL-1a and IL-1B only in
MVA-infected MDDC.

Comparison of a TLR signaling pathway in MVA- and
NYVAC-infected MDDC showed similar transcription levels
in genes encoding receptor/adaptors, with some genes slightly
repressed (phosphatidylinositol 3-kinase and IRAKI1) and
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some genes slightly enhanced (TRAF6 and TBK1). Transcrip-
tion levels were similar in genes encoding transcription factors
and inflammatory cytokines, with some enhanced genes in
MVA-infected (IFN-«, IFN-B, TNF-q, IL-128, CCL3, CCLA4,
CCLS, and CXCL10) and in NYVAC-infected (IFN-B and
TNF-a) cells. Neither MVA nor NYVAC had any effect on
costimulatory molecule expression (CD40, CD80, and CDS§6).
Transcription of genes involved in the antiviral immune re-
sponse and cytokine production was clearly more enhanced in
MVA-infected MDDC than in NYVAC-infected MDDC.

Type I IFN production and antiviral response. The most
consistent changes in MDDC infection by the attenuated pox-
virus vectors involved genes implicated in the type I IFN-o/B
response (Tables 1 to 3). By generating an intracellular envi-
ronment that restricts viral replication, type I IFN represent a
first line of defense against virus infection (25). The IFN sig-
naling system produces a broadly effective innate response by
creating an antiviral state in both an autocrine and a paracrine
manner (81). IFN gene expression is regulated by IRF-3 phos-
phorylation, homodimerization, and nuclear translocation
(67). Once in the nucleus, IRF-3 interacts with IRF-3-respon-
sive promoters and the transcriptional coactivator histone
acetyltransferase CBP/p300, leading to the transcription of
IRF-responsive genes; together with NF-kB and AP-1, IRF-3
also promotes IFN-B transcription. The microarray experi-
ments showed a clear upregulation of RIG-I and MDAS levels
only after MVA infection (Tables 1 to 3). As RIG-I and
MDA-5 mRNA expression levels are strongly enhanced by
type I IFN (70), we propose that the elevated IFN levels
produced after MVA infection might be involved in the up-
regulation of RIG-I and MDAS, which can also activate the
expression of type I IFN in a feedback mechanism (Fig. 6).
This is supported by the enhanced IRF-3 phosphorylation ob-
served in MV A-infected MDDC cells (Fig. 5B).

RIG-I and MDAS upregulation was not observed in previ-
ous studies using mRNA microarrays from MVA-infected
HeLa cells (29). The specificity of RIG-I and MDAS expres-
sion in MVA-infected MDDC was also confirmed in a microar-
ray experiment comparing the expression profiles of MVA-
infected HeLa cells and MDDC at 6 hpi (Table 4; also see
Table S4 in the supplemental material). These observations
indicate a cell type-specific involvement of RIG-I in the anti-
viral response to poxvirus infection. This concurs with the
observations made previously by Ichikawa et al., where type I
IFN induction in fibroblasts and myeloid DC was RIG-I de-
pendent, while type I IFN induction in periferical DC was
independent of RIG-I (36). RNA virus recognition by RIG-I
and MDAS is reported to involve distinct mechanisms (36), but
little is known of the mechanisms used by their helicases in
infection with DNA viruses.

Type I IFN levels were notably higher during MVA infection
than during NYVAC infection. There was no apparent RIG-I
or MDA-5 upregulation during NYVAC infection, possibly
due to low IFN levels or to specific differences between MVA
and NYVAC genomes. VACV genes involved in inhibiting the
IFN response include the E3L (16), B18R (17), K3L (12), and
NI1L (31) genes. Although MVA and NYVAC share common
deleted genes, including serpins (the B13R and B14R genes),
the M2L and N1L genes, which are involved in signaling, and
host range genes (the KI1L gene), most other deleted genes
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differ between the two strains. The differences in deleted genes
between MVA and NYVAC must play a role in the host
genome expression pattern induced after MDDC infection
with these vectors (Fig. 6).

Proinflammatory cytokine production (TNF-o, IL-12,
and IL-6). Another important difference between MVA and
NYVAC infection was the activation of TNF-«, IL-12, and
IL-6, which were upregulated more than 10-, 5-, and 4-fold,
respectively, in MVA versus NYVAC infection. Since NF-«kB
plays an important role in the expression of inflammatory cy-
tokines, including TNF-a and IL-12, our results suggest an
activation of this pathways by MVA, as previously described
for HeLa cells (28, 29). Upregulation of these immunomodu-
lators is likely to have an important role in MDDC function.
TNF-a would be released by MDDC while in peripheral tis-
sues to further recruit MDDC precursors and sustain antigen
capture and presentation. On the contrary, IL-12 would be
released by MDDC in lymph nodes to polarize Th cells toward
a Th1 phenotype (42). The fact that viruses encode proteins
that act to subvert nearly all aspects of TNF-« signaling (11)
emphasizes the importance of the TNF-o/TNF receptor axis in
antiviral immunity and virus-host interactions. Poxviruses have
evolved various strategies to prevent apoptosis, including the
ability to inhibit secreted TNF-a (57). In microarrays and
Western blots, we found an increase in TNF-o mRNA (Tables
1 to 4) and protein levels (Fig. 5A) in MV A-infected but not in
NYVAC-infected MDDC. As the A53R gene is deleted in
MVA and is intact in NYVAC, we propose that by its high-
affinity binding to human TNF (3), the A53R gene product
may be responsible for the decreased TNF levels observed in
NYVAC-infected MDDC supernatants.

Apoptosis signaling. During our transcriptional profiling
analysis of MVA- and NYVAC-infected MDDC, we observed
a clear rRNA breakdown associated with infection by MVA
and NYVAC (Fig. 3). MVA infection produced high levels of
the 5-OA synthetase-like messenger (Table 2) at 6 hpi, and this
is probably the reason for the apparent increase in RNA deg-
radation by MVA compared to NYVAC infection. Activation
of this enzyme mediates an antiviral and antitumor function by
cleaving cellular and viral RNAs, promoting a general inhibi-
tion of protein synthesis and apoptosis (53, 69). The rRNA
breakdown products are identical to those produced in cells
infected with a VACV recombinant expressing RNase L (not
shown), suggesting that MVA or NYVAC infection in MDDC
triggers the activation of the 5-OA synthetase/RNase L path-
way at late times postinfection (Fig. 3C). Both MVA and
NYVAC induced apoptosis in infected MDDC, indicating that
a poxvirus-infected MDDC will eventually die. Taking into
consideration that the viral E3 protein, a PKR inhibitor (7, 9,
44, 65, 68, 79), is produced at high levels after infection of
MDDC with both viruses (Fig. 2), which should block PKR
activation, in view of the levels elF-2a phosphorylation trig-
gered by the poxvirus vectors, we cannot rule out the possibility
of another kinase being responsible for eIF-2a phosphoryla-
tion and apoptosis induction after MDDC infection. The role
of apoptosis in the immune response is still unclear, but anti-
gens produced by apoptotic cells have been reported to in-
crease antigen immunogenicity, which is likely to be more
effective in cross-priming (76).

In summary, we have identified important differences in host
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genome expression profiling of human immature MDDC after
infection with the attenuated poxvirus vectors MVA and
NYVAC. This has been achieved using microarray technology
and direct comparison of cDNAs from three different systems:
MVA- or NYVAC-infected versus mock-infected MDDC,
MVA- versus NYVAC-infected MDDC, and MVA- or
NYVAC- infected MDDC versus infected HeLa cells. We
identified a number of genes that were expressed similarly as
well as others that showed differential expression profiling by
these viral vectors. In general, MVA infection upregulated
more genes than NYVAC infection. Of note are the differ-
ences in TNF-a and IFN-B levels, which were higher after
MVA infection of MDDC than after NYVAC infection. These
differences in vector behavior might be related to the number
of genes in the genome of each vector, with MVA lacking more
immunomodulatory genes than NYVAC. These poxvirus vec-
tors induced apoptosis in MDDC, suggesting that a cell in-
fected in vivo will not survive. Furthermore, the differences in
host gene expression and levels of immunomodulatory mole-
cules produced in MDDC might affect the quality of the im-
mune response induced by each of these vectors when used as
vaccines against pathogens and tumors.
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