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Abstract

Poxviruses use an arsenal of molecular weapons to evade detection and disarm host immune responses. We used DNA
microarrays to investigate the gene expression responses to infection by monkeypox virus (MPV), an emerging human
pathogen, and Vaccinia virus (VAC), a widely used model and vaccine organism, in primary human macrophages, primary
human fibroblasts and Hela cells. Even as the overwhelmingly infected cells approached their demise, with extensive
cytopathic changes, their gene expression programs appeared almost oblivious to poxvirus infection. Although killed
(gamma-irradiated) MPV potently induced a transcriptional program characteristic of the interferon response, no such
response was observed during infection with either live MPV or VAC. Moreover, while the gene expression response of
infected cells to stimulation with ionomycin plus phorbol 12-myristate 13-acetate (PMA), or poly (I-C) was largely
unimpaired by infection with MPV, a cluster of pro-inflammatory genes were a notable exception. Poly(l-C) induction of
genes involved in alerting the innate immune system to the infectious threat, including TNF-alpha, IL-1 alpha and beta,
CCL5 and IL-6, were suppressed by infection with live MPV. Thus, MPV selectively inhibits expression of genes with critical
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roles in cell-signaling pathways that activate innate immune responses, as part of its strategy for stealthy infection.
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Introduction

Monkeypox virus (MPV), an emerging human pathogen in the
Democratic Republic of the Congo (DRC) and elsewhere in
central and western Africa, produces an illness that shares clinical
features with smallpox but is somewhat less lethal, with case
fatality rates of approximately 10% [1,2,3]. An outbreak of
monkeypox in the United States in 2003 demonstrated the
potential for this virus to spread from traditional endemic regions
[4,5]. Despite the potential threat this virus poses to public health
[3,6], relatively little is known about the host cellular responses to
MPV.

Vaccinia virus (VAC), in contrast, has been widely used as a
model for understanding poxvirus biology and exploited for
vaccine purposes. VAC uses a multitude of strategies to disable
host immune responses [1,7,8], many targeting the innate immune
system. Vaccinia encodes proteins that suppress the host interferon
response by binding double-stranded RNA (dsRNA) and inhibit-
ing RNA-dependent protein kinase (PKR) and 2-5 oligoadenlylate
synthase (OAS) activation [9,10,11,12,13,14,15], an elF2a
homolog that acts as a pseudosubstrate inhibitor of PKR
[16,17,18], proteins that serve as a decoy receptors for IFN-
gamma [19,20,21] and IFN-olpha/feta [22,23,24], and
two antagonists of host TLR signaling (A46R and A52R)
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[25],[26],[27]. The MPV genome encodes homologs of the
VAC proteins that modulate host interferon and TLR signaling
[28,29], but the function of the putative MPV systems for
suppressing of host innate immune defenses have not been
examined directly. Moreover, although much is known about the
activities of the VAC-encoded proteins that impair host defenses,
relatively little is known about the consequences for the host
transcriptional responses to this virus, and even less about other
poxviruses. A few studies have characterized responses of HelLa
cells to Vaccinia infection [30,31,32]. Yang ef al. used deep RNA
sequencing to examine the responses of HeLa cells to VAC
infection and reported an increase in abundance of a small group
of cellular mRNAs associated with the NF-KB pathway, inhibition
of apoptosis, and signal transduction at 2 hours post infection,
followed by a decrease in thousands of cellular mRNAs at 4 hours
post-infection [32]. Alkhalil e al. described a generalized decrease
in host mRNA levels 3 and 7 hours after MPV infection of Macaca
mulatta kidney epithelial (MK2) cells. and highlighted changes in
the abundance of transcripts for genes associated with ephrin
signaling and actin polymerization, cell cycle progression, and the
expression of ion channels [33].

To more fully investigate how these viruses alter the gene
expression programs in their hosts, we characterized, with high
temporal resolution, the host transcriptional programs in response
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to ex viwo infection with MPV and VAC viruses, respectively, in
several different cell types, including primary human macrophag-
es, primary human fibroblasts and HeLa cells.

Materials and Methods

Cells, and culture conditions

Elutriated monocytes were obtained from two different healthy
adult donors or from Clonetics, Inc. (San Diego, CA), isolated
according to conventional procedures, and cultured in 6 or 12 well
plates containing RPMI 1640 medium and 10% heat-inactivated
fetal calf serum (FCS, Invitrogen, Carlsbad, CA). The use of
primary human cells for research purposes was approved by the
Institutional Review Board of Stanford University. Monocytes were
cultured for 2-6 days to allow for differentiation into macrophage-
like cells. Primary human dermal fibroblasts were derived from
autopsy skin samples after removal of keratinocytes and endothelial
cells as described [34] (S100 cells) or from Clonetics Inc. (NHDF
cells). S100 primary fibroblasts were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM) with 10% FCS, glutamine,
and 100 units penicillin-streptomycin (Invitrogen, Carlsbad, CA);
NHDYF primary fibroblasts were cultured in fibroblast growth
medium 2 (Clonetics Inc.) supplemented with 2% FCS, human
fibroblast growth factor-B, insulin, and gentamicin/amphotericin-
B, according to the manufacturer’s directions. HeL.a cells (ATCC,
Manassas, VA) were cultured in DMEM with 10% FCS, glutamine,
and 100 units penicillin-streptomycin.

Viruses, and infection conditions

Cells were plated in 6 or 12 well plates and incubated for
24 hours before infection with Vaccinia New York Board of
Health (Wyeth, Dryvax) (VAC-NY), Vaccinia Western Reserve
(VAC-WR, [35], kindly provided by B. Moss, NIH, Bethesda), or
Monkeypox-Zaire (MPV-ZAI, CDC isolate V79-1-005 [28]), each
at a multiplicity of infection (MOI) of 10. Control infections with
Ebola-Zaire (EBOV-ZAI) [36] were also at an MOI of 10. Control
killed virus infections were performed with gamma-irradiated
MPV-ZAL For preparation of killed MPV, the stock of MPV-ZAI
was split into equal aliquots, half was used for the live virus
infection, and half was subjected to 1x10° rads of gamma-
irradiation from a °’Cobalt source. Mock infections were
performed using culture medium free of any viruses. After
adsorption of virus for 1 hour at 37°C with periodic rocking, the
virus-containing medium (or mock medium) was removed, cells
were washed twice with phosphate-buffered saline (PBS, Invitro-
gen, Carlsbad, CA), and replaced with fresh culture medium. Cells
were then incubated at 37°C. Pre-infection samples were collected
in duplicate or triplicate for all timecourses in order to ensure a
robust baseline for data analysis. Table SI1 describes cells,
conditions and timepoints used in these experiments. All infection
timecourses were performed in a Biosafety Level 3 or 4 (if EBOV-
ZAl was used) laboratory in accordance with the Biosafety in
Microbiological and Biomedical Laboratories (U.S. Department of
Health and Human Services) guidelines.

In some experiments, cells were first infected and then exposed
to exogenous stimuli. In these experiments, primary human
dermal fibroblasts or primary human macrophages (Clonetics Inc.,
San Diego, CA) were either mock infected (as described above), or
infected with Monkeypox-Zaire at an MOI of 10. Virus was
washed away and fresh medium was added. At 4 hours post-
infection, phorbal 12-myristate 13-acetate (PMA) (25ng/mL final
concentration , CalBiochem, La Jolla, CA), and ionomycin
(Imicromolar final concentration, Sigma, St. Louis, MO) [37] or
poly(I-C) (100ug/mL final concentration, Sigma, St. Louis, MO)
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[38] were added to both the mock- and MPV-infected cultures,
and serial samples were collected.

Plaque assays

Cell supernatants were collected for virus titration and soluble
factor assays at the same times that RNA was harvested; the
supernatant was frozen at —80°C until subsequent analysis.
Supernatants were diluted from 10—1 to 10—6 in 200 ul. of
MEM. Diluted supernatants were added in duplicate to confluent
monolayer cultures of Vero E6 cells and incubated for 1 hour at
37°C with periodic rocking. Supernatants were removed and a
0.5% agarose solution with 2% EBME, HEPES and 10% FBS was
overlayed. Cells were incubated at 37°C for 4-5 days, followed by
removal of the agarose overlay. Plaques were stained with 2 mL of
crystal violet solution and counted.

Fibroblast stimulations

Primary human dermal fibroblasts were treated in 24-well plates
with PBS only (mock), interferon alpha (IFNo) at 0.6 pM final
concentration (Sigma, St. Louts, MO), tumor necrosis factor alpha
(I'NF-alpha) at 0.6 pM final concentration (Sigma), PMA at
25ng/mL final concentration plus ionomycin at Imicromolar final
concentration, polyinosinic-polycytidylic acid as potassium salt
(poly(I-C))) at 100ug/mL final concentration (Sigma), Escherichia coli
055:B5 lipopolysaccharide (LPS) at lug/mL final concentration
(Sigma), or dexamethasone at 1 micromolar final concentration

(Sigma).

Immunofluorescence assay for cell-associated poxvirus
antigen

Cells were grown on coverslips or in 4-well chamber slides and
infected or mock-infected as described above, then fixed in 10%
neutral buffered formalin for 24 hours, rinsed five times in PBS,
permeabilized by treatment with proteinase K (20 ug/ml, DAKO,
Carpinteria, CA) for 30 minutes at room temperature, followed by
incubation in normal goat serum for 20 minutes (DAKO). Slides
or coverslips were incubated in a 1:1000 dilution of a mouse
polyclonal anti-VAC antibody (kindly provided by B. Moss) for
30 minutes at room temperature, washed with PBS, then
incubated with Alexa Fluor 488-conjugated goat anti-mouse IgG
antibody (Molecular Probes, Eugene, OR) for 30 minutes at room
temperature, rinsed in PBS, and mounted in an aqueous mounting
medium containing 4',6'-diamidino-2-phenylindole (DAPI) (Vec-
tor Laboratories, Burlingame, CA). Epifluorescence images were
taken at 20x magnification with a Nikon E600 fluorescence
microscope or Nikon Eclipse AD1 (Nikon Instech Co., Ltd.,
Kanagawa, Japan).

Sample acquisition and RNA preparation for microarray
analysis

Culture supernatant was collected and stored at —70°C for
virus titration and soluble factor assays. Cell cultures were imaged
using phase-contrast microscopy at each timepoint. Total RNA
from cells was harvested at each timepoint by removing the media
and adding ImL of TriPure (Roche Applied Science, Indianapolis,
IN) directly to the infected/treated cells in the culture well. RNA
was extracted using TriPure reagent and linearly amplified
(Ambion MessageAmp, Ambion, Austin, TX) according to the
manufacturer’s instructions.

DNA microarrays and hybridization

We used human DNA microarrays containing 37,632 elements,
representing 11,904 unique annotated human genes, 406 Variola
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and Vaccinia genes and approximately 11,000 unannotated
human IMAGE cDNAs. Arrays were produced as described
[39,40]. Fluorescently-labeled cDNA prepared from amplified
RNA was hybridized to the array in a two color comparative
format [39,41], with the experimental samples labeled with one
fluorophore (Cy-5) and a reference pool of mRNA labeled with a
second fluorophore (Cy-3). The reference pool (Universal Human
Reference, Stratagene Inc.) and an equal mix of poxvirus
transcripts from all timepoints provided an internal standard to
enable reliable comparison of relative transcript levels in multiple
samples [39,40,42]. Fluorescent images of hybridized microarrays
were acquired using the GenePix 4000B and GenePix 4200AL
microarray scanners (Axon Instruments, Union City, CA).

Data Filtering and Analysis

Images were analyzed with GenePix Pro 5.0 (http://www.
moleculardevices.com/pages/software/gn_genepix_pro.html, Mo-
lecular Devices, Sunnyvale, CA) and SpotReader (http://www.
nilesscientific.com/overview.nhtml, Niles Scientific, Portola Val-
ley, CA). Single spots or areas of the array with obvious
blemishes were flagged and excluded from subsequent analyses.
All non-flagged array elements were considered well-measured if
the fluorescent intensity in each channel was greater than 2.5
times the local background and the regression correlation of the
Cy5 and Cy3 fluorescence signal for all pixels comprising the
array element was at least 0.6 for at least 80% of arrays in a
dataset. Fluorescence ratios were calibrated independently for
each array by applying a single scaling factor to all fluorescent
ratios so that the median fluorescence ratio of array elements
that passed quality-control criteria was 1.0. Data were expressed
as the mean log, ratio of Cy5/Cy3 fluorescence intensities, for
all array elements representing a specified gene [39,41]. Data
from multiple replicates of the same day 0 sample were
averaged to provide a robust “time-zero” baseline. Genes whose
expression levels increased or decreased by a factor of three or
more from their time-zero levels, in at least 3 of the time-course
samples, were selected for further analysis. The data were stored
in, and are available in their entirety from, the Stanford
Microarray Database (http://smd.stanford.edu/), and GEO
(accession number GSE24125) (42). All data are MIAME 2.0-
compliant. For some analyses, data were hierarchically clustered
using the Cluster program [43] and displayed using Javalree-
View [44].

Results

We infected primary human macrophages, primary human
fibroblasts, and HeLa cells with Vaccinia WR and Monkeypox
Zaire viruses, and as controls, a mock treatment, gamma-
irradiated (killed) Monkeypox Zaire virus, and Ebola Zaire virus.
We analyzed cell morphology by phase contrast microscopy
(Figure S1), distribution of viral antigen by immunofluorescence
staining (Figure S2), and patterns of host and viral gene expression,
at high temporal resolution, using DNA microarrays (Figure 1)
(The viral gene expression data were published previously [45].

Primary human fibroblasts and Hela cells are permissive
to infection and to replication of both MPV and VAC
To assess the permissiveness of primary human fibroblasts and
Hela cells to infection with MPV and VAC, we first examined the
cytopathic effects (CPE) of infection. Evidence of cell rounding was
seen by 4 hours post-infection in fibroblasts and by 6 hours post-
infection in Hela cells with both MPV and VAC infection. CPE,
characterized by cell rounding and aggregation, was prominent in
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fibroblasts by 8 hours post infection with either MPV or VAC
infection (Figure S1A). By 24 hours, fibroblasts that remained
adherent to the culture well formed pleomorphic cell clumps with
abnormal morphology (Figure S1A). HeLa cells also showed clear
CPE by 8 hours post-infection, with the majority of cells rounded
by 24 hours post-infection (Figure SIB). Cells appeared more
rounded after VAC infection, as compared with a multi-globular
appearance after MPV infection (Figure S1B).

We evaluated the uniformity of infection by immunofluores-
cence with a polyclonal anti-VAC antibody that cross-reacts with
both VAC and MPV antigens (B. Moss, unpublished data). MPV
and VAC viral antigens, respectively, were detected in both cell
types as early as 4 hours post infection (data not shown) and in
every fibroblast or Hella cell at 24-hours post-infection (Figure
S2A and B). In addition, areas of viral antigen staining were
detected where there were no longer viable host cells (absence of
DAPI nuclear staining) (Figure S2A). Plaque assays revealed
replication-competent progeny virus in the culture medium of
primary human fibroblasts; 12,000 to 16,000 PFU/mL were
detected at 24 hours post infection (Figure S3).

Gene expression programs in poxvirus infected human
cells

Despite the severe and pervasive cytopathic effects, the
expression programs in the poxvirus-infected cells were surpris-
ingly similar to those in the mock-infected cells. The most
dramatic effect of poxvirus infection on the host transcriptome was
observed in fibroblasts. Infection with live MPV or VAC led to a
selective depletion, by a factor of 3 or more, of transcripts of
almost 2000 genes in the primary fibroblasts, but not the
macrophages or HELA cells. Another set of genes, with essential
roles in cell proliferation, was induced by exposure to fresh
medium in the mock-treated and killed-MPV-treated fibroblasts,
but their induction was virtually abolished by live-virus infection.
Importantly, the transcripts selectively depleted by poxvirus
infection of fibroblasts included many of the most abundant
classes of mRNAs in the cell, including those encoding ribosomal
proteins, translation factors, beta and gamma actin, glycolytic
enzymes, mitochondrial proteins, major components of the protein
secretory apparatus, proteasome subunits, collagens, clastin and
other extracellular matrix proteins. Selective depletion of this
group of mRNAs could thus account for a substantial overall
decrease in host mRNA during poxvirus infection of fibroblasts.
No corresponding selective decrease in host mRNAs was seen in
infected macrophages or HELA cells. Only a tiny set of genes
actually appeared to be induced by infection with live poxviruses.
Two of the 4 transcripts with the most consistent apparent
induction are histone mRNAs and a third, TCF15, is also reported
to be bound by SLBP [46], which allows histone mRNAs to bypass
the requirement for polyadenylation. In a previous report, DNA
microarray evidence for histone gene induction by Vaccinia virus,
based on poly-A dependent RNA amplification, was not
corroborated by Northern analysis of one of the histone mRNAs
[30]. Thus, we suspect that the apparent induction of these genes
by poxvirus infection may be an experimental artifact, reflecting de
novo polyadenylation of the transcripts by the viral poly-A
polymerase, greatly enhancing their amplification by the poly-A
dependent procedure we used in these experiments.

Interferon-associated gene expression

A group of about 130 genes characteristically induced by
mterferons, [47,48,49], was dramatically induced by exposure to
killed MPV virus or infection with Ebola virus, but not by live
MPV or VAC-WR, specifically in macrophages from two different
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Figure 1. Host Gene Expression Overview. An overview of the gene expression patterns of 5745 genes whose transcript levels changed, by a
factor of at least 3, from their initial levels in at least one of the 134 samples taken from time courses viral infection or mock infection in macrophages
from two human donors, human dermal fibroblasts, or HELA cells. In this display, genes were hierarchically clustered based on similarities in the
patterns of variation of their transcript levels [43]. In this display, each row represents a single gene, and each column represents a single cell sample
from an infection or mock infection time course. The samples from each time course are ordered from left to right. Red and green colors represent
expression levels greater or less, respectively, than baseline values (average of 2-5 samples taken immediately prior to infection, 0 hour time point).
Grey indicates missing or excluded data. The intensity of the color reflects the magnitude of the change from baseline (Time zero), as indicated by the
color scales at the bottom of each panel. Mock = mock infection (media only), V-WR = Vaccinia-Western Reserve, V-NY =Vaccinia-New York Board of
Health (Wyeth, Dryvax), MPV =killed (gamma irradiated) Monkeypox-Zaire, MPV = Monkeypox-Zaire. Names of a few selected genes or categories of
genes from clusters with distinctive patterns of induction or repression, are indicated to the right of enlarged views of the corresponding clusters, in
panel B. Numbers to the right of panel A indicate the positions of the clusters shown enlarged and identified by the corresponding numbers in panel
B. The vertical grey bars to the right of panel A indicate the positions of the genes encoding ribosomal proteins, mitochondrial proteins and
proteosome components, shown in an enlarged view in panel B). For a comprehensive, browseable view of the gene expression programs depicted
here, see the supporting information. The complete raw data from this experiment are available at: www.smd.stanford.edu or the GEO database
(accession number GSE24125).

doi:10.1371/journal.pone.0015615.g001
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human donors. Indeed, many of these innate immunity related
transcripts actually decreased in relative abundance in response to
MPV or VAC-WR infection in all three cell types (Figure 1A and
B). These genes included MX1 and MX2, IP-10, OAS 1, 2, and 3,
GBP 1 and 2, STATI and 2, CASP 1 and 10, MYD88, CXCLS9,
10 and 11, CCLI, EIF2AK?2 (PKR)8, and IFN-gamma receptors 1
and 2 (IFNgR1 and 2) (Figure 1B). Interestingly, a similar infection
with a different VAC strain (New York Board of Health strain,
VAC-NY), did induce some of the interferon-responsive genes
(Figure 1B).

Effects of MPV infection on the transcriptional responses
of human cells to diverse exogenous stimuli

We were surprised by the dramatic contrast between the major
cytopathic effects following MPV or VAC infection and the
relatively small extent and magnitude of the changes in transcript
profiles, particularly the virtually complete absence of host
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transcripts induced by infection, in these mortally-infected cells.
This result suggests that the viruses employed active “stealth”
mechanisms to evade or silence transcriptional responses of the
infected cells and minimize alarm signals that might trigger
immune defenses. To identify more specifically which sensing and
signaling systems might be impaired by viral infection, we first
profiled the responses of primary human fibroblasts to diverse
exogenous stimuli, including a “mock” treatment (PBS), interferon
alpha (IFNe), Tumor necrosis factor alpha (TNF-alpha), PMA
plus ionomycin (I+P) [37,50], which mimics antigen stimulation of
leukocytes, polyadenylic acid, (poly(I-C)) [38] - a double-stranded
RNA mimic, FEscherichia coli 055:B5 lipopolysaccharide [37,51]
(LPS), and dexamethasone [52,53], each at concentrations used in
previous studies. In most cases, the cells appeared normal by phase
contrast microscopy 24 hours after addition of these compounds to
the tissue culture media; there was cell rounding and CPE
following treatment with I+P and poly(I-C) (data not shown). For
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each treatment, RNA was isolated from two duplicate cell culture
wells after 24 hours of exposure. The fibroblasts had distinct,
robust responses to these various stimuli; transcripts of more than
3600 genes increased or decreased in abundance by at least a
factor of 3 in response to one or more of these stimuli (Figure 2).
Some genes were induced by multiple distinct stimuli, some (e.g.,
CCLI19, BIRC3, IL32, IFNAR2) were selectively induced by
TNF, others (e.g., RARRES3,MYDS88,IFIT1,IFIT2,MX1 and 2)
by IFNea and still others (e.g., TGFB2, EGR1,FGF2,TLR4) by
poly-1C, but not by IFNa or TINF.

The dramatically ablated transcriptional responses to live MPV
as compared to killed MPV suggested that the live virus might
actively counter one or more of the mechanisms by which these
cells sense and respond to infection. To test this hypothesis, we
infected primary human dermal fibroblasts and primary human
macrophages with MPV, then examined their transcriptional
responses to subsequent treatment with I+P or poly (1.C),
beginning 4 hours post-infection. We chose I+P and poly (I.C)
because these agents provoked the most pronounced responses in
the uninfected fibroblasts. I+P elicited a significant response in
both fibroblasts and macrophages that was virtually identical in
MPV-infected and mock-infected cells (Figure 3). Poly(I-C) elicited
little response in macrophages, but there was a distinct response in
fibroblasts. While the responses of many genes induced by poly(I-
C) in the absence of infection were essentially unimpaired by MPV
infection (Figure 3), more than 100 genes induced by poly(I-C) in
mock-infected fibroblasts were unresponsive to poly(I-C) following
MPYV infection (Figure 3). Many of these genes were known to be
interferon-induced [47,49]. Several cytokines, genes involved in
vesicle transport and docking and in apoptosis were also induced
by poly(I-C) in uninfected fibroblasts, but not in MPV-infected
fibroblasts. Thus, the lethally infected cells were capable of robust
transcriptional responses to exogenous stimuli. The failure to
respond to viral infection per se is therefore likely to reflect not a
general impairment of transcription, but active and selective viral
mechanisms for inhibiting this response. In the fibroblasts, most of
the critical innate-immune response genes induced by poly(IC) in
uninfected cells were silent in the MPV-infected cells.

Discussion

Viral infection involves not only extensive subversion of the host
cell biosynthetic and regulatory machinery for viral replication,
but also in almost all cases a “stealth” program to eliminate,
mitigate or avoid responses of the innate and adaptive immune
systems to the developing infection. Pox viruses have an especially
elaborate and multifaceted system for silencing and evading host
immune defenses. To develop a more comprehensive picture of
the host cell responses to pox virus infection and viral subversion of
that response, we profiled the temporal program of gene
expression at high resolution during 40 time courses of infection
with two different poxvirus species, in several different human cell
types (Table S1). Our choice of primary human macrophages and
primary human fibroblasts as the principal host cells in these
studies followed from observations of smallpox and MPV infection
in non-human primates, in which macrophages and fibroblasts
were typically infected [54,55]. Macrophages, in particular, have
been hypothesized to be critical for the pathogenesis and spread of
smallpox; as one of the initial primary target cells, circulating
macrophages are believed to deliver virus to a variety of other
target cells and tissues.

Poxvirus infection of these cells proceeded with extraordinary
stealth. Despite unequivocal evidence of active viral infection and
dramatic cytopathic changes, the gene expression programs of the
host cells seemed virtually oblivious to their impending doom; in
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fibroblasts, many of the most abundant mRNAs were markedly
depleted following poxvirus infection, but essentially none were
specifically induced. Indeed, even the intense innate immune
response induced by exposure of macrophages to killed MPV was
virtually completely silenced in cells infected with the live virus.
The apparent induction of a small group of genes by infection with
either live MPV or VAC, including histone mRNAs that have
previously been reported to be induced in HeLa cells by VAC WR
and MVA infection, was likely an experimental artifact resulting
from de novo polyadenylation of these mRNAs by the viral poly-A
polymerase, leading to their enhanced amplification and detection
by our microarray hybridization protocol.

A large set of interferon-responsive genes was induced by killed
MPV in primary human macrophages. These genes were also
induced to similar levels by an unrelated virus, Ebola-Zaire. Levels
of these transcripts remained close to baseline, however, following
infection with VAC WR or live MPV. The effective suppression of
the transcriptional response to interferon in infected cells contrasts
with the strong interferon-associated response we observed in
peripheral blood mononuclear cells during i viwo smallpox [48] or
MPV infection in non-human primates (K. Rubins, unpublished
data). These contrasting results suggest that the effective
suppression of the interferon response in the infected cells
themselves is insufficient to quell the systemic response of a mostly
uninfected population of peripheral blood cells to the consequenc-
es of overwhelming infection.

These results are broadly consistent with the predicted activities
of VAC and MPV genes that encode known or putative
interferon-modulating factors. In VAC, the K3L ORF functions
as an ellF200 decoy homolog; the E3L ORF encodes a double-
stranded RNA binding protein that inhibits 2'5-OAS, the
RNaseLL system, and PKR (EIF2AK2); and the BI8R and B8R
ORFs are predicted to encode soluble and cell surface receptors
that may act as competitive antagonists for type I and type II
interferons, respectively (for review, see [8]). The expression
patterns, activities and roles in pathogenesis of these interferon-
modulating genes during MPV infection remain to be established.
The gene that encodes the decoy ellF2a homolog is either missing
or truncated in the sequenced MPV genomes [56] and the double-
stranded RNA (dsRNA) binding protein is predicted only to be
expressed as the short form, which, while functional for dsRNA
binding and inhibiting PKR and 2'-5" OAS activation [17,57],
does not contain an N-terminal region essential for VAC
pathogenesis in a mouse model [58]. However, despite these
differences, the ablation of the interferon response by poxvirus
infection was quite similar in cells infected with live MPV or VAC,
perhaps reflecting the ability of virally encoded secreted factors to
interrupt host interferon signaling. Transcripts from the predicted
dsRNA binding protein homolog in MPV as well as the Type 1
and IT IFN decoy receptors were detected during MPV infection in
these cell types. Suppression of the interferon response is not
simply explained by a complete inability of virally-infected cells to
respond to exogenous stimulation; in all these cells, we observed a
transcriptional response to changes in the media during the initial
steps of infection (Figure 1, mock versus live-virus induced
transcription programs), and a vigorous response to I+P that was
essentially indistinguishable from that of the uninfected cells
(Figure 3). This evidence that MPV virus infection can selectively
suppress the interferon response, and perhaps other components of
the innate immune response, highlights the value of direct
identification and investigation of the MPV genes that suppress
the infected cell’s ability to recruit an innate immune response.

As a foundation for defining how these viruses impaired the
ability of their host cells to sense or respond to infection, we profiled
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Time 0 Mock IFN DEX [+P pIC LPS TNF
METALLOTHIONEINS
NFKBIZ

MX1,2
STAT1
EDN1
CCL5
NFKB
NT5C3
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Figure 2. Stimulation of primary human fibroblasts. Fibroblasts were treated for 24 hours with each of 6 different molecular stimuli, or with a
mock treatment. 3754 genes whose expression level increased or decreased by at least a factor of three in response to one or more of the treatments
are included in this display; each column represents the changes in abundance of transcripts from each of these genes after 24 hours of treatment
with one of the agents. For each molecular stimulus, results from two replicate treatments are shown. The genes were hierarchically clustered, and
their expression represented by a color scale as in Figure 1. The brightest red and green colors in this display correspond to increases or decreases in
transcript abundance by factors of at least 32 relative to time zero. Ohr = pre-stimulation timepoint, all other timepoints taken 24 hours post
stimulation; mock (PBS), IFNa = Interferon alpha, TNF-alpha=tumor necrosis factor alpha, +P=ionomycin and phorbal 12-myristate 13-acetate,
poly(l-C) = polyinosinic-polycytidylic acid, LPS = Escherichia coli 055:B5 lipopolysaccharide, Dex = Dexamethasone. Names of a few selected genes from
clusters with distinctive patterns of induction by one or more of these agents are indicated to the right of the corresponding clusters, marked by the
vertical black lines. For a comprehensive, browseable view of the transcript profiles characteristic of each response see the supporting information.
The complete raw data from this experiment are available at: www.smd.stanford.edu or the GEO database (accession number GSE24125).
doi:10.1371/journal.pone.0015615.g002

the responses of the primary human fibroblast cells used in this study of their responses to I+P or poly(I-C) appeared unaffected by MPV

to chemical agents with diverse activities, including activation of infection, the induction of interferon-responsive genes and several
innate immune responses. The fibroblasts were clearly capable of classes of genes encoding cytokines was significantly diminished in
responding vigorously to these diverse stimuli. While most features infected cells (Figure 3). In addition to suppressing the host
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Figure 3. Effects of infection with MPV on the transcriptional responses of fibroblasts to poly-IC or PMA+ionomycin. (A) Fibroblasts
were infected with MPV at an MOI of 10, or mock-infected, 4 hours prior to treatment with either poly(I-C) or PMA+ionomycin. Cells were harvested
and RNA samples analyzed at 12 and 24 hours after treatment of mock-infected cells (16 and 28 hours after mock-infection), at 1, 2, 6 and 12 hours
after poly(l-C) treatment (5, 6, 10 and 16 hours after MPV infection), and at 1, 2, 6, 12 and 24 hours after PMA and ionomycin treatment (5, 6, 10 and
16 hours after MPV infection) of MPV-infected cells. The samples from each time course are ordered from left to right. For this display, genes were
clustered and expression levels represented by a color scale as in Figures 1 and 2. The brightest red and green colors in this display correspond to
increases or decreases in transcript abundance by factors of at least 32 relative to time zero. Mock = mock infection (media only), MPV = Monkeypox-
Zaire, +P =treated with ionomycin and PMA 4 hours after infection or mock-infection, Poly(l-C) =treated with poly(l-C) 4 hours after infection or
mock-infection. Names of a few selected genes from 4 clusters, all induced by poly(I-C) in the mock-infected cells but not in the MPV-infected cells,
are indicated to the right of the corresponding clusters, marked by the vertical black lines. For a comprehensive, browseable view of the gene
expression programs depicted here, see the supporting information. The complete raw data from this experiment are available at: www.smd.

<0.03

stanford.edu or the GEO database (accession number GSE24125).
doi:10.1371/journal.pone.0015615.9g003

transcriptional response to interferon in primary macrophages,
MPV was able to repress a subset of genes in fibroblasts that
responded specifically to poly(I-C). This repression might be due to
inhibition of the TLR3 signaling pathway, which normally senses
and responds to poly(I-C). The apparent blockade of TNF-alpha
signaling was also interesting. Some of the genes most differentially
expressed in these fibroblasts in response to TNFalpha, and not to
IFNa (eg., IL7R, IL32), were induced by p(IC) in the mock-infected
but not in the MPV-infected fibroblasts. Our previous work
demonstrated a lack of detected circulating TNF-alpha and absence
of TNF-alpha-induced transcripts in PBMCs during smallpox
infection in non-human primates [48]. Poxviruses encode several
homologs of the TINF-alpha receptor [59] which are believed to act
as decoys. CrmB, the only TNF receptor homolog encoded by
Variola that is predicted to be functional [60], 1s also predicted to be
encoded by the J2R/J2L ORFs of MPV. The largely intact response
of these fibroblasts to I+P, and the preservation of many of the
transcriptional responses to poly(I-C), in the presence of MPV
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infection, contrasts sharply with the highly specific block to
induction of IFN- and TNFa-regulated transcripts. Thus, the
reprogramming of gene expression by these viruses is exquisitely
specific to genes required for activation of an innate immune
response.

This study represents one of the first detailed analysis of the
host-cell gene expression program in response to infection with
MPV, an emerging human pathogen. Remarkably, even as the
infected cells were approaching their demise, their transcriptional
program appeared virtually oblivious to the dramatic cytopathic
effects of the overwhelming infection. Thus, the mechanisms by
which poxviruses elude detection and elimination by host antiviral
defenses include the silencing of cellular alarm systems that would
otherwise alert the host to their presence, by selectively blocking
specific transcriptional responses activated by TNF or IFNs.
The specific molecular mechanisms by which these res-
ponses are blocked continue to be important questions for future
Investigations.
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Supporting Information

Figure Sla Cytopathic effect (CPE) in Fibroblasts and
HeLa cells infected with MPV and VAC. Primary human
dermal fibroblasts (A) or HelLa cells (B) were infected in parallel
with Vaccinia Western Reserve (VAC-WR) or Monkeypox Zaire
(MPV-ZAI) with 10 PFU/cell, or mock infected (Mock). Cell
cultures were visualized using phase-contrast microscopy at times
indicated postinfection (hrs p.i., hours post infection). Figure Sla
contains complete data corresponding to Figure 1 (as calculated
Data are provided as tab-delimited text in a “.cdt” format. Each
row (except row 1) represents a gene and each column (except
columns 1-4) represents an experimental sample. Each cell
represents a quantitative measurement (on a log scale) of the ratio
of the abundance of transcripts from the specified gene in the
specified sample, to the same gene’s abundance in the “time
zero” sample (prior to infection or chemical treatment). The
samples are identified by the headers in row 1. The genes are
identified by name in Column 3. To open, display and browse
these data with the Treeview visualization program (eg., Java
Treeview [44]), rename this file as “Figure l.cdt”, and re-
name Figure S1b as “Figure 1.gtr” and store them in the same
folder.

(CDT)

Figure S1b This tab-delimited text file is the companion file to
Figure Sla. The file contains information used to specify the
dendrogram representing the relationships among expression
patterns of the genes in Figure 1 as inferred by average-linkage
hierarchical clustering. It is used by the “Treeview” program to
generate the gene dendrogram for display and browsing. To open,
display and browse the data in Figure 1 with the Treeview
visualization program (eg., Java Treeview [44]), rename this file as
“Figure 1.gtr”, and rename Figure Sla as “Figure 1.cdt” and store
them in the same folder.

(GTR)

Figure S2a Detection of MPV and VAC viral infection
by immunofluorescence in HeLa cells and Fibroblasts.
Primary human dermal fibroblasts (A) or HeLa cells (B) were
infected in parallel with Vaccinia Western Reserve (VAC-WR) or
Monkeypox Zaire (MPV-ZAI) with 10 PFU/cell, or mock
infected (Mock). Cells were fixed in 10% neutral buffered
formalin at 24 hours post-infection. MPV or VAC viral antigen
was detected with a polyclonal anti-Vaccinia antibody and a
secondary antibody conjugated with Alexa 488 (green). Cell
nuclei/DNA were visualized with DAPI (blue). At least 40 fields
at 20x magnification each were examined for HeLa cells and
fibroblasts, respectively. Figure S2a contains complete data
corresponding to Figure 2 (as calculated Data are provided as
tab-delimited text in a “.cdt” format. Each row (except row 1)
represents a gene and each column (except columns 1-4)
represents an experimental sample. Each cell represents a
quantitative measurement (on a log scale) of the ratio of the
abundance of transcripts from the specified gene in the specified
sample, to the same gene’s abundance in the “time zero” sample
(prior to infection or chemical treatment). The samples are
identified by the headers in row 1. The genes are identified by
name in Column 3. To open, display and browse these data with
the Treeview visualization program (eg., Java Treeview [44]),
rename this file as “Figure 2.cdt”, and rename Figure S2b as
“Figure 2.gtr” and store them in the same folder.

(CDT)
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Figure S2b This tab-delimited text file is the companion file to
Figure S2a. The file contains information used to specify the
dendrogram representing the relationships among expression
patterns of the genes in Figure 2 as inferred by average-linkage
hierarchical clustering. It is used by the “Ireeview” program to
generate the gene dendrogram for display and browsing. To open,
display and browse the data in Figure 2 with the Treeview
visualization program (eg., Java Treeview [44]), rename this file as
“Figure 2.gtr”, and rename Figure S2a as “Figure 2.cdt” and store
them in the same folder.

(GTR)

Figure S3a Viral growth curves following infection of
human dermal fibroblasts with MPV or VAC-WR.
Supernatants collected at the indicated times after MPV (red
curve) or VAG-WR (blue curve) or killed MPV (orange curve)
infection of human dermal fibroblasts were serially diluted and
added in duplicate to confluent monolayer cultures of Vero E6
cells. Cells were then incubated for 1 hour at 37°C with periodic
rocking. The medium was then replaced with a 0.5% agarose
solution with 2% EBME, HEPES and 10% FBS. Cells were then
incubated at 37°C for 4-5 days, followed by removal of the
agarose overlay. Plaques were stained with 2 mL of crystal violet
solution and counted. The assays revealed replication-competent
progeny virus in the culture medium of primary human fibroblasts
following infection with MPV or VAC-WR, but not with killed
MPV; 12,000 to 16,000 PFU/mL were detected at 24 hours post
infection. Figure S3a contains complete data corresponding to
Figure 3 (as calculated Data are provided as tab-delimited text in a
“.cdt” format. Each row (except row 1) represents a gene and each
column (except columns 1-4) represents an experimental sample.
Each cell represents a quantitative measurement (on a log scale) of
the ratio of the abundance of transcripts from the specified gene in
the specified sample, to the same gene’s abundance in the “time
zero” sample (prior to infection or chemical treatment). The
samples are identified by the headers in row 1. The genes are
identified by name in Column 3. To open, display and browse
these data with the Treeview visualization program (eg., Java
Treeview [44]), rename this file as “Figure 3.cdt”, and rename
Figure S3b as “Figure 3.gtr” and store them in the same folder.
(CDT)

Figure S3b This tab-delimited text file is the companion file to
Figure S3a. The file contains information used to specify the
dendrogram representing the relationships among expression
patterns of the genes in Figure 1 as inferred by average-linkage
hierarchical clustering. It is used by the ““Ireeview” program to
generate the gene dendrogram for display and browsing. To open,
display and browse the data in Figure 3 with the Treeview
visualization program (eg., Java Treeview [44]), rename this file as
“Figure 3.gtr”, and rename Figure S3a as “Figure 3.cdt” and store
them in the same folder.

(GTR)

Table S1 Cells, conditions and sampling timepoints
used in these experiments.

(PDF)
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