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The type III interferon (IFN) family elicits an antiviral response that is nearly identical to that evoked by IFN-
a/B. However, these cytokines (known as IFN-A1, 2, and 3) signal through a distinct receptor, and thus may be
resistant to the evasion strategies used by some viruses to avoid the IFN-a/B response. Orthopoxviruses are
highly resistant to IFN-a/B because they encode well-characterized immunomodulatory proteins that inhibit
IEN activity. These include a secreted receptor (B18R) that neutralizes IFN-o/B, and a cytoplasmic protein (E3L)
that blocks IFN-a/f effector functions in infected cells. We therefore determined the ability of these immuno-
modulators to abrogate the IFN-A-induced antiviral response. We found that (i) vaccinia virus (VACV) replica-
tion is resistant to IFN-\ antiviral activity; (ii) neither VACV B18R nor the variola virus homolog B20R neutralizes
IEN-); (iii) VACV E3L inhibits the IFN-A-mediated antiviral response through a PKR-dependent pathway; (iv)
VACYV infection inhibits IFN-AR-mediated signal transduction and gene expression. These results demonstrate

differential sensitivity of IFN-\ to multiple distinct evasion mechanisms employed by a single virus.

Introduction

OXVIRUSES ARE LARGE DOUBLE-STRANDED DNA viruses

that replicate in the cytoplasm of infected cells. The
genus Orthopoxvirus comprises a number of morphologically
similar virus such as the variola virus (VARV; the etiologi-
cal agent of smallpox), vaccinia virus (VACV), and monkey-
pox virus (Di Giulio and Eckburg 2004). Despite the fact that
smallpox was eradicated 30 years ago, the use of poxviruses
as agents of bioterrorism remains a potential threat. Because
the smallpox vaccine has rare adverse effects including gen-
eralized infection (and even death) in some individuals,
widespread immunization can be challenging in the current
environment (Lane and others 1971; Fulginiti and others
2003). Hence, there is a need to develop new effective thera-
pies against this family of viruses.

Although the cellular antiviral response elicited by inter-
feron (IFN)-a/B or IFN-vy is a critical component of the host
innate immune response to infection, poxviruses have
evolved several strategies to evade this response (Seet and
others 2003). First, they encode a number of proteins that
function as soluble receptors that bind to the IFNs and neu-
tralize their activity. Included in this category are proteins
that bind to IFN-a/B (such as VACV B18R) and IFN-y (VACV
B8R) (Alcami and Smith 1995; Colamonici and others 1995;

Symons and others 1995). VACV B18R is a secreted glycopro-
tein that belongs to the immunoglobulin superfamily and
has homology to the type I IFN receptor a-subunit (Smith
and Chan 1991; Colamonici and others 1995). B18R inhib-
its the antiviral response by preventing soluble IFN-o/3
from binding to cellular receptors, and by binding to both
infected and uninfected cells (Colamonici and others 1995;
Symons and others 1995; Alcami and others 2000).

In addition to the secreted proteins, poxviruses also
express cytoplasmic proteins that block the IFN response.
The E3L protein binds to dsRNA (Chang and others 1992;
Chang and Jacobs 1993), inhibits the activation of dsRNA-
activated protein kinase (PKR; Chang and others 1992), and
blocks IRF3 activation (Smith and others 2001; Xiang and oth-
ers 2002). Numerous recent studies have shown the impor-
tance of PKR inactivation for E3L suppression of the IFN-a/3
and IFN-vy antiviral response, at least in certain cell types
(Arsenio and others 2008; Zhang and others 2008; Zhang
and Samuel 2008; Zhang and others 2009). Interestingly, E3L
was also recently shown to bind and inhibit the IFN-induced
ubiquitin-like protein, ISG15 (Guerra and others 2008). There
are 2 key functional domains in E3L: the dsRNA-binding
domain at the C-terminus, which is necessary for IFN resis-
tance, and the N-terminal Z-DNA-binding domain, which
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is required for in vivo pathogenesis (Chang and Jacobs 1993;
Brandt and Jacobs 2001; Kim and others 2003). The impor-
tance of E3L in virus replication may also be evidenced by
its high degree of similarity among different poxviruses [eg,
100% amino acid identity between VACV and VARV (Dave
and others 2006)]. In addition to E3L, VACV also encodes
a phosphatase (H1) that inhibits IFN-a/BR- and IFN-yR-
mediated STAT tyrosine phosphorylation, and therefore
blocks downstream antiviral gene expression (Najarro and
others 2001; Mann and others 2008). Because they express
these potent immunomodulatory factors, poxvirus replica-
tion is relatively resistant to the antiviral activity of IFN-o/
and IFN-vy (Haga and Bowie 2005).

A new family of IFN-related cytokines known as IFN-A1,
2, and 3 (or IL-29, IL-28A, and IL-28B) was recently discov-
ered (Kotenko and others 2003; Sheppard and others 2003),
and designated type III IFN. Despite having very low
sequence homology to the IFN-a/B family, these 2 families
share a number of common characteristics. Both type I and
type III IFNs are activated by virus infection and Toll-like
receptor activation (Kotenko and others 2003; Sheppard and
others 2003; Coccia and others 2004) through a common
mechanism (Onoguchi and others 2007). However, the type
III IFNs bind to a unique receptor containing the IL-10RB
and IL-28Ra subunits, and do not bind to the IFN-a./B recep-
tor (Kotenko and others 2003; Sheppard and others 2003;
Donnelly and others 2004). Similar to the IFN-a/ receptor,
activation of the type III IFN receptor activates STAT-1 and
STAT-2, which subsequently results in formation of the IFN-
stimulated gene factor 3 complex. Like IFN-o/B, the type
III IFNs inhibit the replication of viruses such as encepha-
lomyocarditis virus, vesicular stomatitis virus (VSV), cyto-
megalovirus, herpes simplex virus type 2, influenza A virus,
hepatitis B virus, and hepatitis C virus (Kotenko and oth-
ers 2003; Sheppard and others 2003; Brand and others 2005;
Osterlund and others 2005; Robek and others 2005; Ank and
others 2006; Marcello and others 2006a).

The interactions between type III IFN and the poxvi-
ruses are only beginning to be elucidated. Murine IFN-A2
expressed from recombinant VACV decreases both virus rep-
lication and pathogenesis in mice (Bartlett and others 2005).
However, this attenuation correlates with enhanced T-cell
responses to the virus, and mouse IFN-\2 does not inhibit
virus replication in cultured mouse fibroblasts (Bartlett and
others 2005). Furthermore, while a secreted glycoprotein
produced by the primate yatapoxvirus Yaba-like disease
virus inhibits IFN-A activity, the VACV B18R protein does
not, indicating that this pathway may be alternatively regu-
lated by different viruses (Huang and others 2007).

In human poxvirus infections, IFN-\ may be an impor-
tant determinant of virulence, depending on the ability of
proteins such as BI8R or E3L to blunt the IFN-A-induced
antiviral response. We therefore investigated the ability of
the secreted and cytoplasmic immunomodulatory proteins
to inhibit the antiviral activity of type III IFN. While the
secreted IFN-a/B-binding proteins from VACV and VARV
did not neutralize IFN-\ activity, the IFN-A-mediated anti-
viral response was abrogated in VACV-infected cells in an
E3L-dependent manner, and required PKR expression.
These results indicate that the intracellular, but not extra-
cellular, orthopoxvirus immunomodulatory proteins inhibit
type IIL IFN activity.
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Materials and Methods
Cell lines, viruses, and reagents

Human hepatocellular carcinoma cells (Huh?), lung car-
cinoma cells (A549), cervical epithelial adenocarcinoma cells
(HeLa), and epithelial kidney cells (HEK293T) were cultured
in Dulbecco’s modified Eagle medium (DMEM) supplemented
with 100 pg penicillin/mL, 100 U streptomycin/mL, 2 mM
L-glutamine, 1X MEM nonessential amino acids (Invitrogen,
Carlsbad, CA), 1 mM sodium pyruvate, 10 mM HEPES buffer,
and 10% heat-inactivated fetal bovine serum (Invitrogen).
An immortalized mouse hepatocyte cell line (provided by F.
Chisari, The Scripps Research Institute) was propagated in
RPMI 1640 medium containing 100 ng epidermal growth fac-
tor (BD Biosciences, Franklin Lakes, NJ)/mL, 16 ng insulin-like
growth factor II/mL, and 10 pg insulin (Sigma Aldrich Inc, St.
Louis, MO)/mL. VACV (strain WR) was propagated on HeLa
S3 cells and recombinant vesicular stomatitis virus express-
ing GFP (VSV-EGFP; provided by J. Rose, Yale University) was
propagated on BHK-21 cells. Viruses were titered and stored at
—80°C prior to use. Human IFN-A1 and murine IFN-\2 were
purchased from Peprotech (Rocky Hill, NJ), and the human
IFN-a subtypes, universal IFN-a(A /D), IFN-B, and IFN-y were
purchased from PBL InterferonSource (Piscataway, NJ). The
specific activities of IFN-a2A, IFN-a(A/D), and IFN-y were 2
X 108 U/mg, 1.2 X 108 U/mg, and 1.6 X 10" U/mg, respectively.
The VACVAESL viruses (strain WR and Copenhagen) were
provided by B. Jacobs (University of Arizona), and the E3L-
specific monoclonal antibody (Weaver and others 2007) was
provided by S. Isaacs (University of Pennsylvania).

VACV B18R and VARV B20R expression vectors

Codon-optimized sequences of the VACV B18R (WR strain;
accession number CAA01478) and VARV B20R (Sumatra
1970 strain; accession number ABF28175) open reading
frames were chemically synthesized [GenScript Corporation
(Piscataway, NJ)], and cloned into the pCMV-Tag4 expres-
sion vector (Stratagene, La Jolla, CA) to produce the plasmids
pB18R-FLAG and pB20R-FLAG. Two million HEK293T cells
were transfected with the expression vectors or with empty
vector, and 4 mL of culture medium was collected 2 days
post-transfection. Medium was concentrated 10-fold by cen-
trifugation through Ambicon Ultra 30K cutoff separation
membranes (Millipore, Billerica, CA). Protein expression was
analyzed by Western blot analysis using a FLAG-specific
antibody (Sigma), and concentrations were adjusted to nor-
malize for protein expression level. Fifty microliters of sam-
ple (either undiluted or diluted as specified in the legend
to Fig. 2) was incubated with the cytokines at the indicated
concentrations. The experiments using the VARV polypep-
tide were approved by the Yale University Biological Safety
Committee following review by the NIH Office of Biological
Activities. These studies were also registered with the World
Health Organization, and precautions outlined in the WHO
Recommendations Concerning the Distribution, Handling, and
Synthesis of Variola Virus DNA (May 2008) were followed.

Quantitative real-time RT-PCR

Total RNA was harvested and prepared using the
RNeasy Mini kit (Qiagen, Valencia, CA). Total RNA (1 ng)
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was reverse-transcribed with random hexamers using the
TagMan reverse transcription kit (Applied Biosystems,
Foster City, CA). Quantitative PCR was performed using an
Applied Biosystems 7500 real-time PCR system. The 25 pL
PCRs contained 100 ng reverse-transcribed RNA, 200 nM
sense and antisense primers (MxA, IFI27, or GAPDH), and
12.5 uL SYBR Green PCR master mix (Applied Biosystems).
The primer sequences used were as follows: MxA, 5'-ACA
GGA CCA TCG GAA TCT TG-3' (sense), 5'-CCC TTC TTC
AGG TGG AAC AC-3' (antisense); IF127, 5'-CCG TAG TTT
TGC CCC TGG-3' (sense), 5-CGA GGC CAT TCC CGC
CGC-3' (antisense); GAPDH, 5-AAG TAT GAC AAC AGC
CTC AAG ATC-3' (sense), 5-CTG TGG TCA TGA GTC CTT
C-3' (antisense). After an initial incubation for 5 min at 95°C,
PCR amplification was performed by cycling 50 times for 30
s at 95°C followed by 60 s at 60°C. Gene expression was quan-
tified by the AACt method using the 7500 system Sequence
Detection Software (Applied Biosystems).

STAT phosphorylation

Cells were washed once with PBS and lysed with 2X
SDS sample buffer (125 mM Tris/HCI, 4% SDS, 20% glyc-
erol, 0.02% bromophenol blue). Extracts were separated on a
10% SDS-polyacrylamide gel, transferred to a nitrocellulose
membrane (Bio-Rad, Hercules, CA), and probed with anti-
bodies specific for phospho-STAT-1 (Y701) and STAT-1 (Cell
Signaling, Danvers, MA). Proteins were visualized using
LumiGLO chemiluminescent reagents (Cell Signaling) and
a Fuji LAS-3000 cooled CCD camera.

PKR siRNA transfections

Huh? cells were seeded on a 24-well plate at 1 X 10° cells
per well in 500 uL DMEM without antibiotics 1 day prior to
transfection. Cells were transfected with 100 nM of siRNA
specific to PKR 5-GACGGAAAGACUUACGUUATT-3
(sense) or Silencer Select Negative Control #1 (Ambion)
using DharmaFECT 4 reagent (Dharmacon) in DMEM with-
out antibiotics and incubated at 37°C overnight. Cells were
treated with 2.5 ng/mL IFN-a or 250 ng/mL IFN-A1 for 18 h,
then infected at an MOI = 1 with VACVAES3L. PKR silencing
was confirmed by Western blot using a PKR-specific anti-
body (Cell Signaling).

Virus infectivity/replication assays

VSV-EGFP infectivity and replication were measured
by 3 methods. First, the number of GFP(+) cells in infected
cultures were quantified in a representative field by micro-
scopic evaluation using an Olympus CK40 inverted micro-
scope outfitted with an Olympus DP12 digital camera.
Alternatively, flow cytometric analysis of GFP expression
in infected cells was performed after fixation in 2% formal-
dehyde using a BD FACSCalibur. VSV-EGFP virus released
into the media of infected cultures was titered using HeLa
cells. VACV replication was assayed by titering virus from
infected culture medium using BHK-21 or Huh?7 cells. To
measure levels of intracellular VACV replication, infected
cells were harvested and lysed by 3 freeze-thaw cycles prior
to titering.
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Results
IFN-A1 weakly inhibits VACYV replication in cell culture

We first measured the sensitivity of VACV to the antivi-
ral activity of human IFN-A1. Human lung carcinoma A549
cells were either left untreated or were treated with increas-
ing concentrations (0.025-250 ng/mL) of IFN-\1 for 18 h,
after which they were infected with VACV (strain WR) at
a multiplicity of infection (MOI) of 1 or 0.1. A549 cells were
used for these initial studies as the antiviral activity of IFN-A
is very well characterized in this cell line (Kotenko and oth-
ers 2003; Meager and others 2005). Virus titers in the cell
culture medium 48 h post-infection in IFN-\1-treated cells
were reduced only minimally compared to untreated con-
trols (Fig. 1A). Although the inhibition of virus replication
displayed a general dose-dependent trend, the reductions in
virus titer reached a maximum of only 3-fold (MOI = 1) or
8-fold (MOI = 0.1) at the highest concentration of IFN-\1 (250
ng/mL), and these levels of replication were not statistically
different from untreated cells (P > 0.05 for all concentra-
tions and MOI). In addition to the cell culture medium, we
also measured the amount of virus in infected cell lysates,
and found that intracellular replication was also not signif-
icantly reduced by IFN-A1 treatment, even at low MOI (Fig.
1B). These decreases in virus replication did not differ sub-
stantially from the reductions observed when the cells were
instead treated with similar concentrations of IFN-«a2a (data
not shown). Because we have previously shown that IFN-\1
can function cooperatively with IFN-a or IFN-y to inhibit
viruses such as VSV and hepatitis C (Pagliaccetti and others
2008), we also treated the cells with combinations of IFN-A1
plus IFN-a or IFN-y. Like the single cytokines alone, the
combinations of IFN-\1 and IFN-« or IFN-y failed to inhibit
VACV-induced cytopathic effects (CPE) in infected cells
(Fig. 1C). In contrast to VACV, VSV replication was blocked
in A549 cells by IFN-A1 (IC5, = 0.13 ng/mL) (data not shown),
confirming that the cells do in fact respond to the cytokine.
These results indicate that VACV is relatively resistant to the
antiviral response induced by IFN-A1, presumably due to the
activity of the virus-encoded immunomodulatory proteins.

Secreted IFN-a/B receptors B18R and B20R do not
block IFN-A-induced signal transduction and gene
expression

We next determined the ability of 2 Orthopoxvirus secreted
IFN-a/B-binding proteins (VACV B18R, VARV B20R) to
inhibit IFN-A1 activity. VARV B20R has 89% amino acid
identity to VACV B18R, and therefore is presumed to possess
similar activity, although this has not been formally demon-
strated (Symons and others 1995). HEK293T cells were trans-
fected with expression vectors encoding FLAG-tagged VACV
B18R or VARV B20R, and conditioned medium was prepared
as described in the Materials and Methods. Preincubation of
human IFN-a2a over a wide range of concentrations (1-25
ng/mL) with conditioned media from VACV B18R- or VARV
B20R-transfected cells efficiently blocked the induction of
the representative IFN-stimulated gene MxA in Huh? cells
(Fig. 2A). In contrast, neither BI8R nor B20R inhibited MxA
expression induced by IFN-\1 (Fig. 2B). To determine if this
neutralization was specific to IFN-a2a, we also compared
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FIG.1. Interferon-\ (IFN-\) weakly inhibits
vaccinia virus (VACV) replication. (A) A549
cells were treated with the indicated concen-
trations of IFN-\A1 for 18 h prior to infection
with VACV at MOI = 1 or 0.1. Extracellular
virus titers were measured in the cell cul-
ture medium 48 h post-infection. (B) A549
cells were treated with the indicated concen-
trations of IFN-A1 for 18 h prior to infection

with VACV at MOI = 0.1. Intracellular virus
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the ability of VACV B18R and VARV B20R to inhibit differ-
ent type I IFNs (a-subtypes and IFN-B). All IFN-a/B types
examined were efficiently neutralized by both B18R and
B20R (Fig. 2C). Furthermore, we confirmed that our prepara-
tions of conditioned media contained similar levels of the
recombinant proteins, and found that a 10-fold dilution of
the media retained sufficient BI8R or B20R to completely
inhibit IFN-a2a activity (Fig. 2D). However, a 100-fold dilu-
tion only partially (20%-40%) blocked MxA induction, indi-
cating that the undiluted preparations contain nearly 100X
the EC;, for IFN-a2a neutralization, but still fail to neutralize
IFN-\1. These results demonstrate that the secreted IFN-a/
receptors encoded by VACV and VARV do not inhibit IFN-\
function, and that the VACV B18R and VARV B20R proteins
have a similar capacity to neutralize IFN-a/p.

However, these experiments did not rule out the possi-
bility that a different VACV-encoded protein inhibits IFN-A
activity. To address this question, conditioned medium from
VACV-infected cells was incubated with 2 different concen-
trations (0.5 or 5 ng/mL) of IFN-a or IFN-A1 prior to addition
to Huh? cells. The IFN-mediated activation of STAT-1 phos-
phorylation or MxA mRNA expression was then assessed.
As expected, conditioned medium from VACV-infected cells
blocked the IFN-a—mediated phosphorylation of STAT-1
(data not shown) and induction of MxA (Fig. 2E). However,
the conditioned medium did not neutralize STAT-1 phos-
phorylation (data not shown) or MxA expression (Fig. 2E)
induced by IFN-A1. Therefore, VACV does not appear to
encode a secreted immunomodulatory protein distinct from
B18R that blocks IFN-\ activity.

IFN-A1 (ng/mL)

replication was measured 48 h post-infection.
For both A and B, data are displayed as the
mean of 2-3 independent experiments, and
error bars represent standard error of the
mean (SEM). (C) A549 cells were treated
with increasing concentrations (0.025-250
ng/mL in 10X steps) of IFN-A1 and IFN-«
or IFN-y alone or in combination for 18 h
prior to infection with VACV at MOI = 1. Six
untreated control wells were left uninfected.
Cells were stained with 5% crystal violet 48 h
post-infection to visualize virus-induced
cytopathic effects.

VACYV infection rescues VSV from the antiviral
activity of IFN-\

It has been a longstanding observation that infection of
cells with VACV rescues VSV from the antiviral activity of
IFN-a/B (Thacore and Youngner 1973). Furthermore, the
inhibition of the IFN-a response against VSV is primarily
due to the activity of the cytoplasmic immunomodulator
E3L (Shors and others 1998). We therefore determined if like
IFN-a, VACV infection would rescue VSV from the antivi-
ral activity of IFN-A. For these experiments, we utilized a
derivative of the mouse immortalized hepatocyte cell line
MMHD3 (Amicone and others 1997), as in our hands these
cells displayed the most complete inhibition of VSV repli-
cation after IFN-A treatment (data not shown). In addition,
murine IFN-\2 was used for these experiments, because
mice do not encode a functional IFN-\1 (Lasfar and others
2006).

Mouse immortalized hepatocytes were treated for 18 h
with either IFN-a or murine IFN-A2 to activate gene expres-
sion and induce an antiviral state. The cells were then
infected with VACYV, and 2 h later were infected with VSV-
EGFP. Twenty-four hours post-infection, intracellular VSV
replication was monitored by microscopic evaluation of GFP
expression (Fig. 3A), and extracellular VSV released into the
culture medium was titered (Fig. 3B). Both IFN-a and IFN-A
efficiently blocked VSV replication, but pre-infection with
VACYV rescued VSV from the antiviral activity of both IFN-«
(as expected) as well as IFN-A. Therefore, VACV infection
inhibits the IFN-A-induced antiviral response.
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FIG. 2. Vaccinia virus (VACV) B18R and VARV B20R both neutralize interferon (IFN)-a/B but not IFN-A\. DMEM or condi-
tioned medium from HEK293T cells transfected with BISR-FLAG, B20R-FLAG, or empty expression vectors was incubated
with the indicated concentrations of either (A) IFN-a2a or (B) IFN-\1 for 30 min on ice before adding to Huh? cells. (C)
Conditioned medium diluted 1:10 was incubated with 5 ng of the indicated type I IFN. (D) Conditioned medium was diluted
by the indicated ratio prior to Western blot analysis using a FLAG-specific antibody. Diluted conditioned media was incu-
bated with 10 ng of IFN-a2a prior to addition to cells. (E) DMEM or conditioned medium from VACV-infected or -uninfected
(uninf) HeLa S3 cells was incubated with either 0.5 ng/mL or 5 ng/mL IFN-a or IFN-\1 for 30 min on ice prior to addition to
Huh? cells. For (A-E), induction of the representative IFN-stimulated gene MxA was measured 24 h after addition of IFN plus
conditioned medium by quantitative RT-PCR. Expression is displayed as fold induction relative to untreated controls, and is
normalized to GAPDH. All data are displayed as the mean of 3 independent experiments, and error bars represent SEM.

VACV E3L inhibits the antiviral activity of IFN-A

We next used a recombinant VACV that lacks E3L
(VACVAE3L) to determine if the E3L protein is required to
block the antiviral activity of IFN-\ (Beattie and others 1995).
These experiments were performed identically to those
described above except that (i) actinomycin D was added to
the cultures 2 h post VACV infection to block VACYV late gene
expression, and thus abrogate potential differences in VACV
and VACVAES3L replication and (ii) VSV-EGFP expression

was quantified by flow cytometry. Unlike pre-infection with
VACYV, infection with VACVAE3L did not rescue VSV from
IFN-\ antiviral activity (Fig. 4A). E3L expression (or lack
of expression) in VACV- and VACVAE3L-infected cells was
confirmed by Western blot analysis using an E3L-specific
antibody (Fig. 4B). Therefore, VACV infection inhibits IFN-\
antiviral activity against VSV in an E3L-dependent manner.

Next, we determined if the VACVAE3L virus was sensi-
tive to the antiviral activity of IFN-\. VACV (Copenhagen
strain) lacking E3L was recently shown to efficiently replicate
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FIG. 3. Vaccinia virus (VACV) infection rescues VSV from
the antiviral activity of IFN-A. (A) Immortalized mouse
hepatocytes were treated with 2.5 ng IFN-a(A/D)/mL, 10 ng
IFN-A2/mL, or were left untreated for 24 h prior to infection
with VACV (MOI = 1). Two hours later cells were infected
with VSV-EGFP at MOI = 1 for 18 h. (A) Microscopic visu-
alization of GFP+ cells. Numbers indicate mean * SEM of
GFP+ cells per field in 4 independent experiments. (B) Titer
of VSV in infected culture medium displayed as plaque-
forming units (PFU) per milliliter. Data are displayed as the
mean of 4 independent experiments, and error bars repre-
sent SEM.

in Huh?7 cells, and replication of the E3L-deficient virus was
inhibited by IFN-a or IFN-y (Arsenio and others 2008). Huh?7
cells were treated with 2.5 ng IFN-a/mL or 250 ng IFN-\1/
mL for 24 h prior to infection with VACV or VACVAE3L at
MOI = 1. Virus replication was then measured 1 and 3 days
post-infection. Neither IFN-a nor IFN-\ significantly inhib-
ited VACV replication (Fig. 4C), consistent with our previ-
ous result using VACV strain WR in A549 cells (Fig. 1A).
In contrast, both IFN-a and IFN-\ reduced the replication
of VACVAE3L by ~100-fold (Fig. 4C) and prevented CPE in
VACVAE3L-infected cells (data not shown). Therefore, E3L
plays an important role in the resistance of VACV to the anti-
viral activity of IFN-A.

Inhibition of VACVAES3L by IFN-\ requires PKR

It has previously been shown that the sensitivity of
VACVAEBSL to inhibition by type I and type II IFNs in Huh7
cells is mediated at least in part by PKR (Arsenio and oth-
ers 2008; Zhang and others 2008). To determine if the IFN-
Minduced inhibition of VACVAE3L also requires PKR
activity, Huh7 cells were transfected with a negative control
siRNA or a PKR-specific siRNA 24 h prior to treatment with
2.5 ng IFN-o/mL or 250 ng IFN-A1/mL for 18 h, followed by
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FIG. 4. Inhibition of interferon-\ (IFN-\) antiviral activity

requires vaccinia E3L. (A) Immortalized mouse hepatocytes
were treated with 2.5 ng IFN-a(A/D)/mL, 10 ng IFN-A2/mL,
or were left untreated for 18 h prior to infection with wild-
type vaccinia virus (VACV) or VACVAE3L (MOI = 1). Two
hours later cells were treated with 5 ug actinomycin D/mL
to prevent late VACV gene expression, and were infected
with VSV-EGFP at MOI = 1 for 18 h. GFP+ cells were quan-
tified by flow cytometry. Data are displayed as the mean of 3
independent experiments, and error bars represent SEM. (B)
Western blot analysis of E3L protein expression in wild-type
VACV and VACVAE3L-infected cells. Lysate from HEK293
cells transfected with a FLAG-tagged E3L expression vec-
tor is shown as a positive control. (C) VACVAESL is sensitive
to the antiviral activity of IFN-\. Huh7 cells were treated
with 2.5 ng IFN-a/mL or 250 ng IFN-A1/mL for 18 h prior to
infection with VACV or VACVAE3L (MOI = 1). Graph bars
represent the mean extracellular viral titers 24 and 72 h post-
infection from 3 independent experiments, and error bars
indicate SEM.

infection with VACVAE3L at an MOI = 1. PKR expression
was measured 3 days post-infection, and extracellular virus
titers and virus-induced CPE were determined at 1 and 3
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days post-infection. Consistent with previously published
results (Arsenio and others 2008), PKR expression was
slightly decreased after VACVAE3L infection, and was fur-
ther substantially reduced by a PKR-specific siRNA (Fig. 5A).
Virus replication was inhibited by IFN-a or IFN-\ in control
siRNA-transfected cells but not in cells transfected with the
PKR siRNA (Fig. 5B). In addition, in cells transfected with
the PKR-specific siRNA, neither IFN-a nor IFN-A protected
cells from virus-induced CPE (Fig. 5C). These results indi-
cate that PKR is required for IFN-A-induced inhibition of
VACVAESL replication in Huh? cells.
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FIG. 5. Inhibition of VACVAE3L by interferon-A (IFN-\)
requires PKR. Huh?7 cells were transfected with a nontar-
geting negative control or PKR-specific siRNA 24 h prior
to treatment with 2.5 ng IFN-a/mL or 250 ng IFN-\1/mL.
Eighteen hours post-treatment with IFN, cells were infected
with VACVAES3L at an MOI = 1. (A) PKR siRNA reduces the
amount of PKR (arrow) as compared to cells transfected
with a negative control siRNA as shown by Western blot.
(B) Titers of VACVAES3L in culture media collected at 1 and
3 days post-infection, determined by plaque assay. Graph
bars represent the mean of 3 independent experiments and
error bars indicate the standard error of the mean. (C) PKR
siRNA restores virus-induced CPE in VACVAES3L-infected
cells treated with IFN-a or IFN-A1 as determined by crystal
violet staining 72 h post-infection.
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VACYV infection inhibits IFN-\—-induced STAT
activation and gene expression

In addition to neutralizing IFN-a/B extracellularly and
blocking the downstream effector functions of antiviral
proteins such as RNase L and PKR, VACV infection also
inhibits IFN-a/B- and IFN-y-mediated STAT phosphory-
lation through the activity of the virus-encoded H1 phos-
phatase (Najarro and others 2001; Mann and others 2008).
We therefore determined if VACV infection also blocks
IFN-A-mediated signal transduction and gene expression.
Ab549 cells were infected with VACV for 1 h prior to treat-
ment with IFN-a or IFN-\1, and cytokine-mediated signal
transduction was measured by Western blot analysis of
STAT-1 phosphorylation 1 and 4 h post-treatment (Fig. 6A)
and quantitative RT-PCR analysis of IFN-stimulated gene
expression 4 h post-treatment (Fig. 6B). As with IFN-c,
VACV infection prior to IFN-\ treatment inhibited IFN-
A-mediated STAT-1 phosphorylation, as well as IFN-A-
stimulated gene expression.

Discussion

A recently characterized family of IFN-related cytokines
(IFN-M1, 2, and 3) are induced by viral infections and inhibit
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FIG. 6. Vaccinia infection blocks interferon-A (IFN-\)—
mediated STAT phosphorylation and gene expression. A549
cells were infected with VACV for 1 h (MOI = 5) prior to
treatment with 2.5 ng IFN-a/mL or 5 ng IFN-A1/mL. Cells
were harvested for (A) Western blot analysis of STAT-1 phos-
phorylation 1 and 4 h post-treatment or (B) quantitative
RT-PCR analysis of IFN-stimulated gene expression 4 h post-
treatment. Graph bars represent the mean of 3 independent
experiments, and error bars indicate SEM.
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the replication of both RNA and DNA viruses (Kotenko
and others 2003; Sheppard and others 2003; Robek and
others 2005; Ank and others 2006; Doyle and others 2006a;
Onoguchi and others 2007). The IFN-\s belong to a family
of cytokines (class 2 a-helical) that also includes IFN-a/
and IFN-v, as well as the IL-10 family proteins (Kotenko and
others 2003; Sheppard and others 2003). Despite having a
function that is nearly identical to IFN-a/B, IFN-A is more
similar to the IL-10 family of cytokines in terms of genomic
structure and receptor usage. The IFN-As have slightly less
homology to IL-10 (11%-13%) than IFN-a (15%-19%), but like
IL-10, the genes encoding the IFN-\s contain multiple exons,
in contrast to the type I IFNs, which lack introns (Sheppard
and others 2003). Furthermore, the IFN-\ receptor is com-
posed of 2 subunits, one of which is the IL-10R2 subunit, and
the other is unique to IFN-\ (IL-28R1) (Kotenko and others
2003). These structural and receptor usage differences dis-
tinguish the type I and type III IFN families.

Considering that IFN-o/B and IFN-\ utilize different host
receptors and have low sequence homology, it might be pre-
dicted that immunomodulating factors such as B18R or B20R,
which are IFN-a/B-specific, should be unable to block IFN-A
activity. Our data is consistent with another study that also
demonstrated that VACV B18R does not block IFN-A, despite
the fact it inhibits multiple members of the type I IFN family
(Huang and others 2007). Additionally, we found that the
VARV homolog B20R, which is predicted to inhibit IFN-a/
but to our knowledge had not been directly shown to do so,
does in fact block both IFN-a and IFN-B. However, as with
VACV BI18R, VARV B20R did not abrogate IFN-A-induced
signal transduction or gene expression. However, this is not
the case for all poxviruses, as the IFN-a/B-binding protein
of the Yaba-like disease virus, a Tanapoxvirus, inhibits both
IFN-a/B and IFN-A (Huang and others 2007). This protein,
Y136, has low sequence homology to BI8R, so its unique
binding specificity is likely due to structural differences
between these 2 factors (Huang and others 2007). Although
differences in specificity for IFN-A among these proteins
may contribute to variations in virulence among poxvi-
ruses, it appears unlikely that the ability of B18R and B20R
to neutralize IFN-\ accounts for the difference in virulence
between VACV and VARV.

Despite differences in sequence and receptor usage, the
downstream signaling that results from IFN-\ receptor acti-
vation is similar to the response induced by IFN-a/B. Both
cytokines induce activation of STAT-1, -2, and -3, although
IFN-\ induces slightly lower levels of phosphorylated STATSs,
and with different kinetics (Doyle and others 2006; Marcello
and others 2006). Additionally, IFN-A induces a similar gene
expression profile as IFN-a/B with minor differences in
magnitude and kinetics (Doyle and others 2006; Marcello
and others 2006). Since VACV infection is known to inhibit
IFN-a/B signal transduction and antiviral effector func-
tions, we hypothesized that IFN-A might also be blocked by
the same factors.

We observed that STAT phosphorylation and ISG expres-
sion induced by either IFN-a/B or IFN-A was inhibited
by pre-infection with VACV. The VACV factor most likely
responsible for this block is H1, which removes phosphates
from activated STAT proteins, and prevents IFN-a and
IFN-y-mediated signal transduction and antiviral activity
(Najarro and others 2001; Mann and others 2008). However,
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we cannot entirely rule out the possibility that another viral
factor is instead responsible to blocking IFN-A-mediated
STAT phosphorylation, or that the kinetics of IFN-A-induced
STAT-1 phosphorylation are altered in infected cells.

Downstream of STAT phosphorylation, other poxvirus
factors inhibit the antiviral effector proteins that are acti-
vated by IFN-a/B. VACV and VARV both encode an identi-
cal E3L protein, which can inhibit PKR, RNase L, and ISG15
function. Previous studies have shown that E3L expression
is sufficient to prevent inhibition of VSV by IFN-« (Shors and
others 1998). We found that unlike infection with wild-type
VACV, pre-infection with VACVAE3L did not rescue VSV
from the antiviral effects of IFN-\, supporting a role for E3L
in blocking IFN-\ antiviral function. PKR plays an impor-
tant role in blocking VSV replication by inhibiting transla-
tion of viral mRNAs (Balachandran and others 2000; Stojdl
and others 2000). Because VSV replication was abrogated by
both IFN-\ and IFN-a/B in VACVAE3L-infected cells, this
suggests that E3L inhibits antiviral effectors such as PKR
that are activated by both cytokines.

We also found that the E3L-deficient VACV mutant is
sensitive to the antiviral activity of IFN-A (approximately
2-log inhibition at MOI = 1), in contrast to wild-type virus,
which is relatively resistant to IFN-\ (approximately 2- to
3-fold inhibition at the same MOI). Recent studies have
shown that inhibition of an E3L mutant VACV by IFN-a/
or IFN-y can be suppressed by abrogation of PKR expres-
sion (Arsenio and others 2008; Zhang and others 2008).
Similar to these findings, we found that the siRNA-medi-
ated inhibition of PKR abolishes the antiviral activity of
IFN-A against VACV. In total, these results indicate that E3L
plays an important role in the resistance of VACV to IFN-A,
and that PKR represents a common point of inhibition by
this protein (Fig. 7). However, while these studies demon-
strate PKR is necessary for the IFN-\-mediated inhibition
of VACYV, they do not prove that it is sufficient, and other
targets of E3L such as ISG15 also likely have important
functions in this process.

Although IFN-A does not protect cells from VACV infec-
tion in vitro, IFN-N may still inhibit VACV infection in vivo.
Recent studies in mice indicate that IFN-\ functions not
only to induce an intracellular antiviral state, but also to
modulate the immune response (Bartlett and others 2005;
Ank and others 2006a; Ank and others 2008). A modified
VACV that expresses mouse IFN-A2 displayed decreased
infectivity levels compared to wild-type vaccinia (Bartlett
and others 2005). In addition, these studies showed that
infection with the modified virus was associated with
increased lymphocyte recruitment and reduced lesion size
and numbers. The results from our in vitro studies suggest
that decreased viral infection rates might be attributed to
the failure of BI8R to inhibit extracellular IFN-\ from sig-
naling to neighboring cells, as well as to induce an elevated
immune response. This extracellular cytokine signal may
also aid in prevention of virus spread resulting in fewer and
smaller lesions.

A more complete understanding of the basic interactions
between the innate immune response and viruses is neces-
sary for the development of improved antiviral therapies.
Successful anti-poxvirus therapies in animal models (ST-246
and cidofovir analogs) block virus formation or DNA poly-
merase activity, respectively (Buller and others 2004; Yang
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FIG.7. Summary of interferon-\ (IFN-\) neutralization by
vaccinia virus (VACV). Although IFN-a and IFN-\ have low
amino acid sequence homology and bind to distinct recep-
tors, these receptors signal through pathways that are nearly
identical. Therefore, the intracellular, but not extracellular,
mechanisms used by VACV to block the IFN-a/B response
also inhibit IFN-A.

and others 2005; Nalca and others 2008; Parker and others
2008). A third line of defense might be to inhibit the activ-
ity of immunomodulating proteins, such as E3L and BI8R,
to allow the innate immune response to function properly
and eliminate or control the viral infection. Based on our
results, an antiviral agent [such as an siRNA (Dave and
others 2006)] that inactivates or down-regulates E3L would
sensitize the virus to IFN-A as well as IFN-a. Additionally,
IFN-A may also be useful therapeutically to prevent virus
spread, as it is not inhibited by B18R or B20R. In this regard,
understanding the differential regulation of IFN-\ by pox-
virus immunomodulating factors may lead to future thera-
peutic options.
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