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Recombinant Modified Vaccinia Virus Ankara Generating Excess Early
Double-Stranded RNA Transiently Activates Protein Kinase R and
Triggers Enhanced Innate Immune Responses
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ABSTRACT

Double-stranded RNA (dsRNA) is an important molecular pattern associated with viral infection and is detected by various ex-
tra- and intracellular recognition molecules. Poxviruses have evolved to avoid producing dsRNA early in infection but generate
significant amounts of dsRNA late in infection due to convergent transcription of late genes. Protein kinase R (PKR) is activated
by dsRNA and triggers major cellular defenses against viral infection, including protein synthesis shutdown, apoptosis, and type
Iinterferon (IFN-I) production. The poxviral E3 protein binds and sequesters viral dsSRNA and is a major antagonist of the PKR
pathway. We found that the highly replication-restricted modified vaccinia virus Ankara (MVA) engineered to produce excess
amounts of dsRNA early in infection showed enhanced induction of IFN-f3 in murine and human cells in the presence of an in-
tact E3L gene. IFN-3 induction required a minimum overlap length of 300 bp between early complementary transcripts and was
strongly PKR dependent. Excess early dsSRNA produced by MVA activated PKR early but transiently in murine cells and induced
enhanced systemic levels of IFN-a, IFN-v, and other cytokines and chemokines in mice in a largely PKR-dependent manner.
Replication-competent chorioallantois vaccinia virus Ankara (CVA) generating excess early dsRNA also enhanced IFN-I produc-
tion and was apathogenic in mice even at very high doses but showed no in vitro host range defect. Thus, genetically adjuvanting
MVA and CVA to generate excess early dsRNA is an effective method to enhance innate immune stimulation by orthopoxvirus
vectors and to attenuate replicating vaccinia virus in vivo.

IMPORTANCE

Efficient cellular sensing of pathogen-specific components, including double-stranded RNA (dsRNA), is an important prerequi-
site of an effective antiviral immune response. The prototype poxvirus vaccinia virus (VACV) and its derivative modified vac-
cinia virus Ankara (MVA) produce dsRNA as a by-product of viral transcription. We found that inhibition of cellular dsSRNA
recognition established by the virus-encoded proteins E3 and K3 can be overcome by directing viral overexpression of dsRNA
early in infection without compromising replication of MVA in permissive cells. Early dsRNA induced transient activation of the
cellular dsRNA sensor protein kinase R (PKR), resulting in enhanced production of interferons and cytokines in cells and mice.
Enhancing the capacity of MVA to activate the innate immune system is an important approach to further improve the immuno-
genicity of this promising vaccine vector.

tion of the adaptive immune response. They increase major his-
tocompatibility complex (MHC) class I and II expression, cross-
presentation by CD8" dendritic cells (DCs), and antibody
secretion as well as immunoglobulin isotype switching by B cells
(1,4, 5). IFN-I has been shown to promote expansion of modified

N ucleic acids are an important class of pathogen-associated
molecular patterns (PAMPs) sensed by the innate immune
system to detect the presence of various pathogens and particu-
larly of viruses. Pathogen-specific or aberrantly localized nucleic
acids are recognized by members of various families of pattern

recognition receptors (PRRs), including Toll-like receptors
(TLRs), RIG-like receptors (RLRs) RIG-I and MDAS5, NOD-like
receptors (NLRs), AIM2-like receptors (ALRs), DExD/H-box he-
licases, and others like IFIT1 and nucleic acid-activated enzymes
(1-3). Endosomal TLRs monitor the presence of nucleic acids
from the extracellular compartment, such as double-stranded
RNA (dsRNA) (TLR3), single-stranded RNA (ssRNA) (TLR7/8),
rRNA (TLR13), and CpG motif-containing DNA (TLR9),
whereas the other PRRs sense nucleic acids localized in the cyto-
plasm. Stimulation of PRRs leads to cellular activation and to the
secretion of type I interferon (IFN-I) as well as other cytokines and
chemokines. Induction of IFN-I is a critical and important cellular
response upon detection of viral infection. IFN-« and IFN-f3, as
the key IFN-I, induce an antiviral state, restricting viral replica-
tion, and significantly contribute to the activation and coordina-
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vaccinia virus Ankara (MVA)-induced CD8 T cells (6). Deletion
of the viral C6L-encoded inhibitor of IFN-B induction from MVA
enhanced vector and transgene-specific CD8 T cell responses
quantitatively and qualitatively (7).
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dsRNA is an important signature of virus infection and thus a
prototypic viral PAMP. Host cells and organisms have devised a
variety of recognition receptors for dsRNA. While TLR3 is ex-
pressed mainly in immune cells and can sense extracellular and
endosomal dsRNA, most other dsRNA sensors, like the RIG-like
receptors RIG-I and MDA-5 and the dsRNA-activated enzymes
protein kinase R (PKR) and 2’-5'-oligoadenylate synthetase (2'-
5'-OAS), are localized in the cytoplasm and are ubiquitously ex-
pressed in all cell types (8, 9). RIG-I and MDA-5 have recently
gained much interest as important cytosolic dsRNA sensors for
induction of IFN-I in response to infection with RNA and DNA
viruses (10, 11). In contrast, for orthopoxviruses like vaccinia vi-
rus (VACV) and also for herpes simplex virus 1, PKR appears to
represent a critical nucleic acid sensor (12, 13), although these
viruses have a dsDNA genome. PKR is present in small amounts in
the cell cytoplasm, and its kinase activity is triggered upon binding
to dsRNA via the N-terminal dsRNA binding domain. The best-
characterized substrate of PKR is the a subunit of eukaryotic ini-
tiation factor 2 (eIF2a). Phosphorylation of eIF2a leads to a shut-
down in translation, thereby restricting viral replication (9, 14).
Other consequences of PKR activation include apoptosis and mi-
togen-activated protein kinase activation (15, 16). In addition, a
role of PKR in the induction of IFN-I is increasingly recognized
(17-19).

Poxviruses produce large amounts of dsRNA, because the ter-
mination of transcription of poxviral intermediate and late genes
is not tightly regulated, leading to viral mRNA with long 3’ un-
translated regions (3" UTRs) of heterogeneous lengths (20, 21).
When such intermediate or late transcripts originate from two
convergently transcribed genes, overlapping complementary
mRNAs form dsRNA (22). Late viral mRNA can also anneal with
mRNA from an adjacent, convergently transcribed early gene
(22). Thus, generation of dsRNA is largely confined to the late
phase of the poxviral replication cycle (23, 24). Early in infection,
only minor amounts of viral dsRNA are detectable (22, 25, 26).
Transcription of early genes is actively terminated by the poxviral
early transcription machinery shortly after the stop codon within
20 to 50 nucleotides downstream of the sequence motif TTT
TTNT (27). Early genes transcribed toward each other typically
contain multiple transcription termination signals, suggesting
that tight control of termination of early convergent RNA tran-
scription is advantageous for the evolutionary fitness of poxvi-
ruses (28). Very likely, this represents a mechanism minimizing
the generation of dsRNA early in infection and hence contributes
to the viral countermeasures against triggering of the cellular
dsRNA recognition systems.

Poxviruses encode at least two proteins, E3 and K3, to inhibit
PKR and counteract its dsRNA-triggered antiviral effects, high-
lighting the importance of PKR in poxvirus biology. E3 binds and
sequesters dsRNA, thereby preventing activation of both PKR and
2'-5"-OAS (29, 30). In addition, E3 inhibits PKR by direct binding
(31, 32). VACV mutants lacking the E3L gene (VACV-AE3L)
showed higher sensitivity to IFN-I treatment than the wild type
(33), had a restricted host range, and induced apoptosis in many
cell types (34, 35). The VACV K3 protein is a viral elF2a-like
pseudosubstrate of PKR blocking eIF2a phosphorylation (36, 37).

MVA is a highly replication restricted VACV derived by over
570 passages in chicken embryo cells from its replication-compe-
tent ancestor chorioallantois vaccinia virus Ankara (CVA) (38).
Numerous MVA recombinants have been shown to efficiently in-
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duce immune responses in animals and humans against MVA’s
own viral proteins as well as against the heterologous antigens (39,
40). The large body of preclinical and clinical evidence demon-
strating that MVA is a safe and immunogenic vaccine has paved
the way for the recent approvals of the proprietary MVA-BN (Ba-
varian Nordic) (41) as a smallpox vaccine in the European Union
and Canada under the trade names IMVANEX and IMVAMUNE,
respectively. Here, we describe that recombinant production of
excess amounts of dsRNA early in MVA and CVA infection in-
creased the induction of IFN-a/B and other cytokines both in
murine and human cells and in mice. In the case of CVA, forced
early dsRNA overproduction resulted in an almost complete loss
of virulence in mice, which was mediated mainly via IFN-L In-
creased induction of IEN-I in vitro and in vivo by MVA expressing
excess early dsRNA was largely dependent on PKR. Hence, tight
control of dsRNA formation and prevention of PKR activation
early in infection is crucial for VACV to restrict IFN-I induction
and to ensure replicative fitness within the infected host. Engi-
neering a favorable innate immune activation profile by genetic
adjuvantation has the potential to further improve the antigenic
properties of MVA for its application as a recombinant vaccine
vector platform.

MATERIALS AND METHODS

Cells and viruses. The BALB/3T3 clone A31, BALB/3T12-3, and HeLa cell
lines were obtained from ATCC or the European Collection of Cell Cul-
tures. HaCaT cells were obtained from N. E. Fusenig, German Cancer
Research Center (DKFZ), Heidelberg, Germany. IFN-I receptor-deficient
(IFNAR™/7) and IPS-1"/" mouse embryo fibroblasts (MEFs) were pre-
pared from 15-day-old C57BL/6-IFNAR ™/~ and 14-day-old C57BL/6-
IPS-1~'~ embryos by standard procedures, and PKR ™'~ MEFs and cor-
responding PKR-sufficient control MEFs (42) (wild-type [wt] MEFs)
were kindly provided by J. Pavlovic, Institute for Medical Virology, Uni-
versity of Ziirich, Switzerland. All cell lines were cultivated in Dulbecco’s
modified Eagle medium (DMEM; Gibco/Invitrogen, Darmstadt, Ger-
many) supplemented with 10% fetal calf serum (FCS; Pan Biotech, Aid-
enbach, Germany). Primary chicken embryo fibroblast (CEF) cells were
prepared from 11-day-old embryonated chicken eggs and cultured in VP-
SEM (Gibco) for virus stock production or DMEM supplemented with
10% FCS for replication analysis. Granulocyte-macrophage colony-stim-
ulating factor (GM-CSF)-dependent dendritic cells (GM-DCs) were gen-
erated from freshly prepared murine bone marrow by cultivation with
recombinant murine GM-CSF (tebu-bio, Offenbach, Germany) as previ-
ously described (43).

CVA and MVA used in this study were derived from bacterial artificial
chromosome (BAC) clones constructed from MVA-BN (Bavarian Nordic)
and wt CVA and have been characterized previously (44). Wild-type MVA
(MVA) and MVA mutants were propagated on secondary CEF or DF-1 cells
and titrated on CEF cells using the 50% tissue culture infective dose (TCID5,)
method as described previously (45). Wild-type CVA (CVA) and CVA mu-
tants were propagated on Vero cells and titrated by the TCID,, method on
CV-1 cells. Shope fibroma virus was obtained from the ATCC (VR-364) and
was propagated and titrated on rabbit cornea SIRC cells. Sendai virus strain
Cantell was obtained from Charles River Laboratories at 2,000 hemagglutinin
(HA) units/ml. All viruses used in animal experiments were purified twice
through a 36% sucrose cushion.

Mice. BALB/c] mice were purchased from Harlan Winkelmann (Ger-
many), C57BL/6 mice were purchased from Janvier Labs (Le Genest Saint
Isle, France), and B6129SF2/] mice were purchased from The Jackson
Laboratory (Bar Harbor, ME, USA). C57BL/6-129/Sv PKR ™/~ mice (42)
were kindly provided by J. Pavlovic and, like C57BL/6-IFNAR ™/~ mice
lacking a functional IFN-I receptor, were obtained from the animal facil-
ity of the University of Ziirich. C57BL/6-IPS™/~ mice (46) were kindly
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provided by J. Tschopp, University of Lausanne, Switzerland. Animals
were bred and maintained in the animal facility of Bavarian Nordic
GmbH in accordance with the institutional guidelines and German regu-
lations for Animal Experimentation.

BAC recombineering and reactivation of infectious virus. Construc-
tion of the CVA- and MVA-BAC clones has been described previously
(35). Briefly, the inserted BAC cassette contains mini-F plasmid sequences
derived from pMBO131 plasmid (38) for maintenance in Escherichia coli
and a neomycin-phosphotransferase II (NPTII)-enhanced green fluores-
cent protein (EGFP) marker cassette. Transcription of the complete neo-
EGFP cassette is driven by a poxviral synthetic early/late promoter (9),
and translation of the EGFP cistron from the bicistronic mRNA is
achieved by an encephalomyocarditis virus internal ribosomal entry site
(IRES) preceding the EGFP open reading frame (ORF). The BAC cassette
was inserted between the MVA and CVA orthologues, respectively, of
the I3L and I4L genes. The CVA-BAC clone was modified by allelic
exchange mutagenesis in E. coli strain DH10B utilizing the N Red system
for homologous recombination. MVA-BAC clones were also modified by
allelic exchange mutagenesis using the counterselectable rpsL/neo cassette
(44, 47) and E. coli strains DH10B and MDS42 as described. In the latter,
all known insertion sequence (IS) elements have been deleted (48). The
presence of the introduced mutations and the genetic integrity of neigh-
boring DNA regions were confirmed by sequencing the respective regions
containing the mutation sites. Absence of IS elements from all BAC clones
propagated in E. coli DH10B was confirmed using IS element-specific
PCR as described previously (44, 49). For generation of MVA recombi-
nants expressing sense and antisense EGFP mRNA and all corresponding
controls, the neo-IRES-EGFP cassette in the BAC backbone of these con-
structs was replaced by a bacterial tetracycline resistance cassette. The
MVA-EGFP recombinant contained a bacterial kanamycin resistance cas-
sette (NPTI) downstream of the EGFP ORF under the control of the
strong early/late pHyb promoter (50). MVA-AE3L was obtained by re-
placing nucleotides 42697 to 43269 (ORF MVAO50L) with an NPTI ka-
namycin resistance cassette by homologous recombination in E. coli.

The complete coding region of CVA mutants CVA-dsneo-AB15 and
CVA-ABI15 encompassing CVA ORFs 001 to 229 was sequenced by Euro-
fins MWG Operon (Ebersberg, Germany) using a pooled set of overlap-
ping 5-kbp PCR fragments and next-generation sequencing with GS FLX
Titanium series chemistry. Sequence ambiguities were reanalyzed by clas-
sical Sanger sequencing of short PCR fragments covering the ambiguous
sites.

For reactivation of infectious virus, 10° BHK-21 cells were transfected
with 3 wg of BAC DNA using Fugene HD (Promega, Mannheim, Ger-
many) and 60 min later infected with Shope fibroma virus to provide the
required helper functions. Reactivated virus was isolated, and helper virus
was removed as previously described (44).

Real-time RT-qPCR. RNA was isolated from 5 X 10° to 10 X 10°
infected cells per sample using the RNeasy Plus minikit (Qiagen, Hilden,
Germany) according to the manufacturer’s instructions, including a cell
lysate homogenization step using QIAshredder columns (Qiagen) and a
DNA removal step using gDNA eliminator columns (Qiagen). RNA was
eluted from the RNeasy spin columns with 50 wl RNase-free water. The
remaining viral and cellular DNA in the sample was digested with Turbo
DNase (Ambion/Life Technologies, Darmstadt, Germany). The samples
were incubated with the DNase for 30 min at 37°C, and DNase was sub-
sequently inactivated by adding 0.5 M EDTA (Sigma-Aldrich, Hamburg,
Germany) to a final concentration of 7.5 mM and heating to 75°C for 10
min. Reverse transcription of 3 ul of isolated RNA was performed using
the Omniscript RT kit (Qiagen) in the presence of an RNase inhibitor
(Sigma-Aldrich) at a final concentration of 10 U/ul for 90 min at 37°C
using random nonamer primers (Sigma-Aldrich). A total of 1 pl of reverse
transcriptase (RT) reaction mixture was added to 20 pl of total PCR
mixture for quantitative real-time PCR (qPCR) based on the TagMan
gene expression master mix (Life Technologies, Darmstadt, Germany)
according to the manufacturer’s instructions. Quantitative PCR of
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c¢DNA was performed using the TagMan gene expression assay IFNB1
(Hs01077958_s1) for detection of human interferon beta 1 transcripts
and TagMan gene expression assay IENB1 (Mm00439552_s1) for detec-
tion of murine interferon beta 1 transcripts. Custom TaqMan gene ex-
pression assays were used for detection of rpsL-containing transcripts
(forward primer, ACTTGGAACGAGCCTGCTTAG; reverse primer, GT
TCGTTACCACACCGTACGT; probe, 6-carboxyfluorescein [FAM]-CT
GCTCCGGCGTTAAA-MGBNFQ), of viral late FI7R gene transcripts
(forward primer, CGTTTATGAGGACGGACATGCTA; reverse primer,
AAAAGTCTAGAAGCTACATTATCGCGATT; probe, FAM-CCGCGA
ACATATTTTG-MGBNFQ), and of viral early C7L gene transcripts
(forward primer, TTTAGATTCATTATACGCCCAGATTGGT; reverse
primer, TCACCGCATAGTTGTTTGCAAATAC; probe, FAM-ACCTCG
TCGATTTCC). Total EGFP RNA (sense and antisense) generated by the
set of recombinants expressing a nested set of antisense EGFP RNAs of
different lengths (see Fig. 3A) was quantified using a custom RT-qPCR
assay (AJ6RN3]J, Life Technologies) targeting a sequence located at the 5’
end of the antisense RNA within the first 100 bp, which is common to all
EGFP sense and antisense RNAs except the 50-bp antisense transcript of
MVA-dsEGFP-50. Murine and human input cDNA was normalized using
TagMan gene expression assay 18S (Hs99999901_s1) detecting euka
ryotic 18S rRNA transcripts. All real-time qPCR assays were performed in
duplicate using an Applied Biosystems 7500 Fast real-time PCR system
and the following protocol: initial incubation at 50°C for 2 min (uracil
DNA glycosylase activation to remove carryover amplicon contaminat
ion), 10-min incubation at 95°C, 40 cycles of denaturation for 15 s at 95°C,
and annealing/extension for 1 min at 60°C. No-template controls and
no-RT controls were always included and were always negative. Transfec
tion of high-molecular-weight poly(I-C) (Invivogen, Toulouse, France)
served as the positive control for IFN-B induction. Fold induction of
IFN-B was calculated relative to that of mock-infected cells. Threshold
cycle (Cp) values were arbitrarily set to 36 if the C; value was “undet
ermined” or >36. For calculation reasons, “undetermined” samples, e.g.,
from mock-infected cells, were assigned a fold induction value of 1.

Demonstration of EGFP dsRNA formation. To demonstrate the for-
mation of dsRNA from sense and antisense transcripts of the EGFP gene
in MVA-dsEGFP-720(o)-infected cells, we isolated and combined total
RNA from two wells of a 6-well plate per virus of AraC-treated (40 pg/ml)
BALB/3T3-A31 cells using the TRIzol method. DNase-treated total RNA
samples were digested with single-strand-specific RNases A and T1 (Am-
bion) or with RNase A/T1 plus dsRNA-specific RNase V1 (Ambion) in a
total volume of 20 i for 1 h at 37°C. The digested RNA samples and the
untreated control sample (undigested) were purified using the RNA Clean
& Concentrator kit (Zymo Research, Freiburg, Germany) and denatured
at 95°C for 3 min. RT-qPCR was performed as described above by em-
ploying a commercially available EGFP TaqMan assay (Mr04329676_mr;
Life Technologies). The mean of the fold induction of EGFP RNA over
mock from the duplicate qPCRs of undigested RNA samples was calcu-
lated and set to 100%. The percentage of the remaining EGFP RNA after
RNase A/T1 and A/T1/V1 digests was calculated by employing the fold
induction values of the respective EGFP RNA samples.

Viral replication analysis. For analysis of multicycle virus replication,
confluent monolayers in 6-well culture plates were infected at a multiplic-
ity of infection (MOI) of 0.05 in 500 wl of DMEM without FCS. After 60
min of adsorption at 37°C, cells were washed once with DMEM and were
further incubated in DMEM-2% FCS. Cells and supernatant were har-
vested at the indicated time points, freeze-thawed, and sonicated. For the
0-h time point, cells were kept on ice after the 60-min adsorption period,
washed with ice-cold DMEM, supplemented with 2 ml ice-cold
DMEM-2% FCS, and immediately frozen. MVA titers were determined
on CEF cells, and CVA titers were determined on CV-1 cells using the
TCIDs, method as described previously (45).

Immunoblot analysis of protein phosphorylation status and steady-
state levels. BALB/3T3-A31 and MEFs from PKR-deficient mice and
from the corresponding wild-type controls were seeded on the day before
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infection in 12-well tissue culture plates. Infection, cell lysate preparation,
immunoblotting, immunodetection, and stripping were performed as
previously described (47). For detection of protein bands by chemilumi-
nescence, two different substrate reagents were used: SuperSignal West
Pico (Thermo Scientific, Bonn, Germany) as the standard reagent and the
ECL Advance Western blotting detection kit (GE Healthcare, Munich,
Germany) for high-sensitivity detection of phospho-IRF3 (p-IRF3) in
PKR ™/~ MEF lysates. Antibodies with the following specificities were
used: phospho-elF2a (p-Ser51, dilution 1:2,000, catalog no. 9721),
p-IRF3 (p-Ser396, 1:1,000, catalog no. 4947S), both from Cell Signaling,
Danvers, USA, and anti-mouse--tubulin (clone SAP.4G5, 1:20,000; Sig-
ma-Aldrich).

Mouse infection experiments. Mice were anesthetized by ketamine-
xylazine injection prior to intranasal infection with 2 X 10°, 1 X 107, and
5 X 107 TCID5, of CVA and CVA mutants diluted in phosphate-buffered
saline (PBS) to a final volume of 50 pl per mouse. Animals were weighed
and inspected daily for 2 weeks, and the signs of illness were scored on an
arbitrary scale from 0 to 4 as previously described (44). For analysis of
systemic cytokine levels, mice were injected intravenously (i.v.) with 200
! of the respective virus dilutions and bled 6 h later by the tail vein. All
animal experiments have been approved according to the regulations of
the German animal welfare law by the responsible authority, the Govern-
ment of Upper Bavaria (Regierung von Oberbayern), and were carried out
in accordance with the regulations set forth by the responsible authority
and with the guidelines for animal experiments of Bavarian Nordic
GmbH.

Systemic cytokine level analysis by cytometric bead assay. Cytokine
concentrations in mouse sera drawn 6 h after i.v. infection were deter-
mined by the bead-based FlowCytomix assay for the indicated mouse
cytokines (eBioscience, Frankfurt, Germany) according to the manufac-
turer’s instructions. The statistical significance for differences between
treatment groups was analyzed using the nonparametric Mann-Whitney
U test. The overall significance level (0.05) was Bonferroni corrected by
dividing by the number of groups (e.g., 11 cytokines and chemokines
tested in B6129SF2/] mice), i.e., the overall Bonferroni corrected level was
set to 0.05/11 = 0.00455 for comparison between the B6129SF/2 treat-
ment groups.

ELISA. IFN-@ protein levels secreted by infected cell lines were always
determined at 14 to 16 h p.i., when maximal amounts of IFN-f had accu-
mulated in supernatants of MVA-infected cells. Enzyme-linked immu-
nosorbent assay (ELISA) kits for murine IFN-B (VeriKine mouse inter-
feron beta) and human IFN-B (VeriKine-HS human interferon beta)
were purchased from PBL Assay Science (Piscataway, NJ, USA). Murine
IFN-a in supernatants of GM-DCs was determined using commercially
available ELISA reagents as previously described (43).

RESULTS

VACYV generating excess dsRNA induces increased IFN-p re-
sponses in cultured cells. We generated a CVA mutant (CVA-
dsneo-AB15) expressing partial cRNA transcripts from two sepa-
rate insertions of the neomycin (rneo) resistance gene (Fig. 1A).
The neo sense transcript was derived from the neo-IRES-EGFP
selection marker contained in the BAC cassette of our CVA con-
structs required for propagation of the CVA-BAC clone in E. coli
(44). Transcription of the neo-IRES-EGFP mRNA is driven by the
well-characterized early/late poxvirus pS promoter (51). The sec-
ond neo transcript was generated from the neo open reading frame
(ORF) in the neo/rpsL-positive/negative selection marker at the
BI5R locus, replacing the BISR ORF downstream of the BI5R
promoter (Fig. 1A). Since the neo/rpsL cassette is inserted in re-
verse orientation to the BI5R promoter, a neo antisense transcript
is generated which does not encode a protein. We confirmed the
presence of the neo/rpsL transcript by RT-qPCR targeting the rpsL
portion of this RNA (Fig. 1B). CVA-dsneo-AB15 infection of mu-
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rine embryo fibroblasts (MEFs) resulted in increased levels of
IFN-P transcripts as determined by RT-qPCR (Fig. 1C). In con-
trast, CVA-ABI15 also lacking the BI5R ORF but, without the ad-
ditional neo/rpsL cassette (Fig. 1A), induced very low IFN-{ gene
expression comparable to that of wild-type CVA (Fig. 1C), dem-
onstrating that the loss of the B15R gene per se was not responsible
for increased IFN-3 gene expression. When the B15R promoter
(pB15R) directing transcription of antisense neo mRNA was de-
leted from CVA-dsneo-AB15, the resulting CVA-neo-ApB15R
mutant failed to express detectable neo/rpsL transcripts (Fig. 1B),
and IFN-B mRNA levels induced by this mutant were similar to
the background levels induced by CVA (Fig. 1C). Thus, transcrip-
tion of the neo/rpsL cassette inserted in antisense orientation was
required for enhanced IFN-B mRNA induction in MEFs. A CVA
mutant containing a zeo ORF in place of the neo/rpsL cassette in
reverse orientation to the B15R promoter (CVA-zeo-AB15; Fig.
1A) also did not increase IFN- mRNA expression compared to
that of CVA (Fig. 1C). In line with the IFN-B mRNA data, in-
creased levels of IFN- protein were observed only in superna-
tants of CVA-dsneo-AB15-infected MEFs (Fig. 1D) or BALB/3T3-
A31 cells (data not shown).

CVA-dsneo-AB15 replication was indistinguishable from that
of CVA in HelLa cells but was moderately impaired in murine
BALB/3T12-3 fibroblasts (Fig. 1E). A moderate replication im-
pairment of CVA-dsneo-AB15 was also observed in MEFs (Fig.
1F) but was largely absent in MEFs from mice lacking a functional
IFN-I receptor (Fig. 1F).

To exclude unwanted mutations in CVA-dsneo-AB15 as the
cause of its enhanced IFN-[ stimulatory capacity and altered rep-
lication behavior, we determined the nucleotide sequence of the
complete coding regions of CVA-dsneo-AB15 (202,615 nucleo-
tides) and CVA-AB15 (201,296 nucleotides). Both viruses con-
tained only the deliberately introduced mutations. These findings
collectively indicate that dsRNA formed by annealed sense and
antisense neo transcripts was the trigger for increased induction of
IFN-B by CVA-dsneo-AB15.

MV As producing excess early dsRNA. To further confirm the
IFN-I stimulatory effect of early dsRNA generation during vac-
cinia virus infection, we constructed two pairs of recombinant
MVA vectors expressing two complementary transcripts of either
neo or the EGFP gene. This was achieved by inserting two copies of
the neo or the EGFP ORF at distant sites in the MVA genome, each
under the control of a poxviral early/late promoter (Fig. 2A). The
BAC-derived wild-type MVA already harbored one copy of
the neo/EGFP cassette within the BAC backbone insert (Fig. 2A).
The BAC insert, including the neo/EGFP cassette, does not alter
the properties of BAC-derived MVA and is thus considered to be
equivalent to wild-type MVA (44). MVA-dsneo-AB15 was engi-
neered to contain a second neo ORF as part of the neo/rpsL cassette
at the BI5R locus in reverse orientation relative to the endogenous
B15R promoter (Fig. 2A), thus reproducing the constellation of
neo inserts in the CVA-dsneo-AB15 mutant described above.
MVA-dsneo-AB15 induced strongly increased expression of
IFN-B mRNA and enhanced secretion of IFN-f protein into cul-
ture supernatants, whereas the MVA-AB15 mutant and MVA
stimulated IFN-{ to very similar extents (Fig. 2C and D). Excision
of the complete loxP-flanked BAC insert from MVA-dsneo-AB15
by site-specific Cre recombination, resulting in the MVA-neo-
AB15/ABAC mutant, abrogated the increased induction of IFN-3
mRNA and protein (Fig. 2C and D). In conjunction with the re-
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FIG1 A CVA mutant expressing excess early dsSRNA induces increased expression of IFN-f3. (A) Schematic representation of a CVA mutant expressing sense and
antisense mRNA (indicated by green and red wiggly lines) from two neo inserts and of control and reference constructs. Promoters driving transcription of the
neo inserts are indicated, as well as flanking ORFs at the B15R locus. (B) Mouse embryo fibroblasts (MEFs) in 6-well plates were mock infected or infected with
crude stocks of the indicated CVA recombinants at an MOI of 10 in duplicate. The relative amount of neo-rpsL antisense transcripts (rpsL mRNA) compared to
that of the mock was determined by duplicate RT-qPCR per sample using total RNA isolated from cells at 6 h p.i. and custom TaqMan primers for the rpsL portion
of the neo-rpsL antisense transcript. An 18S rRNA-specific probe served as the endogenous control in RT-qPCR analysis. (C) MEFs in 6-well plates were mock
infected or infected with crude stocks of the indicated MVA recombinants in duplicate at an MOI of 10. Fold induction of IFN-8 mRNA over mock was
determined by duplicate RT-qPCR per sample using total RNA isolated from cells at 6 h p.i. Poly(I-C) was transfected using Fugene HD at 2 g/well. Where error
bars are not visible, the standard error was negligible. (D) IFN-f amounts in supernatants of MEF cultures infected in parallel to those shown in panel C were
determined at 14 h p.i. by ELISA. Human HeLa and murine BALB/3T12-3 cells (E) and MEFs from C57BL/6 mice (MEF-wt-B6) and from IENAR ™/~ C57BL/6
mice (“MEE-IFNAR®°-B6”) in 6-well plates (F) were infected in triplicate at an MOI of 0.025 of the indicated viruses. Cells and supernatants were harvested at
the indicated time points, and infectious viral titers in lysates were determined by standard titration assays on CEF cells using the TCID5, method. Total viral
output at the indicated times is plotted, and each data point represents results from single titrations of three independent wells.

sults of the CVA mutants described above, we conclude that com-
plementary neo transcripts forming dsRNA represented the stim-
ulus for the observed increase in IFN-[3 induction.

For the second set of early dsRNA-generating MVA mutants,
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two inserts of the EGFP gene generating sense and antisense EGFP
transcripts were integrated at distant sites into the genome of
MVA (Fig. 2A). In this set of MVA mutants, the neo/EGFP cassette
in the BAC backbone had been replaced by a tetracycline selection
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FIG 2 MVA recombinants expressing excess early dsRNA from neo or EGFP transgenes induce increased IFN-{ expression. (A) Schematic representation of the
two types of MVA recombinants generating excess early dsRNA either from two #neo inserts (top) or from two EGFP inserts (bottom), each with the correspond-
ing control and reference constructs. IGR, intergenic region. (B) Total RNA from murine BALB/3T3-A31 cells infected with the indicated viruses (MOI 10) or
mock infected for 6 h was digested with RNase A/T1 (ssRNase digest) or RNase A/T1/V1 (ss+dsRNase digest) or not digested, and duplicate RT-qPCR
quantification of total EGFP transcript (both sense and antisense) was performed as described in Materials and Methods. The mean of the fold induction values
of EGFP or C7L transcripts over mock in undigested samples was set to 100%, and the mean percentage of the remaining qPCR signals after the indicated RNase
digests was calculated for EGFP and C7L transcripts. Shown is one out two independent experiments. Where error bars are not visible, the standard error was
negligible. (C) MEFs in 6-well plates were mock infected or infected with crude stocks of the indicated MVA recombinants at an MOI of 10 in duplicate. Fold
induction of IFN-B mRNA over mock was determined by duplicate RT-qPCR per sample using total RNA isolated from cells at 6 h p.i. using a commercially
available TagMan assay (Life Technologies) for the murine IFN- gene. Poly(I-C) was transfected using Fugene HD at 2 pg/well. 18S rRNA served as the
endogenous control in all RT-qPCR analyses. Where error bars are not visible, the standard error was negligible. (D) IFN-f amounts in supernatants of MEF
cultures infected in parallel to those shown in panel C were determined at 14 h p.i. by ELISA. (E) Murine A31 cells were either preincubated with 40 pg/ml of AraC
for 1 hor left untreated and infected in duplicate at an MOI of 10 with the indicated MV As with either 40 wg/ml AraC throughout infection or without AraC. Cells
were harvested at 6 h p.i. for isolation of total RNA. Messenger RNAs for murine IFN- and the late F17R VACV gene were quantified by QRT-PCR analysis as
described above.

cassette. The basic MVA-dsEGFP-720(o) construct was designed
to include an extended noncomplementary 3’ overhang at the
antisense strand derived from a 354-bp-long coding sequence of
the bacterial B-galactosidase (lacZ) gene. In contrast to the neo-
based constructs, no autologous MVA gene was deleted in the
MVA-EGFP constructs. In addition, the previously described
strong early/late pS promoter (51) was utilized instead of the en-
dogenous B15R promoter for antisense mRNA expression. Tran-
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scription of antisense EGFP-lacZ mRNA was verified by RT-qPCR
targeting the lacZ portion of this mRNA (data not shown). Repli-
cation of MVA-dsEGFP-720(o) as determined by multicycle rep-
lication analysis and comparison of viral yields was only margin-
ally decreased, and MVA-dsEGFP-720(o) expressed levels of
EGFP similar to those of MVA-EGFP in MRC-5 cells both at 5 and
25 h p.i. (data not shown).

To demonstrate that sense and antisense EGFP transcripts indeed
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formed dsRNA, we conducted differential RNase digests of total RNA
from MVA-dsEGFP-720(0)-infected cells with single-stranded RNA
(ssRNA)- and dsRNA-specific RNases prior to RT-qPCR quantifica-
tion of the remaining EGFP RNA. To prove that EGFP dsRNA is
already increased early in infection before the onset of intermediate
and late transcription, we isolated total RNA from infected cells
treated with AraC. The applied method is very similar to a previously
described protocol (26). While >99% of EGFP RNA from MVA-
EGFP-infected cells could be degraded with the ssRNA-specific
RNases A and T1, 28% of the EGFP RNA from MVA-dsEGFP-
720(0)-infected cells remained resistant to ssRNase treatment (Fig.
2B). This indicates that a significant proportion of the complemen-
tary EGFP RNAs in MVA-dsEGFP-720(o)-infected cells had formed
dsRNA, rendering this RNA resistant to RNase A/T1 treatment. The
EGFP RNA signal in samples from MVA-dsEGFP-720(0)- and
MVA-EGFP-infected cells was reduced to levels close to the detection
limit when the RNA remaining after the ssRNase digest was further
incubated with dsRNA-specific RNase V1 (Fig. 2B). This demon-
strates that the vast majority of the 28% of ssRNase-resistant EGFP
RNA molecules from MVA-dsEGFP-720(o)-infected cells were in-
deed EGFP dsRNA. As a control for the ssRNase digest, we analyzed
degradation of the early viral C7L transcript by RT-qPCR (Fig. 2B,
bottom) by using the same digested RNA samples as those used for
the EGFP RNA analysis (Fig. 2B). More than 99% of C7L RNA from
both MVA-EGFP- and MVA-dsEGFP-720(o)-infected cells was sen-
sitive to ssRNase treatment (Fig. 2B), indicating that the ssRNase
digest of the RNA from MVA-dsEGFP-720(o)-infected cells was ef-
ficient and that only trace amounts of C7L dsRNA were present, as
expected. Thus, MVA-dsEGFP-720(o) is indeed able to generate sig-
nificant amounts of EGFP dsRNA in infected cells.

MVAs producing excess early dsRNA induce increased ex-
pression of IFN-f3. MVA-dsEGFP-720(o) induced increased lev-
els of IFN-B mRNA and protein in MEFs compared to those of
MVA-EGFP expressing only a sense EGFP mRNA (Fig. 2Cand D).
IFN-@ gene expression and protein secretion in MEF cells induced
by the reference construct MVA-EGFP expressing only the sense
EGFP transcript was not detectably different from that induced by
MVA (Fig. 2Cand D). Therefore, MVA-EGFP was used as the sole
reference virus in all further experiments with EGFP-based MVA
dsRNA recombinants.

MVA-dsEGFP-720(0) enhanced IFN- gene induction in
MEFs as described above, although MEFs did not support late
viral gene expression by MVA (data not shown), suggesting that
early transcription is sufficient for enhanced IFN-B induction.
AraC treatment of MVA-infected murine A31 cells, which effi-
ciently support late gene expression by MVA, as demonstrated by
the presence of large amounts of transcripts from the late F17R
gene in untreated cells at 6 h p.i., did not abrogate increased IFN-[3
induction by MVA-dsEGFP-720(o) (Fig. 2E). In contrast, AraC
treatment drastically decreased the amount of F17R transcripts,
demonstrating that it was able to effectively block postreplicative
gene expression in A31 cells (Fig. 2E). Notably, IFN-3 gene ex-
pression induced by MVA-dsEGFP-720(0) as well as by the MVA-
EGFP reference virus was increased by the AraC treatment per se
(Fig. 2E). The reason for this effect is presently unclear. In conclu-
sion, excess production of viral dsRNA in the early phase of MVA
infection is sufficient to achieve the IFN-3 enhancing effect.

Length requirements for early dsRNA to stimulate IFN-f3
gene expression. The length of the EGFP-ORF fragment used for
generation of EGFP antisense transcripts was progressively short-
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ened from the 720 bp of the wt EGFP ORF to 50 bp of the 3" end of
the ORF (Fig. 3A). All constructs except MVA-dsEGFP-720(0)
lack the lacZ-derived noncomplementary sequence attached to
the 3" end of the antisense EGFP transcript (Fig. 3A). In wt MEFs,
the group of MVA recombinants expressing complementary
EGFP transcripts with overlaps between 720 and 300 bp induced
increased levels of IFN-B mRNA and protein (Fig. 3B and C). The
B-galactosidase (B-Gal)-derived 3’ overhang did not significantly
alter the IFN-B enhancing effect in MEFs (Fig. 3B and C). En-
hancement of IFN-3 gene expression was largely undetectable,
with MVA-dsEGFP constructs containing only 100 or 50 bases of
EGFP sequence directing antisense expression (MVA-dsEGFP-
100 and MVA-dsEGFP-50; Fig. 3B and C). As an approximation
of the EGFP dsRNA amount, we quantified the total amount of
sense and antisense EGFP RNA in cells infected with the various
mutants (except MVA-dsEGFP-50) by RT-qPCR. We found that
the amounts of total EGFP RNA generated by MVA-dsEGFP-
720(0) and MVA-dsEGFP-100 were indistinguishable, indicating
that early dsRNA of 100-bp length was too short to stimulate
enhanced IFN-f expression (data not shown). For the group of
recombinants expressing antisense RNAs between 720 and 300 bp
of length, we could not exclude a correlation of the differences in
IFN-B induction (Fig. 3B and C) with the total EGFP RNA
amount (data not shown) rather than with the length of the EGFP
dsRNA. Thus, the threshold length of MVA-expressed early
dsRNA for inducing a detectable increase in IFN-I induction lies
between 100 and 300 bp.

MVA-dsEGFP mutants enhance IFN-f3 production also in
human cells. MVA-dsEGFP-720(0) induced significantly en-
hanced IFN-B mRNA expression in cultures of the interferon-
competent human diploid lung fibroblast cell line MRC-5 with a
peak around 8 h p.i., whereas basal IFN- gene induction by
MVA-EGFP was low and occasionally even undetectable in hu-
man MRC-5 cells (data not shown and Fig. 4A). Increasing the
multiplicity of infection (MOI) further enhanced IFN-B mRNA
induction (Fig. 4A). IFN-B protein levels in the supernatants of
MRC-5 cells were also enhanced by MVA-dsEGFP-720(0) in a
dose-dependent manner (Fig. 4B). Of note, the basal levels of
IFN-B induction by MVA appeared to be much lower in human
MRC-5 cells than in MEFs (compare Fig. 4 with Fig. 2C and D and
Fig. 3B and C). MRC-5 cells infected with MVA constructs gener-
ating progressively shortened early EGFP-dsRNA showed a pat-
tern of decreased IFN-B gene induction similar to that obtained
with murine cells (data not shown). Thus, increased IFN-8 induc-
tion by excess dsSRNA generated early during MVA infection was
not restricted to murine cells but was at least as prominent in
human cells.

MVA-dsneo-AB15 and MVA-dsEGFP-720(0) activate PKR.
PKR is constitutively synthesized in mammalian cells at moderate
levels as an inactive kinase that is activated by binding to dsRNA.
The best-characterized substrate of activated PKR is the transla-
tion initiation factor eIF2a, which is phosphorylated by PKR at
serine residue 51. Ser-51 phosphorylation of elF2« in cells in-
fected with MVA mutants generating excess early dsRNA was an-
alyzed as an indicator of PKR activation. MVA-dsneo-AB15 and
MVA-dsEGFP-720(0) activated PKR as early as 1 h after infection
of A31 cells, whereas MVA wt did not detectably activate PKR
throughout infection (Fig. 5). The amount of phospho-elF2a (p-
elF2a) in cells infected with both neo- and EGFP-based early
dsRNA producer mutants of MVA increased further until 4 h p.i.
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FIG 3 Threshold of dsRNA length for increased IFN-B induction. (A) Schematic representation of MVA recombinants generating excess early dsRNA of
decreasing lengths from truncated antisense EGFP and full-length sense EGFP transcripts. (B) MEFs in 6-well plates were mock infected or infected with crude
stocks of the indicated MV A recombinants expressing EGFP dsRNAs of decreasing lengths in duplicate at an MOI of 10. Fold induction of murine IFN- mRNA
over mock was determined by duplicate RT-qPCR per sample with 18S rRNA as the endogenous control using total RNA isolated from cellsat 7 h p.i. As a positive
control, 2 pg of poly(I-C) per well was transfected using Fugene HD. (C) IFN- in supernatants of MEFs at 14 h p.i. infected in parallel to the MEF cultures shown

in panel B was quantified by ELISA.

(Fig. 5). At 6 h p.i., the amounts of p-elF2a. in MVA-dsneo-AB15-
and MVA-dsEGFP-720(o)-infected cells had declined and were
only weakly if at all detectable at 8 h p.i. (Fig. 5). In contrast, an
MVA mutant lacking the ORF encoding the vaccinia virus E3
protein (MVA-AE3L) showed a late onset of eIF2a phosphoryla-
tion (Fig. 5). The p-elF2a signal induced by MVA-AE3L became
detectable earliest after 3 h p.i. and then remained high for the rest
of the observation period up to 8 h p.i. (Fig. 5) and beyond (data
not shown). Thus, the early kinetics of e[F2a phosphorylation
observed in MVA-dsEGFP-720(o)-infected cells argue for a very
early but transient activation of PKR, which is most likely caused
by the use of early or immediate early promoters driving tran-
scription of both sense and antisense neo and EGFP transcripts.
PKR but not IPS-1 is essential for increased IFN-f3 expres-
sion by MEFs. To further examine the role of PKR in the enhanced
IFN-B induction by MVA mutants expressing excess early dsRNA,
we analyzed IFN-f induction in MEFs lacking a functional PKR.
MVA-dsEGFP-720(0) did not induce enhanced IFN-( gene ex-
pression in PKR-deficient MEFs at any time point analyzed, while
compared to MVA-EGFP it enhanced IFN-3 mRNA synthesis in
the corresponding wt MEFs, as expected (Fig. 6A). Secretion of
IEN-B protein by PKR™/~ MEFs infected with MVA-dsEGFP-
720(0) and MVA-EGFP was undetectable (Fig. 6B), indicating

December 2014 Volume 88 Number 24

that enhanced IFN-B production by MVA-dsEGFP-720(0) was
dependent on functional PKR. Similar results were obtained for
MVA-dsneo-AB15-infected PKR™/~ MEFs (data not shown).
PKR ™/~ MEFs transfected with the dsSRNA mimic poly(I-C) se-
creted large amounts of IFN-@, demonstrating that the PKR ™/~
MEFs used here were fully competent to generate IFN-B mRNA
and secrete IFN-f and that poly(I-C)-mediated IFN-f3 induction
is not PKR dependent (Fig. 6A and B). MVA-EGFP induced lower
levels of IFN-B in PKR™’~ MEFs than in wt MEFs, suggesting a
general role of this dsSRNA sensor in induction of the IFN-I in
MEFs by MVA (Fig. 6A and B). In summary, PKR appeared to be
a critical cellular sensor involved in the enhanced induction of
IFN-B by MVA-dsEGFP-720(0) and appeared to be involved in
IFN-f gene induction by MVA in MEFs in general.

To evaluate a possible role of the IPS-1 signaling adaptor mol-
ecule and thus of the RIG-like dsRNA receptors in PKR-mediated
enhanced IFN-I induction, we analyzed MEFs from IPS-1-defi-
cient (IPS-1"'") mice and the corresponding C57BL/6 MEFs for
IFN-p gene induction by MVA-dsEGFP-720(o0). MEFs from IPS-
17/~ mice showed enhanced IFN-f gene expression upon infec-
tion by MVA-dsEGFP-720(0) comparable to that observed in wt
MEFs, while IFN-f induction by poly(I-C) was almost completely
dependent on IPS-1, as expected (Fig. 6C). In addition, IFN-3
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FIG 4 MVA generating excess early dsRNA induces increased IFN-f expression in human cells. (A) Human MRC-5 cells in 6-well plates were mock
infected or infected with crude stocks of the indicated MVA recombinants in duplicate at MOIs of 10 and 25. Fold induction of IFN- mRNA over mock
was determined by duplicate RT-qPCR per sample with 18S rRNA as the endogenous control using total RNA isolated from cells after the indicated time
points p.i. As a positive control, 2 pg of poly(I-C) per well was transfected using Fugene HD. Data labels were included in panel A to identify bars of low
or zero height. (B) IFN-f in supernatants of MRC-5 cells at 14 h p.i. infected in parallel to the MRC-5 cultures shown in panel A was quantified by ELISA.

induction by Sendai virus, a negative-strand RNA virus known to
depend on RIG-I and IPS-1 for IFN-I induction, was completely
abolished in the IPS-17/~ MEFs (Fig. 6C), confirming that the
IPS-1 pathway was indeed nonfunctional in these cells.
MVA-dsEGFP-720(0) drives PKR-dependent phosphoryla-
tion of IRF3. IRF3 is a central transcription factor for generation
of IFN-B mRNA, and its phosphorylated form is an essential com-
ponent of the so-called enhanceosome, which also contains tran-
scription factors NF-kB and ATF-2/c-jun and which binds to the
enhancer element in the 5 nontranslated region of the IFN-3
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FIG 5 The MVA-dsneo-AB15 and MVA-dsEGFP-720(0) mutants induce PKR
activation. Murine A31 cells were infected at day 1 after seeding with crude stocks
of the indicated viruses at an MOI of 10. Phosphorylation of elF2« (p-elF2a) in
cell lysates prepared after the indicated times of infection was analyzed by immu-
noblotting using an antibody against the phospho-epitope Ser-51 of elF2a (“p-
elF2a” panels). Loading was monitored by stripping the blots and reprobing with
an antibody against murine B-tubulin.
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gene driving its transcription (52). Clearly, MVA-dsneo-AB15
and MVA-dsEGFP-720(o0) induced a stronger IRF3 phosphoryla-
tion than their corresponding reference constructs MVA-AB15
and MVA-EGFP (Fig. 6D). Thus, increased levels of IFN-B mRNA
in cells infected with MVA-dsneo-AB15 and MVA-dsEGFP-
720(0) most likely resulted at least in part from increased tran-
scription of the IFN-f gene. Whether enhanced IFN-B mRNA
stabilization, which was recently reported to be mediated by PKR
(53), contributed to the increased IFN-B mRNA levels remains
unknown at present. Increased IRF3 phosphorylation by MVAs
overproducing early dsRNA coincided with increased elF2a
phosphorylation (Fig. 6D). In contrast to wild-type MEFs, neither
increased elF2a phosphorylation nor increased IRF3 phosphory-
lation was detectable in PKR ™/~ MEFs infected with MV A-dsneo-
AB15 or MVA-dsEGFP-720(0) (Fig. 6D), indicating that PKR is a
major regulator not only of elF2a but also of IRF3 phosphoryla-
tion in the context of MVA infection. The enhanced basal levels of
elF2a phosphorylation in PKR™/~ MEFs independent of treat-
ment were observed in all experiments (Fig. 6D). The reasons for
the latter effect are presently unknown. The levels of phosphory-
lated IRF3 were generally very low in MVA-infected PKR-defi-
cient MEFs and could be detected only by long exposure of im-
munoblots developed with a high-sensitivity luminescence
substrate (Fig. 6D), suggesting that at least in MEFs, PKR has an
important role in MVA-induced IRF3 activation in general.
MVA-dsEGFP-720(o) induces an enhanced innate immune
response in mice. Levels of systemic cytokines in response to
MVA-dsEGFP-720(0) were analyzed at 6 h after intravenous in-
fection of C57BL/6 and B6129SF2/] mice, which served as control
strains for IPS-1"/~ mice and for the mixed genetic background of
PKR ™/~ mice, respectively. IEN-a levels in the blood of MVA-
dsEGFP-720(o)-infected mice were significantly higher than
those after MVA-EGFP infection of C57BL/6 and B6129SF2/]
mice (P < 0.0001 for all comparisons by Mann-Whitney U test)
(Fig. 7). Systemic IFN-vy was also significantly increased in MVA-
dsEGFP-720(0)-infected C57BL/6 and B6129SF2/] mice at 6 h p.i.
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FIG 6 Role of PKR in enhanced IFN- induction by MVAs producing excess early dsRNA. (A) PKR™/~ MEFs and the corresponding wt MEFs were mock
infected or infected with the indicated MVAs in duplicate at an MOI of 10 for the indicated times. As a positive control, 2 pg of poly(I-C) was transfected and
incubated for 8 h. Fold induction of IFN-B mRNA over mock was determined by duplicate RT-qPCR per sample using total RNA isolated from cells at 5 h p.i.
(B) IFN-B from supernatants of parallel infections of wt and PKR ™/~ MEFs shown in panel A at 14 h p.i. was analyzed by ELISA. Where error bars are not visible,
the standard error was negligible. (C) MEFs from wt and IPS-1~/~ mice were infected in duplicate with the indicated viruses at an MOI of 10. Fold induction of
IFN-B mRNA over mock was determined by duplicate RT-qPCR per sample using total RNA isolated from cells at 6 h p.i. Sendai virus infection and transfection
of 2 pg poly(I1-C)/well served as controls. (D) Wild-type and PKR ™/~ MEFs were infected with MVA-dsneo-AB15 and MVA-dsEGFP-720(0) and the respective
control viruses at an MOI of 10 for 4 h. Immunoblots of cell lysates from wt and PKR ™/~ MEFs were incubated with a monoclonal antibody against p-IRF3, and
blots were first developed using a standard chemiluminescence substrate and applying identical exposure times. The blot membrane with samples from PKR ™/~
MEFs was then reincubated with a high-sensitivity chemiluminescence substrate and exposed to X-ray film for longer times than in the panels above to enhance
the signal. Equal loading was monitored by stripping the blots and reprobing with an antibody against murine B-tubulin using standard ECL substrate (lower
panels).

compared to that in MVA-EGFP-infected mice (P < 0.0001 and
P < 0.0047, respectively) (Fig. 7). Except for IFN-y levels in
B6129SF2/] mice, the differences in IFN-a and IFN-v induction
were still statistically significant after applying the very conser-
vative Bonferroni correction (Bonferroni corrected alpha =
0.0021 for C57BL/6, IPS-1"'", and PKR™/~ mice and 0.0045
for B6129SF2/] mice). In addition, the inflammatory cytokine in-
terleukin 6 (IL-6) was always elevated after MVA-dsEGFP-720(o)
infection above levels induced by MVA in both mouse strains (P =
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0.03 and P = 0.0047) (Fig. 7), although the increase did not reach
statistical significance when the Bonferroni correction was ap-
plied. In contrast, in MVA-dsEGFP-720(o)-infected PKR™/~
mice, none of the above-described cytokines showed a statistically
significant difference in systemic levels at 6 h p.i. compared to
MVA-EGFP infection (Fig. 7), demonstrating that PKR was a crit-
ical factor in increased induction of IFN-a, IEN-v, and IL-6 by
MVA-dsEGFP-720(0) also in vivo. It should be noted that there is
still a slight increase of IFN-« levels in PKR ™/~ mice infected with
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FIG 7 MVA-dsEGFP-720(o) induces enhanced IFN and cytokine responses
in vivo. Wild-type C57BL/6 (wt), IPS-17/~, PKR ™/, and B6129SF2/J female
mice were infected intravenously at a dose of 108 TCID5,/mouse. Animals were
bled 6 h after infection, and serum was analyzed for the concentration of
selected murine cytokines using a bead-based flow cytometric assay. Data are
averages from four (wt, IPS-1~/~, PKR /") or two (B6129SF2/]) independent
experiments. Numbers of mice per group are indicated in parentheses. P values
were calculated using Mann-Whitney U test, comparing mice infected with the
MVA-EGFP and MVA-dsEGFP-720(0) strains. ***, P < 0.001; **, P < 0.01; ¥,
P < 0.05; ns, not significant (P > 0.05).

MVA-dsEGFP-720(0), which is statistically nonsignificant (Fig.
7) but nevertheless suggests that factors other than PKR also play
a role. Interestingly, PKR was not critical for the basal MVA-in-
duced innate immune response in mice after intravenous applica-
tion (Fig. 7), in contrast to the findings with MEFs (Fig. 6).
IPS-1"'" mice are unable to relay signals from the dsRNA sen-
sors RIG-I and MDAS to transcription factors promoting IFN-I
gene expression. The increase in IFN-+y levels appeared unchanged
in IPS-1"/" mice, while the increase in systemic levels of IFN-«
and IL-6 induced by MVA-dsEGFP-720(0) compared to MVA-
EGFP was less pronounced than that in wt mice but was still
statistically significant for IFN-a and IFN-y (P < 0.0023 and
P <0.0001, respectively) (Fig. 7). The statistical significance of the
difference in IFN-a levels did not withstand Bonferroni correc-
tion. In conclusion, the IPS-1 pathway appears to contribute to
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the MVA-dsEGFP-720(0)-induced effect of enhanced cytokine
production in vivo, but the PKR pathway is more critical for this
effect.

A CVA mutant producing early dsRNA is highly attenuated.
The virulence of a CVA mutant generating early dsSRNA was as-
sessed by disease monitoring following intranasal infection of
C57BL/6 mice. CVA caused severe weight loss at a dose of 5 X 107
TCIDs;, in C57BL/6 mice, with some mice succumbing to disease
(Fig. 8A). In contrast, CVA-dsneo-AB15 neither showed weight
loss nor any signs of disease upon intranasal infection even at an
inoculation dose as high as 5 X 107 TCIDs, and was thus highly
attenuated (Fig. 8A). Very similar results were obtained by intra-
nasal infection of BALB/c mice (data not shown). The deletion of
the B15R gene apparently had a detectable but minor role in the
strong attenuation of CVA-dsneo-AB15, since CVA-ABI5, lack-
ing B15 as well as the neo antisense transcription at the B15 locus,
showed only moderate attenuation (Fig. 8A). PKR-deficient mice
infected intranasally with CVA-dsneo-AB15 showed clear signs of
disease, indicating that PKR was crucial for the attenuation of this
virus (Fig. 8B). Notably, CVA-dsneo-AB15 did not show the de-
gree of virulence of CVA-AB15 in PKR-deficient mice, indicating
that additional host factors contribute to attenuation of CVA-
dsneo-AB15 in mice (Fig. 8B). CVA-ABI15 also showed a certain
degree of attenuation in PKR ™/~ mice, indicating that the effect of
B15 absence is not PKR dependent.

To assess the role of the IFN-I system in CVA-dsneo-AB15
attenuation, [IFNAR /™ mice lacking a functional IFN-I receptor
were intranasally infected. CVA-dsneo-AB15 inoculated at a dose
of 2 X 10° TCIDy, induced significant weight loss (Fig. 8C), but all
CVA-dsneo-AB15-infected IFNAR /™ mice survived (Fig. 8D),
while wt CVA-infected IFNAR ™/~ mice succumbed to infection
(Fig. 8C and D). At an intermediate dose of 1 X 107 of CVA-
dsneo-AB15, a subset of [ENAR /™ mice succumbed to infection,
and weight loss was very prominent (Fig. 8C and D). A dose of 5 X
107 TCIDs, of CVA-dsneo-AB15 as well as of CVA was uniformly
lethal in IFNAR ™/~ mice (data not shown). CVA was also uni-
formly lethal for IFNAR ™~ mice at the lower doses of 2 X 10°
TCID5, and 1 X 107 TCIDs, (Fig. 8D). These results demonstrate
that the observed attenuation of CVA-dsneo-AB15 is strongly de-
pendent on a functional IFN-I system, since CVA-dsneo-AB15
showed a very similar virulence to wild-type CVA at the high doses
of 1 X 107 and 5 X 10’ TCIDs, in IENAR '~ mice. The survival of
CVA-dsneo-AB15-infected IFNAR ™/~ mice but not of CVA-in-
fected IENAR ™/~ mice at doses of 2 X 10° and 107 TCIDs, sug-
gests that host factors other than IFN-I are also important for
CVA-dsneo-AB15 attenuation. In summary, PKR is partly re-
sponsible for the strong attenuation of the CVA-dsneo-AB15 in
vivo, and attenuation almost completely depends on the IFN-I
system. IPS-1 did not play a detectable role in attenuation, since
the virulence of CVA-dsneo-AB15 in IPS-1-deficient mice was
indistinguishable from virulence in wt mice (data not shown).
This argues for a similar mode of action of early dsSRNA-produc-
ing MVA and CVA mutants in vitro and in vivo, involving mainly
PKR-mediated IFN-I induction.

DISCUSSION

VACYV, the type species of the family Poxviridae, blocks the cellular
recognition of viral dsSRNA by PRRs and the ensuing immune
activation by two major mechanisms timed during the viral rep-
lication cycle: (i) restricting the abundance of early overlapping

Journal of Virology


http://jvi.asm.org

>

+CVA B

=+CVA-dsneo-AB15

MVA Producing Excess Early dsRNA Triggers IFN-I

+CVA-AB15
10 - B
£ s .
8 S -10 -
o -10 1 15
% 5 B
2 2. t -20 -
3 25 ] -25 1 T
T
-30 AR -30 ——————
0246 8101214 0246 8101214 -«-CVA
days p.i. days p.i. 2x105TCID50
-0-CVA-dsneo-AB15
C 2x108TCID50
-4CVA
2x105TCID;,  1x107 TCID, 107161050
--CVA -4-CVA -A-CVTA-dsneo-AB1 5
~-CVA-dsneo-AB15  -A-CVA-dsneo-AB15 107TCID50
5 100
g 80
© = 60
515 1 - E
- 2 40
S 7
S -25 . 20
3
35 44—

days p.i.

days p.i.

0 246 8101214161820
days p.i.

FIG 8 Groups of 5 to 9 wt mice (A), PKR™/~ mice (B), and IFNAR ™/~ mice (C, D) were intranasally infected with a dose of 5 X 107 TCID,y/mouse (wt and
PKR™/7) or2 X 10°and 1 X 107 TCIDs,/mouse (IFNAR /") of purified stocks of wild-type CVA, CVA-dsneo-AB15, and CVA-AB15 strains. Animals were
inspected and weighed daily. Indicated is the average percentage of weight change (*standard error of the mean [SEM]) compared to body weight determined

at day 0 (A to C) or the survival rate (D).

complementary RNAs and (ii) expression of inhibitors of dsSRNA
recognition, primarily viral proteins E3 and K3, to counteract de-
tection mainly of late dsSRNA. We reasoned that overproduction
of dsRNA from a single additional pair of complementary tran-
scripts would not be able to override viral E3- and K3-mediated
blockade of late dsRNA recognition, since levels and timing of
expression of E3 and K3 are most probably well adjusted to coun-
teract the effects of the large quantities of late dsRNA, which is
much more abundant than early dsRNA in infected cells (22, 25,
26, 54). In contrast, early expression of additional dsRNA might
override the low levels of E3 and K3 at this time point as well as
bypass the viral mechanism that limits the length of early conver-
gent transcripts to prevent overlap and consequently formation of
activating quantities of dsRNA. Thus, we speculated that early
during the VACV replication cycle, there might exist a window of
opportunity for expressing excess dsSRNA to induce an increased
innate immune activation.

There are a number of reports indicating that dsSRNA-triggered
innate immune activation is avoided by maintaining a well-
adapted balance between the levels of viral dsSRNA and the expres-
sion levels of viral dsRNA recognition inhibitors. One example is
the temperature-sensitive VACV mutant 523 that harbors a mu-
tation in the viral negative transcription elongation factor A18.
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This affected the transcription of all intermediate and late genes
and led to the generation of mRNAs with much longer than nor-
mal 3’ untranslated regions at the nonpermissive temperature,
leading to strongly increased quantities of postreplicative dsSRNA
(55, 56). The resulting phenotype of this mutant was a blockade of
viral late gene expression (56) closely resembling that of E3L gene
deletion mutants of VACV strain Copenhagen (57) and of MVA
(58) in HeLa cells. This in turn indicates that in VACV mutant
ts23, the abundance of late dsRNA and the quantity of viral dSRNA
recognition inhibitors were out of balance. Another example illus-
trating the importance of this balance was an evolution experi-
ment in cell culture using an E3L gene-deleted VACV. Mutants
emerging in the course of cell culture passages of this VACV-AE3L
were able to compensate the lack of the E3L gene by amplification
of the K3L gene leading to enhanced K3 protein levels. The en-
hanced K3 levels were apparently able to achieve wild-type like
inhibition of PKR and to restore VACV-AE3L replication (59).
Our finding of transient elF2a phosphorylation suggests that
EGFP dsRNA generation directed by the late elements of the pS
and the pHyb promoter in MVA-dsEGFP-720(o) did not activate
PKR, implying that E3 and K3 expression levels at later times in
infection were sufficient to compensate the additional late dSRNA
generated from a single pair of transcription units.
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Inevitably, early transcription and consequently also dsRNA
formation from early mRNAs precede the translation of potential
viral dsRNA recognition inhibitors from such early mRNAs. This
suggests that at least one reason for the evolution of a viral mech-
anism that tightly restricts the length of early mRNAs was to avoid
generation of dsRNA before sufficient amounts of viral dsRNA
recognition inhibitors are produced in infected cells. Early tran-
scription is terminated upon recognition ofa TTTTTNT sequence
motif in the coding strand of most early genes within approxi-
mately 20 to 50 nucleotides downstream of this signal and thus
closely downstream of the translational stop codon (27). Notably,
in instances where two adjacent early genes are transcribed toward
each other, there are mostly two or three instead of only one early
transcription termination motif found per ORF (28). Indeed, no
early dsRNA derived from one such site of potential early tran-
script overlap could be detected in rabbit RK-13 cells infected with
the VACV WR strain (26). Interestingly, early dsRNA from this
site produced during infection with a KIL gene-deleted VACV
WR was able to activate PKR, implying a role for K1 in preventing
early dsRNA generation (26). Even if short early transcript over-
laps of between 50 to 100 nucleotides were produced, these would
most likely not be efficiently recognized by cellular receptors, as
indicated by the fact that our mutants producing short EGFP
dsRNA did not induce enhanced IFN-. In conclusion, previous
observations as well as our data indicate that there is a fine-tuned
balance between the abundance of dsRNA of critical length pro-
duced during the different phases of VACV infection and the
amount of poxviral inhibitors of dsRNA recognition. Using re-
combinant overexpression of early dsRNA, we were able to skew
this balance in cells infected with our early dsRNA-generating
MVA and CVA mutants and to achieve enhanced innate immune
activation.

The characteristics of the poxviral replication cycle in infected
cells apparently place PKR in a central position as a critical cell-
intrinsic pattern recognition molecule alerting the host cell to an
ongoing poxviral infection. This view is supported by the obser-
vation that multiple orthopoxvirus immunomodulators, includ-
ing E3, K3, K1, and C7, inhibit the activation of PKR (26, 29, 37,
60, 61). The MVA mutants generating excess early dsRNA allowed
us to further dissect the pathways by which PKR mediates IFN-I
production in VACV-infected cells. It is well known that PKR
triggers the activation of the NF-kB pathway, resulting in secre-
tion of proinflammatory cytokines and chemokines (9). PKR-me-
diated NF-kB activation has also been postulated to be involved in
enhanced expression of the IFN-f3 gene (62, 63), because NF-kB is
a constitutive part of the enhanceosome triggering IFN-3 gene
expression (52). NF-kB activation by PKR was proposed to result
at least in part from PKR-mediated phosphorylation of elF2a,
leading to translational control of the negative NF-kB regulator
IkB (63). Wild-type MVA infection generally triggered IkB deg-
radation in MEFs (our unpublished observation), indicative of
NF-kB activation, as expected from a number of previously pub-
lished reports (64, 65). However, IkB degradation induced by the
MVA mutants expressing excess early dsRNA was indistinguish-
able from that induced by wild-type MVA (data not shown), in-
dicating largely similar NF-kB activating capacities. Thus, en-
hanced NF-kB activation was unlikely to be responsible for the
enhanced PKR-mediated transcription of the IFN-f gene re-
ported here, which was rather mediated by the observed PKR-
dependent increase in phosphorylated and thus activated IRF3.
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In human HeLa cells infected with VACV, PKR-mediated IRF3
phosphorylation was reported to be dependent on RLRs and IPS-1
(66). In addition, a role for the dsRNA sensor MDA5 in MVA-
induced IFN-B secretion by a human macrophage-like cell line
has previously been reported (67). In contrast to these findings,
our in vitro and in vivo data using IPS-1~/~ MEFs and mice (Fig. 6
and 7) as well as IPS-17/~ GM-DCs (data not shown) argue
against an important role of IPS-1 both for the effect of enhanced
IFN-I induction by MVAs overproducing dsRNA early in infec-
tion and for basal wild-type MVA-induced IFN-I levels. The rea-
son for this discrepancy is presently unclear. In our study, primary
murine cells as well as mice were analyzed, while the above-cited
studies were conducted with human cell lines. Possibly, primary
murine cells do not use RLRs to induce IFN-I in the context of
MVA infection. In mice, there was a moderate effect of IPS-1
deficiency on enhanced induction of IFN-a and on basal induc-
tion of IFN-v, but IPS-1 was clearly neither essential for cytokine
induction by MVA nor for enhanced induction of cytokines by
MVA-dsEGFP-720(0). Depending on the cell type or species, ac-
tivated PKR might not only enhance signals relayed via IPS-1 from
the RIG-like dsRNA receptors, like in HeLa cells (66), but might
also directly activate the IRF3 pathway. This could occur via in-
teraction of PKR with TRAF3 (68), a signaling adaptor protein
which mediates IFN-I production in a number of pathways down-
stream of PRRs.

The unexpected increase in IFN-f induction by AraC treat-
ment of MVA-infected cells has been observed not only in A31
cells (see Fig. 2E) but also in MEFs and human MRC-5 cells (un-
published observation). It has previously been noted that AraC
treatment can enhance the expression levels of early genes at later
times both in MVA and VACV WR infection (69, 70). This effect
might be caused by accumulation of early mRNA over the course
of the artificially prolonged early phase, thus also increasing for-
mation of dsRNA from complementary early mRNAs. This might
in turn cause increased IFN-I induction, especially in the case of
MVA that has lost a number of genes encoding antagonists of
IFN-I-related pathways (e.g., BI9R, N1L, C10L, A52R, VACV WR
C16L). In particular, MVA does not express a functional K1 pro-
tein, which has been shown to counteract early dsSRNA generation
(25, 26). Alternatively, truncated viral genomic DNA might accu-
mulate under AraC treatment and act as an additional PAMP,
increasing the activation of cellular DNA recognition receptors.
Such shorter, irregular genomic DNA molecules are thought to be
generated by premature termination of viral genomic DNA syn-
thesis due to AraC incorporation into newly synthesized DNA
strands. In addition, viral factories are not formed under AraC
treatment, which might expose these genomic DNA fragments to
recognition by cellular receptors.

The reasons for the largely unaffected replication of CVA-
dsneo-AB15 in HeLa cells and MVA-dsEGFP-720(0) in CEFs are
unknown. Using MVA-dsEGFP-720(0)-infected murine cells, we
observed a transient eIF2a phosphorylation, indicating transient
rather than sustained activation of PKR, which is most likely also
the case in CVA-dsneo-AB15-infected cells. Early transient PKR
activation was apparently sufficient to upregulate IFN-3 expres-
sion (see Results), but not apoptosis, and only marginally affected
steady-state levels of MVA-expressed EGFP (unpublished data).
Thus, potential elF2a-mediated effects of PKR activation ap-
peared to be minor. Very similar reasons might account for the
largely unaffected replication of MVA-dsEGFP-720(0) in CEFs. In

Journal of Virology


http://jvi.asm.org

addition, the antiviral effect of enhanced IFN-I induction by
CVA-dsneo-AB15 is likely negligible in human cells, since it has
been reported that VACV replication in HeLa as well as in other
human cells is relatively resistant to IFN-I treatment (71, 72). In
contrast, the susceptibility of VACV replication to IFN-I treat-
ment was much higher in murine cells than in human cells (71),
possibly explaining our finding of reduced replication of CVA-
dsneo-AB15 in IFN-I-competent, but not in IFN-I-deficient mu-
rine cells (see Fig. 1F). In CEF cells, neither MVA nor MVA-
dsEGFP-720(o) induced detectable IFN-B mRNA (unpublished
data). In addition, MVA could apparently afford the inactivation
of the K1L gene during CEF cell adaptation, which encodes a pro-
tein with early dsRNA inhibitory function (25), suggesting that
early transient PKR activation might not be critical for MVA rep-
lication in CEFs.

The attenuation in mice of the VACV mutant CVA-dsneo-
AB15 expressing excess early dsSRNA was remarkably strong and is
mediated in large part by IFN-1, as shown by the greatly enhanced
virulence of CVA-dsneo-AB15 in IEFNAR '~ mice. The degree of
attenuation in wt mice is similar to that observed for the E3L
gene-deleted VACV WR strain (73, 74). The fact that all or some
IFNAR ™'~ mice from treatment groups inoculated with doses of 2
X 10°and 1 X 107 TCIDs, of CVA-dsneo-AB15 survived, whereas
all IENAR /" mice infected with wild-type CVA at these doses
died, suggested the contribution of IFN-I-independent factors to
attenuation. CVA-AB15 not producing excess early dsRNA was
far less attenuated than CVA-dsneo-AB15. This indicated that (i)
neo-dsRNA generation contributed essentially to attenuation and
that (ii) the lack of the B15R gene might have contributed to at-
tenuation of CVA-dsneo-AB15. The B15R gene product is an in-
hibitor of NF-kB activation in VACV-infected cells (75). There-
fore, an antiviral effect resulting from enhanced NF-«B activation
due to thelack of B15 might have caused the moderate attenuation
of CVA-ABI15 in wt mice, as well as the remaining moderate at-
tenuation of CVA-dsneo-AB15 in IFNAR ™'~ mice. The attenua-
tion of CVA-ABI15 is partly contradictory to previous observa-
tions with a VACV WR B15R deletion mutant. This mutant was
not attenuated in BALB/c mice when inoculated via the intranasal
route but showed attenuation in an intradermal lesion model
(76). This discrepancy might have been caused by genetic differ-
ences between the two VACYV strains. In contrast to the VACV WR
strain, CVA lacks functional versions of several known (A39R,
A55R) and potential (M1L, C9L) virulence factors (45) and is not
mouse adapted, providing a rationale for potentially stronger ef-
fects of deletions of innate immune inhibitors on CVA virulence.

We have described here that deliberately increased dsRNA pro-
duction early in the infection cycle of both replicating VACV and
replication-restricted MVA was able to override viral counter-
measures against PRR activation. The activation of PKR as an
important cellular sensor of viral dsRNA resulted in enhanced
innate immune activation, which is a desirable property to in-
crease the immunogenicity of MVA-based vectors. The transient
nature of PKR activation prevents induction of apoptosis, which is
thought to require sustained PKR activation (9). The upper limit
of innate immune activation achievable with MVA by this ap-
proach should be further explored, as well as alternative strategies
to produce excess early dsRNA, such as using autologous viral
sequences as the templates for sense and antisense mRNA produc-
tion or deleting transcriptional termination signals from conver-
gently transcribed early genes. Such studies will provide the basis
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for optimally exploiting the strategy of alerting the innate immune
system in a temporally controlled manner for the development of
MVA vectors with enhanced immunogenicity.
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