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Self/non-self-discrimination by the innate immune system
relies on germline-encoded, non-rearranging receptors expressed
by innate immune cells recognizing conserved pathogen-associ-
ated molecular patterns. The natural killer group 2D (NKG2D)
receptor is a potent immune-activating receptor that binds
human genome-encoded ligands, whose expression is negligible
in normal tissues, but increased in stress and disease conditions
for reasons that are incompletely understood. Here it is not clear
how the immune system reconciles receptor binding of self-pro-
teins with self/non-self-discrimination to avoid autoreactivity.
We now report that increased expression of NKG2D ligands
after virus infection depends on interferon response factors
activated by the detection of viral double-stranded RNA by pat-
tern-recognition receptors (RIG-I/MDA-5) and that NKG2D
ligand up-regulation can be blocked by the expression of viral
dsRNA-binding proteins. Thus, innate immunity-mediated
recognition of viral nucleic acids triggers the infected cell to
release interferon for NK cell recruitment and to express
NKG2D ligands to become more visible to the immune sys-
tem. Finally, the observation that NKG2D-ligand induction is
a consequence of signaling by pattern-recognition receptors
that have been selected over evolutionary time to be highly
pathogen-specific explains how the risks of autoreactivity in
this system are minimized.

Self/non-self-discrimination by the innate immune system
depends on germline-encoded, non-rearranging receptors
expressed by innate immune cells recognizing conserved
molecular patterns specific to pathogens, such as LPS and
flagellin (1). However, this paradigm does not seem to hold for
natural killer (NK)2 cells, because although the majority of NK

activating receptors are non-rearranging and essentially invari-
ant, the ligands for these receptors are not pathogen-specific,
but rather are encoded in the human genome (2) and, a system
based on immune recognition of self, inevitably involves a risk
of self-damage. The best characterized of these receptor/ligand
systems is the interaction of natural killer group 2D (NKG2D)
with major histocompatibility complex class I chain-related A
and B (MICA/B) and UL16-binding protein (ULBP) molecules
and it has been reported that inappropriate expression of
NKG2D-ligands (NKG2DL) is a feature of various autoimmune
diseases including rheumatoid arthritis, celiac disease, and dia-
betes (3). NK cell expression of inhibitory receptors able to
recognize constitutively expressed self-molecules such as MHC
class I is one way to control autoreactivity, but this inhibitory
signaling can be overcome by activation via the NKG2D recep-
tor after it binds NKG2DL whose expression, although negligi-
ble on healthy tissues, is up-regulated in disease (4).

The basis of this increased expression in disease is not com-
pletely understood. Prior studies using tumor cell lines, or
actively proliferating normal cells, have shown that NKG2DL
expression is influenced by multiple pathways, both transcrip-
tionally and posttranscriptionally (4 – 8). However, the obser-
vation that inhibition of these pathways typically decreases
NKG2DL expression partially, but not completely, suggests
that other levels of regulation of the expression of NKG2DL
likely exist. Moreover, practically all this information has been
obtained from the study of tumor cells, so that even though an
increase in expression of ligands for the NKG2D receptor
occurs after infection with multiple pathogens (4), relatively
little is known as to how NKG2DL expression is coupled to
cellular processes associated with infectious disease. Histone
deacetylase 3 (HDAC3) is known to be a repressor of ULBPs
expression in epithelial cancer cells (9) and recently it was
shown that expression of the murine cytomegalovirus protein
M18, which blocks HDAC action, can also lead to expression of
ULBP1 (10). These authors proposed that in uninfected cells,
constitutive HDAC activity normally suppresses NKG2DL
expression, but that viral HDAC inhibition relieved this block,
however, this passive model of regulation is likely simplistic and
NKG2DL expression probably requires the recruitment of pos-
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itive elements to the promoters of these genes, as well as the
relief of blocks on promoter activity (4).

Here we show that the detection by RIG-I-like receptors
(RLRs) of double-stranded RNA (dsRNA) produced during
viral infection of human fibroblasts induces expression of vari-
ous NKG2DL and that interferon response factors (IRFs) can
intervene in this process. We also provide evidence that the
expression of virally encoded dsRNA-binding proteins can
block the increased expression of molecules such as MICA or
ULBP2. These data demonstrate that innate recognition of viral
dsRNA can trigger both the secretion of type I interferons, and
induce expression of NKG2DL, so that the infected cell is a
better target for the cytotoxic lymphocytes recruited to the site
of viral infection by those interferons. The observation that
induced expression of NKG2DL is a consequence of pattern-
recognition receptor (PRR) signaling also suggests that the
problem of how the binding of activating NK receptors to self-
proteins can be squared with self/non-self-discrimination and
the avoidance of autoimmunity is solved by making expression
of those ligands contingent on signaling from PRR.

Results

Virus infections, but not vaccinia, often increase expression
of ligands for the NKG2D receptor (4, 11, 12). To test the idea

that some gene product of vaccinia virus (VV) might block
induced expression of NKG2DL, human fibroblasts were
infected with either wild-type VV (strain WR), or mutant VVs
deficient in the A46R and A52R genes that interfere with TLR
signaling (13, 14) or the E3L gene, which impairs the mamma-
lian IFN-regulated innate antiviral response (15). After over-
night culture, changes in the expression of mRNA for various
NKG2DL genes were analyzed by qPCR. Infection with either
wild-type VV or mutants deficient in A46R and A52R did not
induce changes in the levels of mRNA for NKG2DL (Fig. 1A). In
contrast, infection with the �E3L mutant consistently led to
significantly increased levels of mRNA for MICA and ULBP2.
Similar observations were made after infection of another
fibroblast cell line (supplemental Fig. 1A). Consistent with pre-
vious data (16, 17), infection with herpes simplex virus I, as
another negative control, did not induce any modification of
NKG2DL mRNA levels in either of these cell lines (supplemen-
tal Fig. 1B).

These increased levels of mRNA expression were associated
with increased expression of MICA and ULBP2 protein as visu-
alized by FACS (Fig. 1B) and Western blot (supplemental Fig.
S2). This increased expression of NKG2DL at the cell surface
was sufficient to affect NK cell recognition of VV-infected

Figure 1. Infection with vaccinia virus deficient in the E3L protein triggers a functionally relevant increase in expression of NKG2DL. A, hTert fibroblasts
were infected with the indicated virus or left uninfected and cultured overnight. Total RNA was extracted and qRT-PCR was used to assay MICA and ULBP2
expression. The results are expressed as fold-change in gene expression compared with uninfected cells. The data presented are representative �S.D. of eight
experiments. B, flow cytometry analysis of MICA and ULBP2 expression in fibroblasts infected with the indicated viruses, (4 experiments with fibroblast from
two different donors). C, NK cells, preincubated with either an isotype control mAb or an NKG2D-specific mAb, were cultured alone or in the presence of
mock-infected, wild-type vaccinia WR-infected or VV�E3L-infected fibroblasts at an effector:target ratio of 1:2. The graph shows the proportion of
CD107a� NK cells in the different conditions after incubation for 2 h at 37 °C (three experiments with NK cells from two different donors). Statistical
significance was determined using one-way ANOVA (**, p � 0.01; ***, p � 0.001; no bars, S.D. values smaller than symbol used; no symbol means not
statistically significant, p � 0.05).
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fibroblasts, which normally depends on the NKp30, NKp44,
and NKp46 receptors (11, 12), so that whereas mAb blockade of
the NKG2D receptor had almost no effect on NK cell recogni-
tion of cells infected with wild-type VV, this treatment signifi-
cantly reduced NK cell recognition of human fibroblasts
infected with the �E3L virus (Fig. 1C). Although the levels of
degranulation were low, these data were reproducible in exper-
iments with NK cells from unrelated donors and confirm that
up-regulation of NKG2DL on the infected cell produced by
infection with this virus was functionally relevant. That
NKG2D blockade reduces only partially the lysis almost cer-
tainly reflects the contribution of interactions between other
NK activating receptors and the VV-infected cell.

E3L contains two functional domains: an N-terminal se-
quence required for nuclear localization and Z-DNA-binding
activity, and a C-terminal domain that sequesters dsRNA (18).
Cells were infected with wild-type VV, the �E3L mutant, and
mutant viruses lacking either the N-terminal domain (�83N) or
the C-terminal domain (�26C) of E3L, and NKG2DL mRNA
levels were assessed. Deletion of the 26 amino acids at the C
terminus of E3L that bind dsRNA removed the ability of the
E3L protein to block the increase in NKG2DL mRNA after
infection (Fig. 2A), suggesting that viral dsRNA was likely a key
stimulus triggering increased NKG2DL expression. Poxvirus

genomes are transcribed in a temporal cascade; early genes are
transcribed prior to viral DNA replication, whereas transcrip-
tion of intermediate and late genes occurs after viral DNA rep-
lication and is generally thought to be the major source of viral
dsRNA (19). Treatment with arabinoside C (araC) inhibits pox-
virus DNA replication, and so the accumulation of viral RNAs,
without affecting the synthesis of viral early mRNAs and early
proteins. Culture of VVE3L�26C-infected fibroblasts with
araC markedly reduced the increase in MICA and ULBP2
mRNA generally seen after infection with this mutant (Fig. 2B),
supporting the hypothesis that RNA produced late in infection
stimulates expression of NKG2DL mRNA. Treatment with an
inhibitor of RNA polymerase III reduced only modestly the
induction of ULBP2 mRNA, suggesting that the action of this
enzyme in transcription of cytosolic DNA into RNA for detec-
tion through the RIG-I/MDA-5 pathway (20) does not play an
important role in the induction of NKG2DL expression in this
system. Importantly, when cells were infected with a recombi-
nant VV lacking the E3L gene, but expressing a distinct viral
dsRNA-binding protein, influenza NS1 (VV�E3L/NS1) (21)
(Fig. 2C), the reconstitution of dsRNA sequestration was suffi-
cient to block NKG2DL induction, again suggesting that viral
dsRNA is a key stimulus triggering increased expression of
NKG2DL.

Figure 2. Accumulation of dsRNA in infected cells triggers the increase in NKG2DL expression induced by viral infection. A, fibroblasts were infected
with the indicated viruses and qPCR was used to assay changes in MICA, ULBP2, and IFI16 expression (3 experiments). B, fibroblasts were infected with the
VVE3L�26C virus and then treated with either araC or the RNA Pol III inhibitor. qRT-PCR was used to assay MICA, ULBP2, and A17 expression. For MICA and
ULBP2 the results are expressed as fold-change in gene expression compared with uninfected cells. For A17 the data are represented as a fraction of untreated
control. The data presented are representative of four experiments with the VVE3L�26C virus. Similar data were obtained in experiments where VV�E3L-
infected fibroblasts were treated with these inhibitors. C, fibroblasts were infected with the indicated viruses and then qRT-PCR was used to assay MICA, ULBP2,
and A17 expression, as described above. The data presented are representative of four experiments. *, p � 0.05; ***, p � 0.001.

Viral dsRNA stimulates expression of NKG2D ligands

20474 J. Biol. Chem. (2017) 292(50) 20472–20480



To confirm this hypothesis in a virus-independent system,
we transfected fibroblasts with cytoplasmic RNA purified from
VV, VV�E3L infected and control cells (Fig. 3). These experi-
ments demonstrated that transfection of purified RNA is suffi-
cient to trigger slight increases in mRNA levels for both MICA
and ULBP2, but that RNA isolated from cells infected with
VV�E3L was a significantly more potent stimulus for NKG2DL
expression than RNA from either VV or uninfected cells,
consistent with prior data showing that the RLR system pref-
erentially recognizes the RNA species associated with virus
infection (20), but that expression of E3L suppresses dsRNA
accumulation in vaccinia-infected cells (22).

To test whether receptors, like RIG-I and MDA-5 that detect
cytosolic viral RNA ligands or processed self-RNA (20), were
involved in this increased expression of NKG2DL mRNA,
fibroblast cells were prepared where signaling by both MDA-5
and RIG-I was inhibited by overexpression of the V protein of
parainfluenzavirus type 5 (PIV5) (23, 24). The increase in
NKG2DL RNA after VV�E3L infection was blocked in fibro-
blasts expressing the PIV5 V protein (Fig. 4A). In a more direct
approach shRNA-mediated silencing of the MAVS protein
(supplemental Fig. S3B) that acts downstream of RIG-I and
MDA-5 significantly reduced the increase in NKG2DL mRNA
triggered by VV�E3L infection (Fig. 4B). Infection of cell lines
where CRISPR/Cas9 technology had been used to specifically
silence either RIG-I or MDA-5 (supplemental Fig. S3C) showed
that deletion of either of these RLRs singly had very little effect

on the increase in expression of NKG2DL such as ULBP2 sug-
gesting that both signaling pathways are activated after infec-
tion with the �E3L virus and that signaling through either
RIG-I or MDA-5 is sufficient to produce an increase NKG2DL
mRNA levels (Fig. 4C). Consistent with this idea, transfection of
human fibroblast lines with either full-length RIG-I or MDA-5
proved to be sufficient to stimulate an increase in NKG2DL
mRNA expression (Fig. 4D) in agreement with previous data
showing that over-expression of wild-type RIG-I or MDA-5
could trigger increased activation of an IFN-� reporter gene
(25, 26). In aggregate, these data strongly suggest that the rec-
ognition by RLRs, either RIG-I or MDA-5, of dsRNA produced
during viral infection stimulates increased levels of mRNA for
NKG2DL.

Figure 3. Transfection with purified viral RNA is sufficient to increase
expression of MICA and ULBP2 mRNA. Fibroblasts were transfected with
the indicated quantity of cytoplasmic RNA isolated from control, WR-, or
VV�E3L-infected fibroblasts. After overnight culture total RNA was extracted
and qRT-PCR used to assay MICA and ULBP2 expression. The data are pre-
sented as the means of 3–5 experiments � S.D. Statistical significance was
determined using one-way ANOVA (*, p � 0.05; **, p � 0.01; ***, p � 0.001. No
symbol means not statistically significant,

Figure 4. Increased NKG2DL expression depends on signaling by the
RIG-I and/or MDA-5 receptors. Fibroblasts expressing the V5 gene of para-
influenza virus (A) were either left uninfected or infected with the VV�E3L
virus. qRT-PCR was used to assay MICA and ULBP2 expression (4 experi-
ments). B, fibroblasts, transduced with lentivirus expressing either control or
MAVS-specific shRNA, were infected with the indicated viruses and after over-
night culture total RNA was extracted and qRT-PCR used to assay MICA and
ULBP2 expression. C, fibroblasts, where expression of the indicated gene
had been reduced by CRISPR/Cas9 targeting, were infected with the indi-
cated viruses and after overnight culture total RNA was extracted and
qRT-PCR used to assay ULBP2 and VVA17 expression (3 experiments). D,
fibroblasts were transfected with the indicated plasmids using the
4D-Nucleofector system. After overnight culture total RNA was extracted and
qRT-PCR was used to assay MICA and ULBP2 expression (3 experiments). Data
are presented � S.D. Statistical significance was determined using one-way
ANOVA (***, p � 0.001; no bars, S.D. values smaller than symbol used; no
symbol means not statistically significant, p � 0.05).
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RLR activation could increase NKG2DL transcription either
directly via cell intrinsic factors modulated by RLR signaling or
indirectly via the secretion of type I interferons from the virus-
infected cell, which then drive a secondary wave of transcrip-
tion of hundreds of other genes. Treatment of fibroblasts with
high doses of recombinant IFN-� and -� strongly induced
expression of the interferon responsive gene IFI16, but no
changes were noted in the expression of MICA or ULBP2 (Fig.
5A), suggesting that the up-regulation of MICA and ULBP2
triggered by dsRNA were not triggered by type I IFNs. These
data were confirmed in experiments where mAb-mediated
neutralization of IFN-�/� signaling reduced IFI16 induction
more than 10-fold, but had no effect on the induction of MICA
or ULBP2 after VV�E3L infection (Fig. 5B).

The previous data suggested that signaling downstream of
RIG-I/MDA-5/MAVS led to the increase in NKG2DL mRNA.
Surprisingly, transfection of cells with the NPro product of
bovine viral diarrhea virus (BVDV) that drives proteasomal
degradation of interferon regulatory factor 3 (27) had no effect
on the induction of NKG2DL after infection with VV�E3L (Fig.
6A). Thus, to better define the factors underlying the increased
levels of NKG2DL mRNA after infection with VV�E3L, the
effects of treatment with chemical inhibitors of a wide range of
pathways, including those involving ATM, ATR, PI-3 kinase,
NF-�B, and TBK1/IRF3 were tested (supplemental Fig. 4). Inhi-
bition of neither NF-�B nor the TBK1/IRF3 axis had much
effect and this conclusion was supported by experiments of

infection using fibroblasts where IRF3 or NF-�B expression had
been specifically silenced (supplemental Fig. S5). In contrast,
treatment with the IKK� inhibitor (BI605906) blocked the
increased mRNA for MICA and ULBP2 seen after VV�E3L
infection (Fig. 6B). This compound is known to block IKK�-
mediated phosphorylation of IFN regulatory factor 5 (IRF5)
(28), suggesting that IRF5 could be a relevant factor in the
induction of MICA and ULBP2 in this system. Consistent with
this idea, infection with the VV�E3L and 26C mutant viruses
that induce increased NKG2DL mRNA also induced nuclear
translocation of IRF5 (Fig. 6C). Finally, IRF5 co-expression
could enhance transcription from a reporter vector expressing
luciferase under the control of �1000 bp of ULBP2 promoter
sequence (Fig. 6D), whereas having little effect on a ULBP2
promoter where a strong candidate IRF-binding site, identified
using the TransFac package, was mutated to destroy the con-
sensus sequence for IRF binding. Because various alternatively
spliced forms of IRF5 have been described, four different IRF5
isoforms were co-transfected with either the wild-type or
mutant ULBP2 promoter in these experiments. For three of
these variants, co-expression of IRF5 triggered an �3-fold
increase in luciferase transcription from the ULBP2 reporter
vector (Fig. 6D), confirming that at least some IRF5 variants can
modulate NKG2DL transcription.

Discussion

Recognition of dsRNA by RIG-I and MDA-5 during virus
infection triggers an increase in NKG2DL expression by the
infected cell. Thus the same stimulus that triggers interferon
release for NK cell activation and recruitment to sites of infec-
tion also induces changes in the target cell surface to make it a
better target for those NK cells when they arrive. This dual
effect of RLR activation is reminiscent of the effects produced
by TLR stimulation of macrophages and dendritic cells, where
activation via these molecules triggers both the transcription of
cytokine genes and the up-regulation of costimulatory mole-
cules such as CD40 and CD86. Indeed, treatment of both
human and murine macrophages with TLR ligands induces cell
surface expression of NKG2DL as well as differentiation of
these cells (4). These observations raise the possibility that
increased NKG2DL expression could be a general downstream
feature of PRR activation. The interaction between PRRs and
pathogen-associated molecular patterns (PAMPs) has under-
gone stringent selection over evolutionary time to efficiently
initiate immune responses while safeguarding self/non-self-
discrimination (1). Thus the hypothesis that the expression of
the NKG2DL is downstream of signals originating from PRRs
resolves the apparent problem of reconciling self/non-self-dis-
crimination with high affinity binding of a potent immune acti-
vating receptor to self-proteins. The pattern of expression of
NKG2DL by different cell types infected with different patho-
gens would depend on the integration of 1) the output from the
repertoire of PRRs expressed by that cell and activated by the
PAMPs expressed by the infectious agent and 2) the effects of
viral immune evasion molecules that target PRR/PAMP inter-
actions. This model can explain the heterogeneous patterns of
NKG2DL expression between different cell types under differ-
ent kinds of stress.

Figure 5. The increased NKG2DL expression by fibroblasts after viral infec-
tion does not depend on interferon �/�s. A, fibroblasts were cultured with
vehicle, IFN� (1000 units/ml), or IFN� (1000 units/ml) overnight and then qRT-
PCR was used to assay MICA, ULBP2, and IFI16 expression (3 experiments). B,
fibroblasts were either left uninfected or infected with the VV�E3L virus in the
presence or absence of 5 �g/ml of the MMHAR2 antibody that blocks the inter-
action of �/� interferons with their receptor. qRT-PCR was used to assay MICA,
ULBP2, and IFI16 expression (6 experiments). ***, p � 0.001.
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With regard to the details of how PRR activation signals for
increased NKG2DL expression our data show that inhibition of
IKK� significantly reduced the normal increase in NKG2DL
mRNA. It was surprising that IRF3 knockdown did not affect
the increase in MICA and ULBP2 RNA after VV�E3L infection,
because overexpression of IRF3 could enhance transcription
from the ULBP2wt reporter vector (supplemental Fig. S6) and
transfection of DNA has been shown to induce expression of
murine NKG2DL (RAE-1) via a pathway involving IRF3 (5).
However, here it is important to note that vaccinia virus is
known to encode multiple gene products that act to block IRF3
activation, both in the cytosol and nucleus (29, 30). Similar con-
siderations, VACV is well-known to express many proteins that
act to restrict NF-�B activation (31, 32), may also explain why
neither inhibition nor silencing of NF-�B affected the induction
of NKG2DL mRNA after infection even though the canonical
NF-�B pathway is generally considered the major pathway trig-
gered by PRR activation. A prediction from these observations
would be that different pathogen immune evasion proteins tar-
geting different PRRs will markedly influence NKG2DL expres-
sion after infection; either the degree of induction of expression
or the repertoire of NKG2DL affected. This hypothesis that
the regulation of NKG2DL expression depends on interplay
between various factors that influence PRR activation may also
be a factor in the aberrant expression of NKG2DL in autoim-
munity where multiple examples of mutations and polymor-

phisms in PRRs have been implicated in the pathogenesis of
various autoimmune diseases (33). For example, it is interesting
to note that not all the isoforms of IRF5 were able to up-regulate
transcription from a ULBP2 luciferase reporter vector. IRF5 is a
critical regulator of the immune response to infection, mediat-
ing interferon activation and apoptosis in a number of inflam-
matory signaling pathways (34). Moreover, variation in IRF5
has been associated with multiple autoimmune diseases, in par-
ticular SLE (35), but also with cancer (36). In most cases the
bases of these associations are not fully understood, but differ-
ent IRF5 splice isoforms have distinct patterns of cell type-spe-
cific expression, localization, and dissimilar functions in type I
IFN gene induction in virus infection (37). Thus it does not
appear unreasonable to suggest that differences in the expres-
sion of IRF5 (due either to allelic polymorphism or splicing
variation) could contribute to the observed variation in expres-
sion patterns of NKG2DL. In fact, given the extensive cross-talk
between the NF-�B and IRF immune signaling pathways after
PRR activation, it is not surprising that increased NKG2DL
expression is a common outcome after ligation of multiple
PRRs, including TLRs, RLRs, and cytosolic DNA sensors (4).

More speculatively, the key roles of PRRs in inflammatory
responses and the known connection between inflammation
and cancer (38) suggest that PRR activation could also be a
factor at least in initiating the expression of NKG2DL by tumor
cells, although obviously other events including DNA damage,

Figure 6. A role for IKK� and IRF5 in the increased transcription of NKG2DL after VV�E3L infection. A, fibroblasts expressing the NPro gene of BVD virus
were either left uninfected or infected with the VV�E3L virus. qRT-PCR was used to assay MICA and ULBP2 expression (4 experiments). B, fibroblasts were either
left uninfected or infected with the indicated virus in the presence or absence of 5 �M BI605906 that inhibits IKK�. qRT-PCR was used to assay MICA, ULBP2, and
VVA17 expression (3 experiments). C, Western blot analysis of IRF5 expression in cytosolic and nuclear lysates of fibroblasts infected with the indicated viruses,
Lamin A was used as a fractionation control (2 experiments). D, 293T cells were co-transfected with Firefly luciferase reporter plasmid containing either wt or
mutant ULBP2 promoter, Renilla luciferase, and an expression vector for the indicated IRF5 isoform. After 24 h, cells were lysed and the Renilla and Firefly
luciferase activities were measured by the dual luciferase assay (9 experiments). The data were normalized using the Renilla luciferase levels. Data are
presented � S.D. Statistical significance was determined using one-way ANOVA (*, p � 0.05; **, p � 0.01; ***, p � 0.001; no bars, S.D. values smaller than symbol
used; no symbol means not statistically significant, p � 0.05).
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mutation, and dysregulated proliferation could later become
key factors in the maintenance of NKG2DL expression by these
tumor cells.

Materials and methods

Cells and viruses

Primary fibroblasts and the immortalized fibroblast cell lines
BJ1 (Promega) and hTERT human fibroblasts (39) as well as
293T cells and baby hamster kidney cells (BHK-21) were cul-
tured in DMEM with 10% fetal calf serum, glutamine, and anti-
biotics. VACV wild-type Western reserve strain (WR), �A46R,
�A52R mutants (kind gifts of Prof. G. L. Smith, University of
Cambridge), and �E3L/NS1 have been described (13, 14, 21)
and were grown on BSC-40 cells. VACV mutants deleted of E3L
(�E3L), of the first 83 N-terminal amino acids of E3L (�83N), or
of the 26 C-terminal amino acids of E3L (�26C) were grown
and titrated in BHK-21 cells (21).

Human NK cells (95–99% CD3-CD56�) were isolated from
peripheral blood using a negative selection kit (Miltenyi Biotec)
and expanded in vitro as described (11). The NK cells were
washed free of IL-2 and cultured overnight prior to use.

Virus infection

Cells, synchronized by confluence arrest, were trypsinized,
replated in complete medium, and allowed to attach for 1–2 h.
The cells were then infected with the indicated virus and the
cultures incubated overnight at 37 °C and 5% CO2. All experi-
ments were done with virus stocks titered in baby hamster kid-
ney (BHK) cells and equal multiplicity of infections were used in
every experiment. No effects of variation in multiplicity of
infection were seen over a 5–50 range.

Plasmids and transfection

Expression vectors for RIG-I and MDA-5 (40) were obtained
from Addgene (plasmids 27236 and 27225). Fibroblasts were
transfected using the 4D-Nucleofector system (Lonza).

Recombinant lentiviruses produced using the plasmids,
pdl.PIV5/V.w3.puro and pdl.BVDV/NPro.puro (41)(gifts of
Prof. R. Randall University of St. Andrews), were used to create
fibroblast lines expressing the V protein of PIV5 or NPro of
BVDV. IRF3 knockdown was assayed directly by Western blot-
ting, whereas the expression of PIV5V was followed indirectly
by Western blotting for STAT1, another target for PIV5V (42).
Cells were used within four passages of transduction. Lentivi-
ruses expressing shRNA to silence expression of MAVS were
prepared using the oligos shown in supplemental Table S1
cloned in the pLKO.1 vector. Lentiviruses directing expression
of Cas9 and guide RNAs specific for the indicated genes were
prepared using the vector lentiCRISPR v2 (a gift from Feng
Zhang; Addgene plasmid number 52961) (43).

Transfection with cytoplasmic RNA

Cytoplasmic RNA was isolated from mock, VACV-, and
VV�E3L-infected cells using standard protocols (44) and the
RNEasy kit (Qiagen) before transfection into fibroblasts using
Lipofectamine Plus.

Chemicals

Recombinant interferon-� and interferon-� were purchased
from PeproTech. mAb specific for interferon-� receptor chain
2 (MMHAR-2) was purchased from Millipore. Arabinoside C
(araC) was purchased from Sigma and was used at a final con-
centration of 40 �g/ml. The inhibitor of Pol III (ML-60218) was
purchased from Millipore and used at a final concentration of
12.5 �M. The BI605906 inhibitor, which blocks phosphoryla-
tion of IRF5 by IKK� (28), a kind gift of Prof. Philip Cohen
(University of Dundee), was used at a final concentration of 5
�M. Other inhibitors were purchased from Sigma, Millipore,
and Selleck Biochemicals.

RNA extraction, cDNA synthesis, and qPCR

Total RNA was reverse-transcribed using random hexamers
and SuperScript II RNase (Invitrogen). Quantitative PCR anal-
ysis was carried out using SYBR Green PCR Master Mix (BD
Biosciences) and the primers shown in supplemental Table S1.
These reactions produced single PCR amplicons of the
expected length and melting temperature, as assessed by
dsDNA melting curve analysis. Data were analyzed with SDS2.2
sequence detection systems and are presented as fold-changes
with respect to uninfected fibroblasts.

Cell fractionation, SDS-PAGE, and Western blot analysis

Nuclear and cytoplasmic cell lysates were prepared as
described previously (45). SDS-PAGE and Western blotting
were carried out as described (46). �-Actin was visualized using
the mAb AC-15 (Sigma). IRF3, RIG-I, MDA-5, NF-�B p65, and
STAT1 were detected using rabbit monoclonal antibodies pur-
chased from Cell Signaling Technology. Lamin A-specific anti-
body was purchased from Santa Cruz Biotechnology, whereas
the polyclonal antibody to IRF5 (28) was purchased from the
University of Dundee, Scotland. Western blot data were quan-
titated using Image J software (rsb.info.nih.gov/ij/, 1997–2008).

Flow cytometry

Cells were incubated with primary antibodies specific for
ULBP2 and MICA, purchased from R&D Systems (Abingdon,
UK), or isotype controls, followed by PE-labeled F(ab�)2 frag-
ments of goat anti-mouse Ig (Dako). Cell death was evaluated
by the analysis of 7-aminoactinomycin D staining. Samples
were analyzed using BD FACSCalibur (BD Biosciences).

Degranulation assay

Degranulation assays to quantify cell surface CD107a expres-
sion were performed as previously described (46). For blocking
experiments NK cells were preincubated with 10 �g/ml of mAb
anti-NKG2D (R&D systems) or an isotype control mAb.

Luciferase reporter assays

Approximately 1 kb of DNA immediately upstream of the
initiation codon of ULBP2 was amplified using oligonucleotides
(5�-ggtaccgggcagagcaggaacaagac-3� and 5�-ctcgagtaaggaccca-
gagcgctaggg-3�) and cloned into the pGL3 vector (Promega). A
mutant destroying the best consensus sequence for IRF binding
was prepared by QuikChange PCR mutagenesis using the oligo-
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nucleotides (5�-gggcaacaagaggctttctccgtctctaa-3� and 5�-ttaga-
gacggagaaagcctcttgttgccc-3�). 293T cells were transfected,
using the JETPEI reagent, with a mixture of the pGL3 vector
containing the ULBP2 promoter (either wild-type or mutant), a
vector to express the Renilla luciferase, and either empty
pcDNA3 plasmid, one of four plasmids containing FLAG-
tagged IRF5 variants (47) (corresponding to the Q13568,
Q13568-2, Q13568-3, and Q13568-4 isoforms described in the
UniProt database), a kind gift of Dr. Pat Gaffney (Oklahoma
Medical Research Foundation, Oklahoma City, OK) and IRF3
or IRF7 expression vectors. After 24 h, cells were lysed and the
ratio of Renilla and Firefly luciferase activities was measured by
the dual luciferase assay (Promega).
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