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Abstract

Type | interferon (IFN) induction is critical for anti-viral and anti-cancer defenses. Proper down-
regulation of type I IFN is equally important to avoid deleterious imbalances in the immune
response. The cellular FLIP long isoform protein (cFLIP,) controls type | IFN production, but
opposing publications show it as either an inhibitor or inducer of type | IFN synthesis. Regardless,
the mechanistic basis for cFLIP|_ regulation is unknown. Because cFLIP is important in immune
cell development and proliferation, and is a target for cancer therapies, it is important to identify
how cFLIP| regulates type | IFN production. Data here show that cFLIP| inhibits IRF3, a
transcription factor central for IFNJ and ISG expression. This inhibition occurs during virus
infection, cellular exposure to poly I:C or TBK1 over-expression. This inhibition is independent of
capase-8 activity. cFLIP_ binds to IRF3 and disrupts IRF3 interaction with its IFN promoter and
its co-activator protein (CBP). Mutational analyses reveal that cFLIP, nuclear localization is
necessary and sufficient for inhibitory function. This suggests that nuclear cFLIP_ prevents IRF3
enhanceosome formation. Unlike other cellular IRF3 inhibitors, cFLIP did not degrade or
dephosphorylate IRF3. Thus, cFLIP|_ represents a different cellular strategy to inhibit type | IFN
production. This new cFLIP,_ function must be considered to accurately understand how cFLIP
affects immune system development and regulation.
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Introduction

Type | IFNs (IFNa, IFNsP) are very important cytokines for human health. They are
produced in response to virus infection (1). The administration of type I IFN inhibits tumor
growth in experimental animals and in some human tumors (2). However, this same immune
response must be carefully controlled. For example, increased type | IFN levels cause
disease symptoms associated with autoimmunity (3). Thus, there is a cellular regulatory
network that precisely modulates type | IFN production to avoid deleterious imbalances in
the immune response.
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The cellular proteins that control type I IFN production are well-known (1, 4, 5). This
includes apical cellular molecules (e.g., MAVS, TLR3) that recognize microbial PAMPs or
cancer DNA, and intermediate signaling molecules (e.g. TBK1, IKKe) that directly stimulate
IRF3 via phosphorylation. IRF3 then dimerizes, and translocates to the nucleus. IRF3 forms
an enhanceosome (6-8), where IRF3 binds to specific recognition sequences in promoters
for genes encoding IFNP and interferon-stimulated genes (1SGs)(6, 7, 9, 10). Importantly,
cofactors like CREB-binding protein (CBP) must also be recruited to IRF3 for effective
IRF3-controlled transcription (7).

Healthy cells must down-regulate or prevent type | IFN production. Several cellular proteins
are known to inhibit IRF3 to this end. These include TRIM26 (11), PPA2 (12), RACK1 (12),
FoxO1 (13) and RAUL (14). Most of these proteins bind to and modify the transcriptionally
active IRF3 to ultimately induce IRF3 proteosomal degradation. In contrast, PPA2 binds to
and dephosphorylates transcriptionally active IRF3 to halt IRF3-driven transcription (12).
Regardless, the study of cellular inhibitory mechanisms is critical to rationally control type |
IFN to avoid deleterious imbalances in the immune response.

cFLIP_ was originally characterized as an anti-apoptosis protein, which has made it an
attractive target for cancer therapies (15). cFLIP_ also is critical for the development of
embryos (16), macrophages (17) and T cells (18), and for lymphocyte proliferation (18, 19).
Several publications show that cFLIP| regulates type | IFN production (20-22), which
would impact the current thinking about how cFLIP|_ performs its known functions.
However, these reports show opposing effects of cFLIP|, in which cFLIP induces or inhibit
type | IFN production (20-22). Regardless, the molecular mechanism for this cFLIP_
function remains unknown. This is an important gap in knowledge if the scientific
community expects to understand how to regulate cFLIP, and IRF3 activation to achieve
proper immune responses and immune system homeostasis (3, 23).

Type | IFN production is controlled by several transcription factors, including NF-xB, IRF3
and IRF7 and AP1 (5). To ask how cFLIP_inhibits type I IFN production, we used several
approaches to stimulate and detect IRF3 activation independent of these other transcription
factors. We found that cFLIP_ inhibited IRF3-induced gene transcription triggered by virus
infection, poly I:C or TBK1 over-expression. When probing events of the IRF3 activation
pathway, cFLIP, allowed IRF3 phosphorylation and nuclear translocation. However, cFLIP_
prevented IRF3-controlled transcription, IRF3-promoter interactions, and IRF3-CBP
interactions. Co-immunoprecipitation analyses showed that cFLIP|_interacted with IRF3.
Mutational analysis of cFLIP; showed that i) IRF3 interactions and ii) cFLIP,_ nuclear
localization are critical for inhibitory function. Together, these data suggest that cFLIP|_
prevents the formation of the IRF3 enhanceosome, blocking nascent IRF3 transcriptional
action. Unlike other cellular IRF3 inhibitors, cFLIP,_ did not degrade or dephosphorylate
IRF3. This mechanism is distinct from other known cellular IRF3 inhibitors, molecules that
act on IRF3 only after IRF3 has initiated transcription.

J Immunol. Author manuscript; available in PMC 2017 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gates and Shisler Page 3

Materials and Methods

Cell Culture

Human embryonic kidney 293T, mouse embryonic fibroblast (MEFs), the A549 non-small
cell lung cancer cell lines cells, HCT116 colorectal carcinoma cells, and AsPC-1 pancreatic
adenocarcinoma human cell lines were obtained from the American Type Culture
Collection. The 293T-TLR3 cell line stably over-expresses the human TLR3 gene (Dr. R.
Tapping, University of Illinois, Urbana, IL). Cells were cultured in appropriate medium
supplemented with 10% fetal bovine serum (FBS; Fisher) and 1% Penicillin Streptomycin
(Fischer).

Lentivirus infection

Control (LL3.7) and shRNA-expressing (shFLIP) lentiviruses were produced by co-
transfecting 293T cells with packaging plasmids pCMV-dR8.2 (Addgene) and pCMV-VSV-
G (Addgene) and either control plasmid pLL3.7 (Addgene), or pLL3.7-shFLIP (24). At 24 h
post-transfection lentiviruses were isolated from cellular supernatants. Lentiviruses were
concentrated with Lent-X Concentrator (ClonTech). A549 cells were infected, and cells
were observed for GFP expression as a marker of transduction at 48 h pi. Cellular
populations with >80% GFP expression were passaged for use as stably transduced cell lines
to create control (LL3.7) or shFLIP-expressing (shFLIP) A549 cell lines.

Plasmids and Transfections

Plasmid pCl was obtained from Promega. Plasmid MC159 encodes the molluscum
contagiosum virus MC159L gene (21). Dr. Jeffrey Cohen (National Institutes of Health,
Bethesda, MD) provided a plasmid encoding a FLAG epitope tagged human cFLIP_ gene
(cFLIP). Dr. Dongwan Yoo (University of Illinois, Urbana, IL) provided a plasmid that
encodes the MAVS protein (pMAVS); a plasmid that encodes a constitutively active form of
IRF3 (pIRF3CA); a plasmid encoding a GFP-IRF3 fusion protein (pGFP-IRF3)(21). pTBK1
encodes a FLAG epitope-tagged TBK1 protein and was a kind gift from Dr. Siddharth
Balachandran (Fox Chase Cancer Center, Philadelphia, PA)(21). The FLAG-tagged CBP
plasmid (pCBP) was donated by Dr. David Lebrun (Queens University, Ontario, CA)(25).
Plasmids cFLIPgr, DED1, and DED2 were kind gifts from Dr. Ingo Schmitz (Helmholtz
Center for Infection Research, Braunschweig, DE) (26). A plasmid encoding the 221 residue
cFLIPg was a kind gift from Dr. Jae Jung, USC, Los Angeles, CA). It is a FLAG-tagged
construct. cFLIPR expresses a FLAG-tagged murine cFLIPg. DED1 encodes a myc-tagged
DED1 (aa 1-90) of cFLIPRr. DED2 expresses a V5 epitope-tagged DED2 (aa 79-186) of
cFLIPR. ADED2, ADED1, and CLD plasmids were kind gifts from Dr. Gerolama Condorelli
(University of Naples, Naples, IT)(27). ADED2 expresses human cFLIP; aa 1-93 and aa
178-480, while ADED1 expresses human cFLIP| aa 81-480. CLD expresses human cFLIP|
residues 178-480. ADED2, ADED1, and CLD express FLAG epitope tagged proteins.

Plasmid DNA was transfected into cells using TransIT-2020 transfection reagent (Mirus Bio)
following manufacturer’s protocol. For experiments in which poly I:C (Invivogen) was a
transfected to stimulate IRF3, 1000 ng of poly I:C was transfected using Lipofectamine
2000 (Invitrogen) following manufacturer’s protocol.
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Luciferase assays

293T, MEFs, or 293T-TLR3 cells were transfected with pIRF3-luc, a plasmid that contains a
firefly luciferase gene that is under the transcriptional control of four copies of the PRDIII
promoter sequence specific for IRF3 (21). pRL-null has a sea pansy luciferase gene
expressed independent of a promoter and is used to assess transfection efficiency. Cells were
transfected in triplicate with 225 ng pIRF3-luc and 25 ng pRL-null, 1000 ng of pCl, MC159,
wild-type or mutant cFLIP| -based plasmids and 500 ng pTBKZ1, or pIRF3CA. Cells were
lysed at 24 h post-transfection. When poly 1:C was used, 293T-TLR3 cells were transfected
as above. At 24 h later, cells were transfected with 1000 ng of poly I:C, and cells were lysed
6 hours later. MVA is an attenuated strain of vaccinia virus (28). Transfected cells were
infected with MVA at a multiplicity of infection (MOI) of 5 PFU/cell in serum-free MEM
for 1 h, rocking every 15 min. Virus-containing supernatant was removed and replaced with
complete medium. At 6 h post-infection, cells were lysed. All cells were lysed in 1X PLB
(Promega) and luciferase activity was detected using the Dual Luciferase Reporter Assay
System (Promega), and quantified with Clarity Luminescence Microplate Reader (BioTek
Instruments). Analysis of firefly and sea pansy luciferase activities was performed as
described previously (21). Values are shown as mean + s.d. The Student’s t-test was used to
determine the statistical significance of inhibition of luciferase activity by wild-type and
mutant FLIPs versus cells transfected with pCl. Statistically significant inhibition of
luciferase activity as compared to untreated, pCl-transfected cells is indicated by asterisks
(*P<0.05, ** P< 0.005). A portion of each lysate was also analyzed for protein expression
by immunoblotting.

Quantitative reverse-transcriptase PCR

293T cells or A549 cell lines stably expressing either the sShRNA to cflar (shFLIP) or no
shRNA (control) were transfected with 1000 ng pCI, pFLAG-cFLIP|, or pMC159 in
technical triplicates. In some experiments, 293T cells were co-transfected with 500 ng pCl
or pTBK1 for 24 h. Alternatively, 24 h post-transfection, A549 cells were incubated with 2
ug poly I:C for 6 h. Total RNA was extracted using an RNAeasy extraction kit. cDNA was
generating using the M-MuLV Reverse Transcriptase (New England BioLabs). Quantitative
PCR was performed using a Mastercycler realplex EP (Eppendorf) and SoFast EvaGreen
Super Mix (BioRad) per manufacturer’s instructions. The following primers were used: -
actin F (5’-AGTTGCGTTACACCCTTTCT-3), p-actin R (5’-
ACCTTCACCGTTCCAGTTT-3’), isg15F (5’-CATCTTTGCCAGTACAGGAGCT-3"),
/5915R (5’-ACACCTGGAATTCGTTGCC-3’). Changes in gene expression level were
calculated by the 2AAC(T) method. Values obtained from /sgZ5 cDNA levels were divided
by B-actin levels for each sample. For normalization, respective B-actin mRNA quantities for
each cDNA sample were measured, and then each value was normalized to that of
unstimulated, pCl-transfected cells, whose value was set to one. For 293T cells, data are
presented as the mean +/- s.d. from three independent experiments. The Student’s #test was
used to determine statistically significant differences in mMRNA expression levels.
Statistically significant inhibition, as compared to untreated pCl-transfected cells, is
indicated by asterisks (*~< 0.05, **£ < 0.005). For A549 cells, statistically significant
increases in MRNA when cffaris shRNA silenced as compared to cells transduced with
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empty lentivirus vector, are indicated by asterisks (*/~ < 0.05), using the Student’s #test. The
data are expressed as mean +/- s.e.m. using data from three independent experiments.

Immunoblotting

For all immunoblots, the protein concentration of lysates was determined by the 660 nm
protein assay (Pierce). An equal amount of protein from each lysate was incubated with 5x
Non-Reducing Lane Marker (Thermo Scientific) and 5% (vol/vol) 2-mercaptoethanol
(Fisher Scientific) and boiled for 5 min, and then electrophoretically separated by SDS-
PAGE. Proteins were transferred to polyvinyl difluoride (PVVDF) membranes (Millipore).
Antibody-antigen reactions were detected by using chemiluminescence reagents (Amersham
and Thermo Scientific) and autoradiography. Primary antibodies include: polyclonal rabbit
anti-phospho-IRF3 Ser 386 (Millipore), monoclonal rabbit anti-IRF3 (Cell Signaling), or
monoclonal mouse anti-IRF3 (ab25950; abcam), monoclonal mouse anti-FLAG (Sigma-
Aldrich), monoclonal mouse anti-E3 (Dr. Stuart Isaacs, University of Pennsylvania,
Philadelphia), monoclonal mouse anti-TBK1 (Cell Signaling), monoclonal mouse p-actin
(Calbiochem), monoclonal mouse anti-myc (Cell Signaling), monoclonal mouse anti-FLIP
(7F10; Enzo) or monoclonal rabbit anti-FLIP (D16A8); Cell Signaling monoclonal mouse
anti-V5 (Millipore) and polyclonal rabbit anti-MC159 (29). In some cases, the densities of
bands were quantified using ImageJ software (30). The values for band intensities for the
protein of interest (e.g. IRF3) three independent experiments were averaged and compared
to loading controls (e.g. PARP). Values were normalized to unstimulated, pCl-transfected
cells. Data are expressed as the mean +/- s.e.m.

Co-immunoprecipitations

293T cells were transfected with 500 ng pTBKZ1, pCl, pGFP-IRF3, pFLAG-CBP, and 1000
ng cFLIP, cFLIPg, or CLD. 24 h later, cells were lysed in DED lysis buffer (31). Clarified
supernatants were used to assess expression levels of proteins and for co-
immunoprecipitations. For the later, lysates were incubated with anti-FLAG, anti-GFP
(Santa Cruz), anti-IRF3 or anti-CBP (Cell Signaling) or mouse IgG antibody (Sigma) for 6
h. Protein G-Sepharose beads (Invitrogen) in a 50% slurry were added to each sample and
incubation with rotation for 16 h. Beads were collected and washed three times. Pelleted
beads were suspended in 2x Laemmli buffer containing 5% 2-mercaptoethanol and boiled
for 5 min. Samples were analyzed for the presence of proteins by using immunoblotting.

Ab49, HCT116 or AsPC-1 cellular monolayers were either untreated or treated with poly
I:C (2 micrograms; Sigma) for 6 h. Cells were collected by trypsinization, pelleted by
centrifugation, and lysed in DED lysis buffer as above. Clarified cellular lysates were
incubated with rabbit anti-IRF3, rabbit anti-FLIP or rabbit IgG antibody (Cell Signaling) for
6 h at 4C. Protein G-Sepharose beads (Invitrogen) in a 50% slurry were added to each
sample and incubation with rotation for 16 h. Beads were collected and washed three times.
Pelleted beads were suspended in 2x Laemmli buffer containing 5% 2-mercaptoethanol and
boiled for 5 min. Samples were analyzed for the presence of proteins by using
immunoblotting, probing immunoblots with antibodies to detect endogenous IRF3 (mouse
ab25950; abcam) or cFLIP, (mouse 7F10; Enzo).

J Immunol. Author manuscript; available in PMC 2017 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gates and Shisler

Page 6

Cytoplasmic and Nuclear Fractionation Assay

293T cells were transfected with either 1000 ng pCl, cFLIP, cFLIPs, or CLD and either
500 ng pTBK1 or pCl. At 24 h later, cells were pelleted, and cytoplasmic and nuclear
extracts were isolated as described previously (32). Cytoplasmic and nuclear extracts were
immunoblotted for tubulin (Abcam), PARP (Santa Cruz), IRF3 (Cell Signaling), or FLAG-
tagged cFLIP constructs (anti-FLAG, Sigma). The values for IRF3 band intensities for three
independent experiments were determined as described above, using ImageJ software.

Chromatin immunoprecipitation (ChlIP)

Results

ChIP assays were performed according to manufacturer’s instructions (Thermo Scientific).
Briefly, 293T cells were transfected as described in the co-immunoprecipitation assays for
24 h. Cells were cross-linked with 1% formaldehyde followed by quenching using 125 mM
glycine. Cross-linked chromatin and associated proteins were either used as 10% total input
or as samples to be immunoprecipitated (IP). Samples were incubated with anti-IRF3
(sc-9082-X; Santa Cruz) pre-conjugated to provided agarose beads. IPs were reverse cross-
linked and genetic material was released from the beads by incubation at 65°C. Real-time
PCR analyses were performed using the recovered DNA and a Mastercycler realplex EP
system (Eppendorf). The primers used for real-time PCR to quantitate the ChlP-enriched
DNA were for /fnb1 (33). Relative occupancy values were calculated by determining the
apparent IP efficiency (ratios of the final amount of IP DNA as compared to input DNA) and
normalized to the level observed at a control region in unstimulated, pCl-transfected cells,
which was defined as 1.0. The Student’s T-test was used to determine statistically significant
differences in DNA levels. Statistically significant inhibition of IRF3 binding activity as
compared to untreated, pCl-transfected cells is indicated by asterisks (*p< 0.05).

cFLIP_ inhibits IRF3-controlled transcription of synthetic and natural genes

We published that the long isoform of cFLIP (cFLIP,) inhibits IFNB gene activation, as
measured by an /nfb1 promoter-controlled luciferase reporter assay (21). The infb1 promoter
is controlled by NF-xB, AP-1, IRF3, and IRF7, leaving it unclear as to which transcription
factor(s) is targeted by cFLIP|_for this inhibition. cFLIP interacts with the IKK complex, an
upstream activator of NF-xB (34). However, cFLIP|_retains its IFNp inhibitory function in
cells deficient for NF-xB (21), ruling out NF-xB.

A viral homolog of cFLIP_ (the molluscum contagiosum virus (MCV) MC159 protein)
inhibits TBK1 activation (21), suggesting that cFLIP_ targets IRF3 or IRF7 activation. IRF3
and IRF7 are each stimulated by known and distinct upstream signal transduction pathways
(5). However, there are some instances where IRF3 and IRF7 functions overlap, which could
complicate the studies with cFLIP| . To overcome this issue, we used an IRF3-controlled
firefly luciferase reporter construct, which allows for the measurement of IRF3 activation
alone (Fig.1). Several viruses stimulate IRF3 activation during infection (1). For example,
MVA is an attenuated vaccinia virus that activates the interferon response in MEFs (35).
However, IRF3 activation was blocked in MEFs over-expressing cFLIP| or MC159 as
measured by reporter assays (Fig. 1A). MVVA-induced IFNp production is due, in part, to
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PKR sensing of viral dSRNA (35). We repeated experiments using poly I:C, an IRF3-
stimulating agent that stimulates TBK1 activation via RIG-I, MDA-5 and TLR3 (36, 37).
Because 293T cells do not express high levels of TLR3, a 293T cell line stably over-
expressing TLR3 (293T-TLR3) was used to ensure robust IRF3 signaling upon incubation
with poly I:C. The 293T-based cell line was used because of its high transfection efficiency
rate and its common use in studying IRF activation pathways (11, 14, 21, 38). cFLIP, like
MC159, also inhibited IRF3-controlled luciferase activity under this condition (Fig. 1B),
suggesting cFLIP| targeted a downstream signaling event shared by MVA infection and poly
I:C treatment. In support of this, we observed that cFLIP_ inhibited IRF3 activation when
TBK1 over-expression stimulated IRF3 activation (Fig. 1C), and this inhibition was greater
than that observed with MC159 and this inhibition was shown to be dose dependent (Figure
1D). For this set of experiments, regular 293T cell lines that do not over-express TLR3 were
used. This suggested that cFLIP, acted on an event occurring at or downstream of TBK1.

We evaluated the expression of IRF3-controlled genes as a second independent means to
detect cFLIP action. We examined the transcription of two cellular genes, /sg15and 7/sg54/
IFIT2 (Fig. 1E and 1F) that are regulated by IRF3 (39) by using RT-qPCR. In this case,
TBK1 over-expression was used to stimulate IRF3, as evidenced by the transcription of
/sg15and 7/sg54 (Fig. 1E and 1F). In contrast, cFLIP_ expression reduced isgZ5and isg54
gene transcription as compared to vector-transfected cells. The transcription of both 1SGs
was reduced in MC159-expressing cells, and this was expected since MC159 inhibits TBK1
activation (21). Together, data shown in Fig. 1 supported the model that cFLIP, antagonizes
the IRF3 activation pathway.

cFLIP_ inhibits an event downstream of IRF3 phosphorylation

The next goal was to identify the cFLIP_ molecular mechanism of inhibition. One obvious
possibility was that cFLIP| would act similar to its MC159 homolog, by binding to and
inhibiting TBK1 activation (21). However, two pieces of data in Figure 2 showed that
cFLIP, used a different mechanism. First, cFLIP|_ inhibited IRF3 activation triggered by
over-expression of a constitutively active phospho-mimetic form of IRF3 (pIRF3CA) (Fig.
2A). MC159 cannot inhibit this because IRF3 activation occurs downstream of TBK1
activation (1, 4, 5). Second, cFLIP_ did not prevent IRF3 phosphorylation (Fig. 2B). Fig. 2B
shows that MC159 prevented TBK1-induced IRF3 activation, as measured by a decrease in
the intensity of the phospho-IRF3-containing band (Fig. 2C). However, there was no
observable difference in phospho-1RF3 levels in cFLIP versus vector-expressing cells (Fig.
2B and 2C).

Several other cellular proteins down-regulate IRF3 activation (11-14). Most target the
transcriptionally active form of IRF3, modifying IRF3 such that it is degraded by the cellular
proteosomal machinery. Importantly, IRF3 protein levels remained consistent in the presence
of cFLIP. (Fig. 2). These data suggest that cFLIP|_ has a mechanism to inhibit IRF3 that is
distinct from other known cellular IRF3 inhibitors and from its viral homologs.
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The caspase-like domain (CLD) of cFLIP, is necessary and sufficient to inhibit IRF3
activation

There are three detectable splice variants of cFLIP: cFLIP| (55 kDa), cFLIP short (cFLIPg;
24 kDa), and cFLIP raji (cFLIPR; 24 kDa)(40-42). These are depicted in Figure 3A. Each
variant contains two death effector domains (DEDSs), which are a death fold motifs present in
the cellular apoptotic FADD and procaspase-8 proteins (34, 43). However, cFLIP, alone
possesses an additional C-terminal region that is 302 amino acids in length (Fig. 3A). While
this region shares some homology to the procaspase-8 caspase domain, the cFLIP| caspase-
like domain (CLD) lacks caspase activity because there are several amino acid substitutions
in the region required for caspase activity (41). The C-terminal region also possesses nuclear
localization sequences (NLS) at residues 435-437 and 472-474 (44).

Luciferase reporter assays were used to identify the cFLIP region that controls IRF3
activation, using TBK1 over-expression to trigger IRF3 activation (Fig. 3). Figure 3B uses
mutants in the cFLIP|_ background. In contrast, mutants DED1 and DED2 were in the
cFLIPR background in Fig. 3C. Thus, cFLIPg was used as a control for this set of
experiments. Interestingly, Fig. 3B showed that either DED was dispensable for IRF3
activation because mutant cFLIP_that lacked either DED1 (ADED1) or DED2 (ADED2)
still inhibited IRF3 activation. Expression of the CLD-containing C-terminus (CLD; amino
acids 178-480) inhibited IRF3 activation, indicating this region was sufficient for the
inhibitory phenotype (Fig. 3B). Interestingly, cFLIPg, or constructs expressing only DED1
or DED?2 provided no IRF3 inhibitory function (Fig. 3C). Because cFLIPR is 74% similar to
cFLIPg (45), cFLIPg is not expected to inhibit IRF3 activation. Indeed, data in Fig. 5 showed
that cFLIPg did not inhibit IRF3-induced luciferase activity (Fig. 5B). Thus, the cFLIP
DEDs themselves are not sufficient to inhibit IRF3 activity. Together, these data mapped the
IRF3 inhibitory region of cFLIP|_ to residues 222-480. Nearly identical results were
observed if over-expression of MAVS (instead of TBK1) was used to trigger IRF3 activation
(Supplemental Figs. 1A and 1B).

cFLIP| does not inhibit IRF3 nuclear translocation and is present in the nucleus

A majority of inactive IRF3 resides in the cytoplasm but the inactive form of IRF3 can cycle
between the cytoplasm and nucleus (46). Regardless, the phospho-IRF3 dimer translocates
to the nucleus due to an NLS present in IRF3 (7, 9). Thus, a next step was to query if
cFLIP prevented IRF3 nuclear translocation. Cellular fractionation assays were used for
this purpose because they are sensitive enough to detect IRF3 nuclear translocation. For
example, there was a visible increase in IRF3 protein levels in the nuclear extracts of TBK1
over-expressing cells versus vector-transfected cells (Fig. 4). Note that a small amount of
IRF3 was detected in nuclei of unstimulated cells, probably reflecting IRF3 shuttling
between the cytoplasm and nucleus (47). Interestingly, a similar trend was observed when
cells expressed wild-type cFLIP : there were no visual differences in nuclearly localized
IRF3 in unstimulated versus stimulated cells. This remained true for cells expressing a
mutant of cFLIP_ (CLD) that inhibited IRF3 activation, and for cells expressing cFLIPs, a
protein that did not inhibit IRF3 activation. Similar to Fig. 2B, IRF3 protein levels remained
similar under all conditions tested. Thus, cFLIP| does not prevent IRF3 nuclear
translocation. It was observed that the nuclear IRF3 protein levels were higher in
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unstimulated cells that were co-transfected with a cFLIP| - and cFLIPg-expressing cells than
in pCl-or CLD-transfected cells. The reasons for this pattern are not clear to us currently, but
these data suggest that the DED regions of cFLIP act on other signaling pathways that may
indirectly trigger IRF3 nuclear translocation. At least for cFLIP|, this nuclear IRF3 is
probably not phosphorylated due to data shown in Figure 2B. When the density of IRF3-
containing bands from nuclear extracts was quantified using ImageJ software (Fig. 4B right
panel), it was determined that IRF3 nuclear translocation was not significantly inhibited by
the presence of cFLIP constructs.

The localization of cFLIP also was examined in these same extracts to gain a greater
understanding of how cFLIP__may inhibit IRF3 activation. cFLIP, is often regarded as a
cytoplasmic protein because it interacts with other cytoplasmic proteins including
procaspase-8 (34). However, the cFLIP| C-terminus possesses two NLS’s and it has been
shown that cFLIP is present in the nucleus (44). Thus, it was not surprising to detect wild-
type cFLIP_ or mutant CLD protein in the nucleus and cytoplasm (Fig. 4). The NLS
sequences are absent in cFLIPg and this isoform was detected only in the cytoplasm, as
would be expected (Fig. 4). Tubulin proteins were detected solely in the cytoplasm and
PARP proteins were detected solely in the nuclear extracts, showing the successful
separation of cellular compartments.

cFLIP_ prevents the IRF3 transcription factor from binding to its target promoter site

Nuclear IRF3 binds to DNA sequences in promoters of its target genes via its DNA binding
domain (DBD) (9, 48). A chromatin immunoprecipitation (ChIP) assay was used to examine
the extent of IRF3 interactions with the IFNP promoter in cells expressing wild-type or
mutant cFLIP proteins (Fig. 5A). IRF3 was immunoprecipitated from unstimulated and
stimulated cells, and IRF3-IFNp promoter interactions were assessed by using gPCR. As
expected, the IFNP promoter was PCR amplified in TBK1 over-expressing cells, indicating
that IRF3 successfully bound to the IFNP promoter (Fig. 5A). In contrast, IRF3-promoter
interactions significantly decreased in cFLIP -expressing cells (Fig. 5A). Note that both the
cFLIPR and cFLIPg proteins have nearly identical phenotypes; neither inhibit IRF3-
controlled luciferase activity (Figure 5B and 3C). Finally, the CLD construct prevented
IRF3-DNA interactions (Fig. 5A), correlating with its ability to inhibit IRF3-based
luciferase activity (Fig. 3).

cFLIP_ interacts with IRF3 and this interaction correlates with a loss of IRF3-CBP
interactions and a loss of IRF3 inhibition

cFLIP. and CLD were the only molecules that inhibited IRF3 activation (Fig. 3), were
present in the nucleus (Fig. 4), and prevented IRF3-DNA interactions (Fig. 5). Based on
these data, a reasonable hypothesis is that the nuclear-localized cFLIP interacts with
nuclear IRF3 to prevent formation of an IRF3 enhanceosome. This was tested using co-
immunoprecipitation assays to detect IRF3-cFLIP interactions (Fig. 6). Cells were co-
transfected to express an IRF3-GFP fusion protein, CBP and wild-type or mutant cFLIP_
proteins. In some cases, cells were co-transfected pTBK1 to activate IRF3. As expected,
IRF3-CBP interactions were detected under conditions where IRF3 was activated (Fig. 6).
However, these interactions were disrupted by cFLIP| . Since this was concomitant with the
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presence of cFLIP|_ in the immunoprecipitates (Fig. 6A) it was likely that cFLIP interacted
with IRF3. Similarly, CLD co-immunoprecipitated with IRF3, and IRF3 no longer interacted
with CBP in these same reactions. In contrast, no interactions were detected between IRF3
and cFLIPg, and IRF3-CBP interactions were retained in the presence of cFLIPs. All cells
expressed similar amounts of IRF3-GFP, CBP or cFLIP (Fig. 6B). Fig. 6C used 1gG instead
of anti-GFP for immunoprecipitations to show no non-specific binding of our proteins of
interest to protein G-sepharose beads.

Similar experiments were performed to ask if endogenous IRF3 had the same binding
properties as GFP-IRF3 (Fig. 7A). We observed that wild-type cFLIP, and CLD co-
immunoprecipitated with endogenous IRF3. As in Fig. 6, these interactions only occurred
under conditions known to activate IRF3. We did not detect cFLIPs-IRF3 interactions under
any condition tested. A reverse co-immunoprecipitation showed that endogenous IRF3
interacted with the cFLIP, and CLD proteins but not cFLIPg (Fig. 7B). In this case, ectopic
MAVS expression was used as an alternative mechanism to trigger IRF3 activation. IRF3
protein expression remained stable regardless of the presence of wild-type or mutant cFLIP
constructs (Figs. 7C and 7D). These interactions between IRF3 and cFLIP were specific
because neither IRF3 nor cFLIP was immunoprecipitated when a non-specific 1gG was used
instead of anti-IRF3 (Fig. 7E) or anti-FLAG (Fig. 7F).

The role of cFLIPL in preventing IRF3 activation in cancer cell lines

There are many primary cancers, like non-small cell lung cancer (NSCLC), pancreatic
cancer, and colorectal cancers, where there is a correlation between a decrease in in /fnb1,
and/or 7sg54 gene transcription (genes controlled by IRF3) and an increase in cflar
transcription (the gene that encodes cFLIP|) as identified by using Oncomine (49). These
data suggest that cFLIP,_ may bind to and inhibit IRF3 in tumor cells as a means to prevent
IRF3-induced transcription of immune genes. To test this hypothesis, the NSCLC A549 cell
line, HCT116 colorectal carcinoma cell line, and the AsPC-1 pancreatic adenocarcinoma
cell lines were used. Unlike the 293T cell line used above, A549 cells, HCT116 cells, and
AsPC-1 cells express detectable levels of endogenous cFLIP|, allowing us to examine
cFLIP_-IRF3 interactions under conditions in which neither protein must be ectopically
expressed (50) (51){Liu, 2006 #172}. Figure 8A showed that cFLIP, co-
immunoprecipitated with IRF3 in all three of the cell lines examined. This interaction was
observed at low levels in unstimulated cells, and greatly increased when cells were
stimulated with poly I:C. When examining the lysates from these samples, it was noted that
IRF3 and cFLIP_ levels were present in similar amounts. The cFLIP-IRF3 interactions were
specific because these interactions were not observed if an 1gG isotype control antibody was
used in co-immunoprecipitations in place of anti-IRF3 or anti-FLIP.

If cFLIP is indeed responsible for IRF3 inhibition in various cancers, then a lack of cFLIP_
would render these cells susceptible to IRF3 activation. To test this hypothesis, we further
examined the A549 cell line and stably transduce them with a lentivirus construct that
encodes a silencing hairpin RNA specific for cflar (the gene encoding cFLIP; shFLIP). A
second set of A549 cells was transduced in parallel with a lentivirus that does not encode
shRNA (control) (24). Fig. 8B shows cFLIP_ protein levels were decreased only when A549
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cells were transduced with a lentivirus containing the shRNA to cffar (shFLIP). In contrast,
cFLIP_ levels were similar in cells that were not transduced (mock) or transduced with a
lentivirus that lacks shRNA (control). When transduced cells were incubated with poly I:C
to stimulate IRF3, there was statistically significant increase in the transcription of two
genes known to be controlled by IRF3 -- /sg15 (Fig. 8C) and /isg54 (Fig. 8D) -- when
cFLIP_ protein levels were decreased versus conditions in which cFLIPL protein levels were
unchanged from mock-transduced cells. Thus, IRF3 activation is indeed dampened by
cFLIPL in this cell line.

Discussion

The IRF3 transcription factor is very important for the expression of type | IFN and ISGs (2,
5). Data here are the first to report how cFLIP|_ controls IRF3 activation on a molecular
level. In summary, cFLIP inhibited the transcription of cellular and synthetic genes
regulated by promoters containing known IRF3 binding sites. This phenotype was observed
in different cell lines and under several conditions that stimulate IRF3. Following the well-
known steps of the IRF3 activation pathway, cFLIP| allowed upstream signaling events
including IRF3 nuclear translocation. However, cFLIP| inhibited IRF3 from interacting with
its DNA promoter and with CBP. This function mapped to the nuclearly localized C-terminal
region of cFLIP, . The current model based on these data is that cFLIP|_inhibit the formation
of an IRF3-based enhanceosome. There are several remaining questions to be asked,
including if cFLIP_-IRF3 interactions initially occur in the cytoplasm or in the nucleus. This
is currently under investigation in our lab. IRF3 is shuttled from the nucleus to the cytoplasm
due to the presence of NLSs and NESs (47). Here, we find that cFLIP_ inhibits the action of
a dimerized phospho-mimetic form of IRF3 (IRF3CA) (Fig. 2A). cFLIP,_ also is present in
the cytoplasm and nucleus (Fig.4A). This would suggest that cFLIP| preferentially binds to
a dimeric IRF3 complex, and may bind to these dimers regardless of whether they are in the
cytoplasm or nucleus.

There are other cellular proteins known to inhibit IRF3 function. These proteins target the
transcriptionally active form of IRF3. For example, the RTA-associated ubiquitin ligase
(RAUL) promotes ubiquitin-mediated degradation of IRF3 (14) as a means of halting IRF3-
controlled gene transcription. Protein phosphatase A2 (PPA2) dephosphorylates the activated
form of IRF3, which decreases IRF3 transcriptional activity (12). However, neither
unmodified nor phospho-IRF3 levels were reduced in the presence of cFLIP in the system
used here. This implies that cFLIP|_ acts prior to the above-listed cellular inhibitors, and
prevents IRF3-controlled transcription from initiating in the first place. As such, cFLIP|
may represent a cellular mechanism to prevent low-level or “background” IRF3 activation.
Alternatively, cFLIP_ may bind to IRF3 to block post-translational modifications (e.g.,
ubiquitination) of IRF3. In this case, cFLIP_ would allow IRF3 to be returned to the
cytoplasm for future use. Future studies will examine these possibilities to better understand
this new cellular mechanism to down-regulate IRF3 activity.

cFLIP_ is a member of the FLIP family, which defined by proteins that possess two tandem
DEDs (34, 43). This family includes proteins encoded by the molluscum contagiosum
poxvirus (MC159 and MC160) and the Kaposi’s sarcoma herpesvirus (K13). Viruses encode
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proteins to inhibit IRF3 as a common strategy to fight the anti-viral immune response (4,
52). Both MC159 and MC160 inhibit IRF3 activation, but use mechanisms distinct from
cFLIP. . For example, MC159 binds to and inhibits TBK1 activation (21). Moreover, the
MC159 DEDs are important for TBK1 binding and subsequent IRF3 inhibition (21). In
contrast, the cFLIP,_ DEDs are dispensable for IRF3 activation in the system used here. The
MC159 and cFLIP DEDs share approximately 30% sequence homology. Therefore, there
may be sufficient differences between these DEDs that are responsible for these differences
in function. The K13 role in IRF3 regulation remains unclear. K13 induces IFNf production
(53), implying that K13 may activate IRF3. However, this phenotype may be due to the NF-
kB activating function of K13 (54). Another approach to examine K13 regulation of IRF3 in
an NF-kB-independent manner used p65 —/— MEFs (21). In these conditions, K13 does not
stimulate IFNP activation (as examined by a reporter assay) and weakly inhibits inhibit
MAVS-induced IRF3 activation as compared to other FLIPs (21). It is intriguing that these
cellular and viral homologs have distinct biochemical and biological properties with regard
to IRF3 regulation. These differences give scientists a unique set of reagents to more deeply
understand how to manipulate aspects of the IRF3 activation pathway to the benefit of
cellular and organismal health.

cFLIP_ is a multi-functional protein, regulating events including apoptosis, NF-xB, ERK
activation, autophagy, necroptosis and Wnt signaling (23, 55). It also has myriad cellular
biding partners including procaspase-8, Ku70, TRAF2 and RIP1 (23). This raised the
concern that this newly identified function of cFLIP_is indirect. For example, since
caspase-8 cleavage of RIP1 kinase down-regulates IRF3 activation, one worry is that cFLIP|_
may simply be inhibiting caspase-8 activation to indirectly inhibit the signal transduction
pathway leading from MAVS to IRF3 activation (56). Several pieces of data diminish this
possibility. Most importantly, we observed that cFLIP| co-immunoprecipitated with IRF3,
which suggests that cFLIP, functions directly on the IRF3 signal transduction pathway.
Second, in our system, cFLIP|_inhibited IRF3 activation in a caspase-8-independent manner
(Supplemental Figure 2). Third, we observe a correlation between cFLIP_ interactions with
IRF3 binding and inhibition of IRF3 activation, when using large deletion mutants of FLIP.

Only a few publications have examined the relationship between cFLIP_ and type | IFN
production. Two publications report data that complement the findings described here (20,
21). However, Buskiewicz et al. report an opposing function: cFLIP|_increases IFNf
production triggered by coxsackievirus B3 (CVB3) infection (22). Potential reasons for
these differences are the different stimuli used in those studies. We observed that cFLIP_
inhibits IRF3 activation triggered by a DNA virus or by poly I:C (a reagent that uses TLR3
and does not trigger MAVS-induced IRF3 activation). Buskiewicz et al. used an RNA virus
for infection, which is known to trigger MAVS-induced IRF3 activation (22). Perhaps the
differences we observe reflect different PRR-based signal transduction pathways triggered
by RNA versus DNA viruses. Additionally, this phenotype may be cell type specific. For
example, we show that caspase-8 is dispensable for IRF3 activation in the 293T cell line
used here. However, caspase-8 is required to stimulate IRF3 activation in the cFLIP| -
expressing MEF cells (22). The ratio of cFLIP_ to procaspase-8 dictates whether cFLIP|_ has
pro- or anti-apoptotic function (57, 58). Thus, another possibility is that the cellular
concentrations of cFLIP_ dictate its effect on IRF3. Regardless, the continued study of

J Immunol. Author manuscript; available in PMC 2017 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gates and Shisler

Page 13

cFLIP_ and IRF3 is critical for a deeper understanding of conditions that allow cFLIP| to
inhibit or activate type | IFN production.

This study identifies a molecular mechanism for cFLIP, . This finding impacts several
scientific disciplines. For cancer, /n silico analysis identified a statistically significant
relationship between an upregulation of cFLIP gene (cf/ar) and a down-regulation of the
/5954 gene (a gene whose expression is controlled solely by IRF3) in non-small cell lung
carcinoma (P = 0.0053), pancreatic carcinomas (P = 0.021) and angioblastic T-cell
lymphomas (P = 0.002) and colorectal adenocarcinoma (P = 0.0000000057) as determined
by Oncomine (49). This implies that some cancer cells may have an increased level of
cFLIP_ to inhibit type I IFN production as an immune evasion strategy. In support of this
model are our data with the A549 cell line, a model cell line for non-small cell lung
carcinomas, shown here (Fig. 8). One prediction is that disruption of cFLIP| inhibitory
function in these cancers would increase immune responses, perhaps halting tumorigenesis.
Type | IFN production is also associated with several autoimmune diseases (3). Interestingly,
IRF3 itself may be responsible for some of the disease observed with systemic lupus
erythematosus (59). A next step is to ask if cFLIP|, or a cFLIP_ mimetic, can be used as a
strategy to diminish the severity or onset of autoimmune diseases. Rapid type | IFN
production is a hallmark of acute virus infection (1). Interestingly, type | IFN production
also helps establish persistent virus infections (60). Thus, it will be of great interest to
infectious disease experts to understand how cFLIP| regulation of IRF3 affects acute versus
chronic virus infections and the impact of this on viral pathogenesis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. cFLIPL inhibitsIRF3-controlled luciferase activity
Luciferase activity in (A) MEF or (B) 293T-TLR3 or (C-D) 293T cells transiently co-

transfected for 24 hours with luciferase reporter plasmids (pIRF3-luc, pRL-null) and 1000
ng control plasmid (pCl) or plasmids encoding cFLIP_ or MC159. (A) Cells were either
mock-infected or infected with MVA (MOI =5 PFU/cell) or (B) incubated with 1000 ng of
poly I:C or (C and D) co-transfected with pTBK1. Cells were lysed at (A and B) 6 h or (C
and D) 24 h later. Results are shown as fold-induction of luciferase activity, relative to those
of pCl-transfected cells. Immunoblot analysis of lysates also was performed. (E and F)
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Quantitative RT-PCR (qPCR) analysis of (E) isgZ5and (F) /sg54 mRNA from 293T cells co-
transfected with pTBK1 and 1000 ng control plasmid (pCl) or plasmids encoding cFLIP, or
MC159 for 24 h. Results are presented as isgZ5and isg54 mRNA relative to f-actin mRNA
expression for each sample, and recorded as relative to those of cells transfected with empty
vector (pCl). *P< 0.05, compared with cells transfected with empty vector. All experiments
were performed at least three times, and data are expressed as the mean +/- s.d.
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Figure 2. cFLIP doesnot inhibit IRF3 phosphorylation
Luciferase activity in 293T cells transiently co-transfected for 24 hours with luciferase

reporter plasmids, 500 ng pIRF3CA and 1000 ng cFLIP_ or MC159. Results are presented
as fold-induction of luciferase activity relative to those of cells transfected with empty vector
(pCl). * P< 0.05 compared with cells transfected with empty vector. Immunoblot analysis of
lysates also was performed. (B) Cells were transfected with 500 ng pTBK1 or pCl and 1000
ng pCl, pCl, cFLIP. or MC159 for 24 h. Protein expression from cellular lysates was
evaluated by immunoblotting. (C) The intensity of the phospho-IRF3-containing bands (p-
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IRF3) from three independent experiments were evaluated using ImageJ software. The
density of a phospho-IRF3-containing band was divided by the intensity of the -actin
containing band. The relative fold change in phospho-IRF3 was determined by normalizing
the ratio of phospho-IRF3/B-actin to that of pCl-transfected cells, whose value was set to
one. Data are expressed at the mean +/- s.e.m.
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Figure 3. Analysis of cFLIP constructsfor ability to inhibit of IRF3-controlled luciferase activity
(A) A schematic of cFLIP constructs used for luciferase activity assays. The tandem death

effector domains (DEDs) are denoted as DED1 and DED2. The two nuclear localization
signals (NLS) in the C-terminal region of cFLIP|_ are shown. (B and C) Luciferase reporter
assays in 293T cells transiently co-transfected with luciferase reporter plasmids (pIRF3-luc
and pRL-null), pTBK1 and wild-type or mutant (B) cFLIP, or (C) cFLIPg plasmids. At 24 h
later, cells were analyzed for luciferase activities as described in Figure 1. * £< 0.05,
compared with cells transfected with empty vector (Student's £test). Immunoblot analysis of
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cellular lysates for cFLIP protein expression also was performed. All experiments were
performed at least three times.
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Figure4. cFLIP_ doesnot inhibit IRF3 nuclear translocation
(A) 293T cells were co-transfected for 24 h with cFLIP-based plasmids (1000 ng) and

pTBK1 (500 ng) or pCI (500 ng). Cells were lysed and cytoplasmic and nuclear proteins
were extracted, and samples were probed for the indicated proteins by immunoblotting. -
tubulin and PARP serve as markers of cytoplasmic content and nuclear content, respectively.
(B) A graphical representation of the density of IRF3-containing bands in relation to tubulin
(cytoplasmic fractions) or PARP (nuclear extracts) from 3 independent experiments. The
values for IRF3-, tubulin- or PARP-containing band intensities were determined using
ImageJ software, averaged and normalized to untreated, pCl-transfected cells for either
cytoplasmic or nuclear extracts separately. Data are expressed as the mean +/- s.e.m.
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Figure5. cFLIP, but not cFLIPs, prevents | RF3 recruitment to the |FNB promoter
(A) ChIP assay to detect IRF3 binding to the IFNP promoter. 293T cells were transfected

with 500 ng pTBK1 or pCl and 1000 ng of plasmids encoding cFLIP proteins for 24 h.
Results are presented as IFNP values of immunoprecipitated DNA to total input DNA for
each experimental sample. (B) 293T cells were transfected as described in Figure 1C,
substituting a plasmid encoding cFLIPg for MC159. For both assays, values were expressed
as the mean +/- s.d. Values were normalized to unstimulated, pCl-transfected cells. * P<
0.05, compared with unstimulated cells transfected with empty vector.
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Figure 6. The CLD of cFLIP| issufficient and necessary to co-immunoprecipitate with IRF3 and
to prevent CBP-IRF3 interactions

Immunoblot (IB) analysis of (A) GFP-IRF3 fusion protein immunoprecipitated (IP) from
293T cells co-transfected with pGFP-IRF3 (500 ng), pCBP (500 ng) and various
combinations of pCl, pTBK1 and FLAG-tagged cFLIP proteins. Anti-GFP was used as the
antibody in these IPs. IP samples were probed for the presence of CBP and FLAG-tagged
FLIP proteins by immunoblotting (IB). (B) A portion of each lysate prior to
immunoprecipitation was set aside as input sample, and immunoblotted to detect protein
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expression. (C) IB analysis of proteins IP-ed from cellular lysates with non-specific 1gG
instead of anti-GFP. All experiments were performed at least three times.
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Figure 7. Endogenous | RF3 interacts with cFLI P and the CL D, but not cFL|Pg
Immunoblot (1B) analysis of an immunoprecipitated (IP) endogenous IRF3 from 293T cells

co-transfected with plasmids encoding FLAG-tagged cFLIP proteins and various
combinations of pCl and pTBK1 or pMAVS. (A) Cellular lysates were 1P-ed with (A) anti-
IRF3 or (B) anti-FLAG antibodies and IP-ed samples were probed for the presence of IRF3
and FLAG-tagged FLIP proteins by immunoblotting. (C and D) A portion of each lysate
prior to immunoprecipitation was set aside as input sample, and immunoblotted to detect
protein expression. (E and F) IB analysis of proteins IP-ed with non-specific 1gG instead of
anti-IRF3 or anti-FLAG. All experiments were performed at least three times.
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Figure 8. Endogenous cFL I P|_-IRF3 interactions and | RF3-controlled isg gene expression in
AB49 cells

(A) A549, HCT116, and AsPC-1 cells were unstimulated or stimulated with 2 micrograms
poly I.C for 6 h. Clarified cellular lysates were immunoprecipitated with anti-IRF3, anti-
FLIP or IgG antibodies. Immunoprecipitates were probed for the presence of endogenous
IRF3 and cFLIP_ proteins by immunoblotting. A portion of each lysate prior to
immunoprecipitation was set aside as input sample, and immunoblotted to detect protein
expression. (B) Immunoblot analysis of cFLIP levels in mock-infected A549 cells or A549
cells transduced with a lentivirus expressing (shFLIP) or not expressing (control) ShRNA
specific for cFLIP (shFLIP). (C and D) Quantitative RT-PCR (qPCR) analysis of /sgZ5and
/5954 mRNA from transduced A549 cells from Figure 8B. Cells were either unstimulated
(NS) or incubated with 2 micrograms poly I:C for 6 h. Results are presented as the mean +/-
s.e.m. of isgZ5and 7sg54 mRNA relative to B-actin mRNA expression for each sample for
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three independent experiments, and recorded as relative to those of cells transfected with
empty vector (pCl). *P< 0.05, compared with cells transfected with empty vector.
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