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Apoptosis, NF-κB activation, and IRF3 activation are a triad of in-
trinsic immune responses that play crucial roles in the pathogene-
sis of infectious diseases, cancer, and autoimmunity. FLIPs are
a family of viral and cellular proteins initially found to inhibit ap-
optosis and more recently to either up- or down-regulate NF-κB.
As such, a broad role for FLIPs in disease regulation is postulated,
but exactly how a FLIP performs such multifunctional roles remains
to be established. Here we examine FLIPs (MC159 and MC160)
encoded by the molluscum contagiosum virus, a dermatotropic
poxvirus causing skin infections common in children and immuno-
compromised individuals, to better understand their roles in viral
pathogenesis. While studying their molecular mechanisms responsi-
ble for NF-κB inhibition, we discovered that each protein inhibited
IRF3-controlled luciferase activity, identifying a unique function for
FLIPs. MC159 and MC160 each inhibited TBK1 phosphorylation, con-
firming this unique function. Surprisingly, MC159 coimmunoprecipi-
tated with TBK1 and IKKe but MC160 did not, suggesting that these
homologs use distinct molecular mechanisms to inhibit IRF3 activa-
tion. Equally surprising was the finding that the FLIP regions neces-
sary for TBK1 inhibition were distinct from those MC159 or MC160
regions previously defined to inhibit NF-κB or apoptosis. These data
reveal previously unappreciated complexities of FLIPs, and that sub-
tle differences within the conserved regions of FLIPs possess distinct
molecular and structural fingerprints that define crucial differences
in biological activities. A future comparison of mechanistic differ-
ences between viral FLIP proteins can provide new means of pre-
cisely manipulating distinct aspects of intrinsic immune responses.

host–pathogen interactions | immune evasion

IFN-β provides an important defense against viral infections (1,
2). The pathway leading to IFN-β production is well charac-

terized. By-products of viral infection, such as dsRNA, are de-
tected by upstream cellular sensors, including retinoic acid-
inducible gene 1 (RIG-I), melanoma differentiation-associated
factor gene 5 (MDA5), and STING. RIG-I and MDA5 proteins
then interact with mitochondrial antiviral signaling (MAVS)
adaptor protein to trigger MAVS activation (3–8). The TNF
receptor-associated factor 3 (TRAF3) adaptor protein is recruited
to this complex, resulting in the activation of the kinase complex
TANK-binding kinase 1 (TBK1)–IκB kinase e (IKKe) (9–11).
Alternatively, the STING molecule activates TBK1–IKKe (12,
13). In either case, TBK1–IKKe phosphorylates and activates IFN
regulatory factor (IRF) transcription factor proteins (11), which
migrate to the nucleus to bind to the IFN-β enhancer. IFN-β is
secreted and binds to the IFN receptor (IFNR). This initiates a
second signaling cascade in infected and neighboring cells, which
promotes expression of IFN-α and IFN-stimulated genes whose
products contribute to an antiviral state.
Identification of the above members of the IFN-β signal

transduction pathway also resulted in the discovery of viral mol-
ecules that inhibit events in this pathway (14). Given that viral
immunoevasion proteins often interact with host proteins in such
a way as to provide maximal efficiency of replication, the study of

these viral proteins has greatly increased our understanding of
IFN-β production and regulation. One such virus that serves as an
important model for viral effects on host immune function, mol-
luscum contagiosum virus (MCV), does not encode any obvious
IFN-β antagonists (15, 16). This was surprising given that related
poxviruses, such as the vaccinia virus, express several intracellular
proteins (E3, C6, and N2) that inhibit IFN-β (17–23). To date,
only the MCV MC54 protein, a secreted interleukin binding
protein (IL-18BP), is predicted to inhibit IFN expression in-
directly by preventing IL-18–mediated IFN-β activation (24, 25).
Unlike other poxviruses that have broad host and/or tissue tro-
pism, MCV infections are limited to infection of the human skin
and are often long lasting (26), suggesting that MCV may possess
heretofore unappreciated and novel mechanisms to inhibit IFN-
β. We examined this possibility in this study by characterizing
MCV proteins that are known immune evasion molecules.
The MCV MC159 and MC160 immune evasion proteins are

members of the FLIP family of proteins, which includes other
viral and host cellular proteins, notably Kaposi sarcoma-associ-
ated herpesvirus (KSHV) K13 and the cellular cFLIP proteins,
of which there are three variants: cFLIPL, cFLIPS, and cFLIPR
(15, 27–29). These proteins possess characteristic tandem death-
effector domains (DEDs). Initial reports show that FLIPs are
immunomodulatory and inhibit death receptor-mediated apo-
ptosis (27, 29–31). Now, it is known that the K13 and cFLIPL
proteins also activate NF-κB (32–37). Surprisingly, the MCV
MC159 and MC160 proteins have properties that are distinct
from these earlier examples, in that they are known to inhibit
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TNF-induced NF-κB activation (38–42). Together, these pub-
lications highlight that although they are evolutionarily related
and similar in amino acid sequence, each FLIP is distinct enough
to possess unique biological properties, and that these properties
may have evolved out of the different requirements a virus has to
survive and replicate in its host cell environment.
The starting point for this study was a recent report showing

that MC159 prevents IFN-β enhancer activation (43), which
suggested a third function for FLIPs. However, because the IFN-
β enhancer contains NF-κB–binding sites (44, 45), it remained
unclear as to whether the IFN-β inhibitory effect of MC159 was
indirect. Moreover, given the history of FLIP proteins exerting
opposing effects on NF-κB, it was also unknown whether other
members of the FLIP family possessed functions that were sim-
ilar to or opposite of MC159. To address these specific questions
and expand the general understanding of the functional reper-
toire of FLIPs, we assessed the functions of wild-type and mu-
tated FLIPs under conditions in which NF-κB activation would
not confound results.

Results
The MC159 and Other FLIPs Inhibit IRF3 Activation in an NF-κB–
Independent Manner. Recently, it was reported that MC159
inhibits dsRNA-induced activation of the IFN-β enhancer (43),
suggesting that FLIPs may control IRF3 activation. However, the
subcellular mechanism for this inhibition is ill defined, and it is
not known if other FLIPs share a similar function. Interestingly,
IFN-β protein levels are increased in cFLIPL

−/− MEFs, sug-
gesting cFLIPL inhibits IFN-β expression (46). To fill the gap in
this knowledge, a model system was used in which the MCV
FLIPs were expressed transiently. This strategy was taken be-
cause (i) there is no tissue culture-based propagation system for
MCV (26) and (ii) expression of FLIPs independent of a pa-
rental or surrogate virus infection avoids confounding results due
to other viral proteins that could potentially inhibit IFN-β acti-
vation directly or indirectly.
As an initial means to evaluate IFN-β gene activation, a re-

porter assay was used in which the firefly luciferase gene was
under the transcriptional control of the natural IFN-β enhancer.
The IFN-β enhancer is regulated by NF-κB, IRF3, IRF7, and
AP-1 transcription factors (47). To study the effect of FLIP
regulation of the IFN-β promoter independent of NF-κB, the
luciferase reporter assay was performed using wild-type mouse
embryo fibroblast (MEF) cells or MEFs lacking p65 (p65−/−). In
both cases, cells were transfected with pMAVS to induce IFN-β
enhancer-controlled gene transcription (Fig. 1). It should be
noted that the p65−/− cells (Fig. 1B) were less responsive to
MAVS-induced IFN-β enhancer activation than wild-type MEFs
(Fig. 1A). Nevertheless, MC159, MC160, or cFLIPL expression
greatly decreased IFN-β enhancer-controlled luciferase activity
in comparison with cells transfected with empty vector, regard-
less of the presence or absence of the p65 subunit of NF-κB in
MEFs. It should also be mentioned that a recent report shows
that MC159 activates NF-κB (48). However, the overexpression
of MC159, or any other FLIP, did not induce IFN-β enhancer
activity in both cell types tested here. The porcine reproductive
and respiratory syndrome virus (PRRSV) nsp11 protein is a
known inhibitor of IFN-β activation via its ability to inhibit
IRF3 and NF-κB (49, 50). As would be expected, luciferase ac-
tivity was low in nsp11-expressing cells and was used as a positive
control. Whereas KSHV K13 is reported to activate NF-κB (32),
luciferase activity was decreased in cells here, albeit not to the
levels observed with the other FLIPs or nsp11. When comparing
the IRF3 inhibitory phenotypes to the reported effects of FLIPs
on NF-κB, it was interesting that there was no correlation be-
tween FLIP modulation of NF-κB and its modulation of the
IFN-β enhancer. Notably, cFLIPL activates NF-κB (32) while it
inhibited activation of the IFN-β enhancer here. Expression of

viral proteins was confirmed by immunoblotting lysates of both
wild-type and p65−/− MEFs, showing that FLIP proteins were
stably expressed under all conditions, and that differences in
IFN-β activation among the FLIP proteins was not due to level of
protein expression. It was difficult to reliably detect the FLAG-
tagged MAVS protein in MEF or MEF p65−/−cells at the times
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Fig. 1. FLIP proteins inhibit IFN-β enhancer activation independent of NF-
κB. Subconfluent (A) wild-type or (B) p65−/− MEF cellular monolayers were
cotransfected with pIFN-β–luc (225 ng), pRL-null (25 ng), 500 ng pMAVS or
pCI, and 750 ng of pCI, pMC159, pMC160, pcFLIPL, pK13, or pnsp11. Values
are shown as mean ± SD (n = 3). Twenty-four hours later, cells were lysed and
firefly and sea pansy luciferase activities were measured. A portion of each
lysate was analyzed for FLIP expression by immunoblotting, using the anti-
serum indicated. These are representative results from experiments that
were performed at least three times independently.
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when cells were harvested for luciferase activity assays. However,
a profound induction of IFN-β–controlled luciferase activity was
reliably observed in mouse cells transfected with the MAVS
plasmid (Fig. 1 A and B), showing that the plasmid is indeed
coding for a protein that has biological activity.

The MC159 and MC160 Proteins Inhibit TBK1 Activation. Poxviruses
code for a large number of proteins that inhibit innate immune
responses. Because FLIPs are not expressed by any other pox-
virus, it was of interest to continue study of the MC159 and
MC160 molecules to identify new viral mechanisms to inhibit
IFN-β. Next, it was of interest to determine the portion of the
IRF3 activation pathway that each MCV FLIP targeted. For
these experiments, a different luciferase reporter was used in
which the firefly luciferase gene was controlled by the PRDIII
(IRF3)-binding site of the IFN-β promoter as a means of exclu-
sively detecting IRF3 activation. Both the STING- and MAVS-
induced IRF3 activation pathway converge at activation of the
TBK1–IKKe complex (11–13). As such, overexpression of either
TBK1 or IKKe molecules activated the IRF3-controlled luciferase
gene (Fig. 2). In conditions in which overexpression of TBK1 or
IKKe activated luciferase expression, luciferase activity was sig-
nificantly decreased when MC159 was present (Fig. 2 A and B,
respectively). Expression of the MC160 protein also inhibited
TBK1- and IKKe-induced IRF3 activation, and inhibition was
consistently observed to be greater than that observed for MC159.
When a constitutively active form of IRF3 was instead used to
induce IRF3 activation, luciferase activity remained high in
MC159- and MC160-expressing cells (Fig. 2C), suggesting that
each MCV protein inhibited an event upstream of IRF3 acti-
vation. Nsp11 overexpression also did not inhibit constitutively
active IRF3, which was expected given that nsp11 is thought to
act as an endoribonuclease to target the degradation of MAVS
transcripts (49, 50). Viral protein level expression was verified by
immunoblotting to ensure that the lack of inhibition was not due
to a lack of protein expression.
TBK1 activates IRF7 in addition to IRF3 (51, 52). It was

shown previously that MC159 does not inhibit IRF7-induced
IFN-β enhancer activation (43) when a constitutively active IRF7
is expressed, suggesting that MC159 does not directly interact
with IRF7. However, the effect of MC160 on this process is
unknown, and such knowledge may yield insights into the IRF3
inhibitory function of each MCV FLIP. To this end, IRF7 acti-
vation was induced by overexpressing TBK1 and IFN-α in 293T
cells. As shown in Fig. 2D, the MC160 protein prevented IRF7
activation because phospho-IRF7 levels were greatly diminished
in MC160-expressing cells versus vector-transfected cells. In
contrast, the MC159 protein did not inhibit IRF7 activation under
these conditions: phospho-IRF7 levels were similar in pMC159-
versus pCI-transfected cells. These data were quite interesting
because they demonstrated how these homologous MCV pro-
teins have distinct phenotypes, and suggest that each MCV
FLIP provides a unique role in the pathogenesis of molluscum
contagiosum.

The MC159, but Not MC160 Viral FLIP, Associates with TBK1 and IKKe.
An attractive hypothesis was that the MC159 and MC160 pro-
teins functioned at the level of the TBK1–IKKe complex, per-
haps by each FLIP interacting with one or both of these
molecules to prevent subsequent IRF activation. In support of
this hypothesis were data showing that both the TBK1 and the
IKKe molecules coimmunoprecipitated with MC159 (Fig. 3,
Upper). TBK1 was absent in coimmunoprecipitations in which
mouse IgG was used instead of anti-TBK1 antiserum. TBK1 was
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Fig. 2. The effect of MC159 and MC160 proteins on IRF3 and IRF7 activa-
tion. Subconfluent 293T cells were transfected with pIRF3-luc (225 ng); pRL-
null (25 ng); 1,000 ng of either pCI, pMC159, pMC160, or pnsp11; and 500 ng
of (A) pTBK1, (B) pIKKe, or (C) IRF3CA. Forty-eight hours later, cells were
lysed and firefly and sea pansy luciferase activities were measured. Values
are shown as mean ± SD (n = 3). For C, a portion of each lysate was analyzed
for protein expression by immunoblotting, using the antiserum indicated.
These are representative results from experiments that were performed at
least three times independently. (D) The 293T cells were cotransfected with
250 ng each of IRF7 and IFN-α plasmids, 500 ng TBK1 or pCI, and 750 ng

pMC159, pMC160, or pnsp11. Twenty-four hours later, cells were lysed and
probed for the presence of phospho-IRF7 by immunoblotting.
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also absent from immunoprecipitates collected from vector-trans-
fected cells. This showed specific interactions of MC159 with
TBK1. Very small amounts of IKKe were visible in all immu-
noprecipitated samples and were considered background. Sur-
prisingly, in MC160-expressing cells, only very low levels of
TBK1 were present in immunoprecipitates and IKKe levels in
immunoprecipitates were not above background levels. These
data suggest that MC160 uses a molecular mechanism distinct
from that of MC159 to inhibit IRF3 activation. Importantly, both
TBK1 and IKKe proteins were present in preimmunoprecipi-
tated lysates in equal amounts, regardless of transfection con-
ditions, indicating that neither MCV FLIP affected the stability
of these two cellular proteins as a mechanism of function (Fig. 3,
Lower). As would be expected, both the MCV FLIP proteins
were present in similar amounts in preimmunoprecipitated
cellular lysates.

The MC159 and MC160 Proteins Each Inhibit TBK1 Activation Using
Domains Distinct from Those Involved in Inhibiting Apoptosis or NF-κB.
MC159 protein expression also prevented TBK1 activation as de-
termined by the observation that TBK1 phosphorylation was greatly
reduced when cells expressed MC159 (Fig. 4B). The MC159 pro-
tein has two tandem DEDs at residues 7–81 and 95–178 and then
TRAF-binding motifs at residues 210–241 (Fig. 4A) (53–55). For
the antiapoptosis function of MC159, all three motifs must be

present to prevent cell death (53–55). Surprisingly, mutant MC159
proteins deleted for the DED1 region, DED2 region, or the TRAF-
binding domains retained their TBK1 inhibitory functions (Fig. 4B).
It was repeatedly observed that phospho-TBK1 levels were no
longer visible in MC159A-expressing cells, and that MC159B
and MC159Δ proteins inhibited TBK1 phosphorylation to the
same extent as the wild-type MC159. TRAF3 is an adaptor mole-
cule that acts on the TBK1–IKKe complex (9). Because a mutant
MC159 protein deficient in TRAF3 binding (MC159Δ) retained
its ability to inhibit TBK1 phosphorylation (Fig. 4B), it is likely
that MC159 inhibits IFN-β expression independently of TRAF3.
Actin levels were similar among all conditions, indicating equal
protein loading. TBK1 levels remained similar in cells co-over-
expressing TBK1 and wild-type or mutant MC159 protein, in-
dicating that MC159 did not induce TBK1 protein degradation.
TBK1 protein levels were diminished in cells coexpressing nsp11.
Nsp11 possesses endoribonuclease activity and is known to target
MAVS (49, 50). While nsp11 has not been reported to degrade
TBK1 mRNA, it would be reasonable to predict that nsp11 could
target other cellular mRNAs.
When assessing the TBK1 inhibitory function of the same

mutant MC159 proteins by a luciferase reporter assay, wild-type
MC159 protein reduced TBK1-induced luciferase activity by
57% compared with pCI-transfected cells (Fig. 4C). Whereas
MC159B diminished luciferase activity to a slightly greater extent
than MC159A or MC159Δ, the reduction in luciferase activities
was statistically significant for each viral protein. Viral proteins were
expressed at similar levels, indicating that TBK1 overexpression
does not destabilize MC159 protein expression. As would be
expected, nsp11 inhibited TBK1-induced luciferase activity
the greatest.
Based on the data using MC159 mutant proteins above, one

concern was that DEDs themselves did not possess an IRF3
inhibitory function. Moreover, it was unclear how MC160 inhibited
IRF3 activation. As a means of exploring both questions, we used
a set of mutant MC160 proteins in which DED motifs were
expressed independent of other portions of MC160 (Fig. 5A) and
assessed their effect on TBK1 activation. As shown in Fig. 5A, the
wild-type MC160 protein possesses two tandem DEDs; DED1 at
residues 1–79 and DED2 at residues 97–175. The remainder
of MC160, residues 175–371, lacks any known motifs. Two
mutant MC160 constructs, MC160D1 and MC160D2, con-
tained only the MC160 DED1 and DED2, respectively (Fig.
5A), and would afford us the opportunity to assess the in-
hibitory effect of DEDs to inhibit TBK1-induced luciferase
activity (Fig. 5B) or TBK1 phosphorylation (Fig. 5C).
When mapping the MC160 region responsible for inhibition of

TBK1-induced luciferase activity (Fig. 5B), it was observed that
MC160F, which expressed both DEDs, inhibited IRF3-mediated
luciferase activity. The MC160C construct also inhibited IRF3
activation. Interestingly, when each MC160 DED was expressed
independently, only the DED1 region (protein MC160D1) retained
its ability to inhibit luciferase activity. Using the same set of mutant
proteins, a second method (detecting TBK1 phosphorylation) was
used to evaluate TBK1 activation (Fig. 5C). The MC160F protein
inhibited TBK1 phosphorylation to the same degree at wild-type
MC160. In contrast, phospho-TBK1 levels were now detected in
cells expressing the MC160D2 proteins, albeit not to the levels
observed in vector-transfected cells. Phospho-TBK1 levels were
also slightly elevated in cells expressing MC160C and MC160D1,
despite that fact that each construct inhibited IRF3-induced lu-
ciferase activity quite strongly. As would be expected, all mutant
and wild-type MC160 proteins were expressed in similar amounts.
In addition, ectopic expression of TBK1 was not compromised by
coexpression by any of the MC160 constructs. Similar to Fig. 4,
TBK1 protein levels were reduced when cells coexpressed nsp11.
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cells were lysed. Immunoprecipitations (IPs) were performed by incubating
clarified cellular lysates with protein G-Sepharose beads and either anti-HA
or IgG. A portion of preimmunoprecipitated cellular lysates was used for
detection of TBK1, MC159, MC160, or IKKe proteins by immunoblotting. IPs
(Upper) or corresponding clarified cellular lysates (Lower) were analyzed for
proteins by immunoblotting.
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Discussion
MCV is a dermatotropic poxvirus that causes benign skin neo-
plasms in humans (26). MCV is a common and worldwide in-
fection, and is an opportunistic infection of immunocompromised
patients (56–59). MCV is understudied due to the lack of an ani-
mal model for disease or a tissue culture-based propagation system.
Despite these technical difficulties, great insights into viral immune
evasion have occurred by studying these proteins independent of
MCV infection (16). Because there is no cure for MCV infections,
continued study of these immune evasion proteins on a subcellular
level will provide information that may allow for the reconstitution
of the immune response to resolve MCV infections.
The TBK1–IKKe complex is an essential complex for activa-

tion of IFN-β expression in response to viral infection (11).
Therefore, it is not surprising that viral immune evasion proteins
target TBK1–IKKe. For example, herpes simplex virus, another
virus with a DNA genome, expresses the γ1 34.5 protein, which
also prevents TBK1 activation to block IFN-β expression (60).
Vaccinia virus, a well-studied poxvirus, expresses the C6 protein
to interact with TBK1–IKKe complex scaffold proteins to block
IRF3- and IRF7-controlled IFN-β production (22). With respect
to C6, it would be expected that MC159 would possess a differ-
ent molecular mechanism to inhibit TBK1 activation because
MC159 inhibits TBK1-induced IRF3 activation but not TBK1-
induced IRF7 phosphorylation. Despite the fact that both C6
and MC160 inhibited IRF3 and IRF7, it is presumed that MC160
and C6 inhibitory mechanisms are distinct because MC160 did
not coimmunoprecipitate with TBK1 or IKKe (22).
For MC159, the current model is that MC159 binds simulta-

neously to TBK1 and IKKe to prevent subsequent TBK1 acti-
vation through either TRAF3 or STING (9, 12, 13). Another
possibility is that MC159 prevents TBK1–IKKe complex forma-
tion by binding to TBK1 or IKKe. It is highly speculative at this
point to predict which DED of MC159 would specifically interact
with TBK1 versus IKKe. Recently it was reported that the cel-
lular TRAF-interacting protein (TRIP) inhibits TBK1 by tar-
geting it for ubiquitin-mediated degradation (61). Here, TBK1
protein levels were unaffected by MC159, suggesting that MC159
is not acting as a functional TRIP homolog. Although TRAF3–
MC159 interactions are known (55), it is unlikely that MC159
competitively binds to TRAF3 to prevent TBK1 activation be-
cause we observed that a mutant MC159 protein that lacks
TRAF-binding motifs still inhibited TBK1 activation. A previous
study shows that MC159 inhibits IFN-β expression indirectly, by
interacting with FADD (43). Both MC159A and MC159B bind
to FADD (53) and retain IRF3 inhibitory function. As such, we
cannot rule out MC159–FADD interactions playing a role in the
IRF3 inhibitory function of MC159.
How MC160 prevents TBK1 activation remains unknown.

There are some potential mechanisms that are less likely. For
example, coimmunoprecipitation data shown here would suggest
that MC160 does physically interact with this complex as a means
of inhibition. Second, it is doubtful that MC160 interferes with
TRAF3, a protein that triggers TBK1–IKKe complex formation,
because MC160 lacks consensus motifs for TRAF3 binding (38).
MC160 is known to interact with procaspase-8 (39). It was
published recently that procapase-8 cleaves IRF3 to induce IRF3
degradation as a means to down-regulate expression of genes
induced by IRF3 (62). However, the IRF3 protein is neither
decreased nor cleaved in MC160-expressing cells under con-
ditions in which IRF3 is inactive or triggered (S1), suggesting
that MC160 did not directly or indirectly target the IRF3 protein
as its mechanism of inhibition.
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(B) Subconfluent monolayers of 293T cells were transfected with 500 ng
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pnsp11. At 24 h posttransfection, cells were lysed and clarified cellular
lysates were analyzed by immunoblot. Following SDS-10% PAGE, proteins
were transferred to PVDF membranes, and were incubated with anti–phos-
pho-TBK1 (P-TBK1), TBK1, or anti-actin antiserum. (C) Subconfluent 293T cel-
lular monolayers were transfected with pIRF3-luc (225 ng), pRL-null (25 ng),
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viral protein expression. These are representative results from experiments
that were performed at least three times independently.
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An analysis of mutant MC160 proteins was performed here as
one approach to elucidate IRF3 inhibitory function. What is clear
from these data are that more than one region of MC160 inhibits
IRF3, namely DED1 and the C-terminal region of MC160. In-
terestingly, the C terminus of MC160 binds to Hsp90 (39). During
Sendai virus infection, Hsp90 binds to and stabilizes both IRF3
and TBK1, forming a complex to facilitate signal transduction
from TBK1 to IRF3 (63, 64). Thus, one future area of in-
vestigation would be to evaluate whether the C terminus of
MC160 prevents Hsp90-mediated stabilization of TBK1 and
IRF3. It was also observed that the MC160F protein, which
expresses both MC160 DEDs, inhibited TBK1 phosphorylation
to a greater extent that either DED. One interpretation of this
data is that MC160F may be superior for inhibiting TBK1 acti-
vation because it has a larger surface area that could allow for
more stable interactions with its upstream cellular-binding
partners than the smaller MC160D1 protein, and thus this is an
area for future investigation.
Whereas IRF3 and IRF7 proteins are both activated by TBK1,

each protein has distinct functions (65). IRF3 is constitutively
expressed in most cells. In contrast, lymphoid cells express IRF7
constitutively and other cells express IRF7 after prolonged IRF3
activation. Although IRF7 is dispensable for IFN-β gene ex-
pression, this transcription factor is critical for IFN-α gene ac-
tivation. It is unclear how MC159 would inhibit IRF3 but not
IRF7, and future studies that map the region of TBK1–MC159
interactions versus residues important for TBK1 activation may
shed light on this problem (52). In comparison, MC160 inhibited
both IRF3 and IRF7 despite its lack of interactions with the
TBK1–IKKe complex. Such a phenotype would be expected if
MC160 targeted more than one cellular protein. To address this
possibility, future directions will include comparing the MC160
regions required for inhibition of TBK-1 versus IRF3 versus
IRF7. A remaining question is what benefit IRF7 inhibition
would afford MCV, given that MCV is thought to not replicate
in lymphoid cells (26).
It was observed that the cFLIPL protein inhibits IFN-β en-

hancer activation in an NF-κB–independent manner. cFLIPL is
up-regulated in several cancers (66–68). At first glance, it would
seem that this unique inhibitory property of cFLIPL would aid in
tumor cell survival. As such, small molecules that target cFLIPL
may eliminate cancer cells. Because cFLIPS and cFLIPR variants
also possess tandem DEDs, it is of great interest to determine
the effect of these two forms of cFLIP on IFN-β gene activation.
Work shown here highlights the diverse effects of the FLIPs

on intrinsic immune responses. Notably, MC159 is the only FLIP
to date that inhibits apoptosis, NF-κB, and IRF3 activation (27,
29–31, 40, 41). Although MC160 inhibits NF-κB and IRF3 ac-
tivation (38, 39), its function as an antiapoptosis protein is less
convincing, with only one of several publications showing MC160
inhibition of apoptosis, whereas other reports show no such
function (29, 31, 69). The K13 protein of KSHV is a robust in-
ducer of NF-κB in addition to its ability to inhibit apoptosis (70).
Here, K13 gave an intermediate phenotype for its ability to in-
hibit IRF3-induced IFN-β activation. Interestingly, KSHV and
MCV both infect the skin. However, only KSHV has a latent life
cycle. One tantalizing possibility is that the KSHV and MCV
FLIPs each possess different patterns for inhibiting apoptosis,
NF-κB, or IRF3 to overcome different host barriers for virus
replication. For example, KSHV activation of NF-κB is required
for the transformation of cells (33, 35), whereas MCV inhibition
of NF-κB may be necessary for dampening localized antiviral
immune responses triggered by an acute infection.
More curious is that the DEDs of these FLIPs, although

similar, are not functionally identical. For example, within the
context of a single FLIP, both DED1 and DED2 must be present
for antiapoptosis function of MC159 (53, 54, 71). In contrast,
MC159 DED1 is sufficient to inhibit NF-κB activation (41).
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Here, either DED1 or DED2 of MC159 is sufficient to inhibit
IRF3 activation. For the MC160 protein, neither DED inhibits
apoptosis (31), but DED2 or the C terminus inhibits NF-κB (39),
whereas DED1 or the MC160 C terminus is sufficient to inhibit
IRF3 activation. These data suggest that these DEDs, which
appear to be homologous at first glance, actually possess distinct
molecular and structural fingerprints within their DEDs that are
responsible for these specificities. Currently it is unclear what
differences among these FLIPs and their DEDs allow them to
modulate apoptosis, NF-κB activation, and IFN-β expression by
such different mechanisms. A more careful and precise analysis
of the sequences, structure, and molecular functions of FLIPs,
and the comparison of FLIPs to each other, can give new in-
formation into protein–protein interactions that are critical for
regulating intrinsic immune responses.

Materials and Methods
Cell Culture and Plasmids. Wild-type MEF and p65−/− MEFs were obtained
from Laurent Poliquin (University of Quebec, Montreal). Human embryonic
kidney 293T cells were obtained from the American Type Culture Collection.
Plasmid pCI was obtained from Promega. Plasmid pMC159 and pHA–MC159,
and the construction of plasmids pMC159A and pMC159B are described
previously (53). pMC159Δ (Margot Thome; University of Lausanne, Lau-
sanne, Switzerland) encodes a vesicular stomatitis virus epitope-tagged
MC159 protein in which the TRAF3-binding sites are deleted (55). Plasmids
pMC160, pHA–MC160, pMC160C, pMC160F, pMC160D1, and pMC160D2 were
described previously (38, 39). All mutant MC160 proteins express a hemag-
glutinin epitope tag at the N terminus of the protein (38, 39). pK13 encodes
a FLAG-tagged K13 gene from KSHV and a the pcFLIPL plasmid encoding
a FLAG-tagged human cFLIPL gene were provided by Jeffery Cohen [National
Institutes of Health (NIH), Bethesda]. Dongwan Yoo (University of Illinois,
Urbana-Champaign, IL) provided pnsp11, which encodes a FLAG-tagged nsp11
protein from the porcine respiratory virus (50), pMAVS, which encodes a FLAG-
tagged MAVS protein, IRF3CA, which encodes a FLAG-tagged constitutively
active mutant IRF3. Plasmids that encode either IRF7 or IFN-α were gifts from
Fanxiu Zhu (Florida State University, Tallahassee, FL). Plasmid TBK1, which
encodes a FLAG epitope-tagged TBK1 protein, was a kind gift from Siddharth
Balachandran (Fox Chase Cancer Center, Philadelphia). A pcDNA3.1 vector
encoding a FLAG-tagged IKKe plasmid was obtained from Addgene (11). The
following plasmids were used for luciferase reporter assays: pRL-null (Promega),
pIFN-β−luc (containing the natural IFN-β promoter), and pIRF3-luc (containing
four copies of the PRDIII promoter sequence 5′-GAAANNGAAANN-3′). For all
experiments involving plasmids, DNA was transfected into cells using TransIT-
2020 transfection reagent (Mirus Bio), following the manufacturer’s protocol.

Luciferase Assays. For assays in which MAVS overexpression triggered IFN-
β–controlled luciferase activity, Subconfluent MEFs or p65−/− MEFs in 12-
well plates were cotransfected with 225 ng pIFN-β–luc, 25 ng pRL-null, 500
ng pCI, or pMAVS and 750 ng of either pCI, pMC159, pMC159A, pMC159B,
pMC160, pcFLIPL, pK13, or pnsp11. At 24 h posttransfection, cells were
lysed in 1× passive lysis buffer (PLB) (Promega). Lysates were either used
for evaluating luciferase activity or for evaluating the expression of viral
or cellular proteins by immunoblotting. For all other luciferase assays,
293T cells were used, and the pIRF3-luc plasmid was used in place of pIFN-
β–luc. In experiments using overexpression of TBK1, IKKe, or constitutively
active IRF3 to stimulate IRF3-controlled luciferase activity, cells were cotrans-
fected with 225 ng pIRF3-luc, 25 ng pRL-null, 500 ng TBK1, or pIKKe or IRF3CA
or pCI, and 750 ng of either pCI, pMC159, pMC160, or pnsp11. Forty-eight
hours later, cells were lysed in 1× PLB. For luciferase assays in which mutant

MC159 or MC160 proteins were used, subconfluent 293T cells were cotrans-
fected with 225 ng pIRF3-luc, 25 ng pRL-null, 500 ng TBK1, and either 1000 ng
pCI, pMC159, pMC159A, pMC159B, pMC159Δ, pMC160, pMC160C, pMC160F,
pMC160D1, or pMC160D2. At 48 h posttransfection, cells were harvested and
lysed in 1× PLB. All lysates were analyzed in triplicate for luciferase activities.
All luciferase activities were measured as relative light units using a BioTek
luminometer and the Dual Luciferase Reporter Assay System (Promega). Rel-
ative luciferase activity ratios were calculated as described previously (41). In
some instances, a portion of each cellular lysate from luciferase assays was
analyzed for protein expression by immunoblotting, using the antiserum in-
dicated under each immunoblot in the figures. For luciferase assays, the
magnitude of the signal induced by overexpression of signaling proteins can
vary from experiment to experiment. This is likely due to differences in cell
passage numbers. However, despite these differences in magnitude, the ex-
tent of inhibition observed by each FLIP protein or nsp11 protein remains
constant between experiments.

Coimmunoprecipitations. The 293T cellular monolayers in six-well plates were
transfected with 500 ng TBK1, 250 ng pIKKe, and 1,000 ng pCI, pHA–MC159,
or pHA–MC160. At 24 h posttransfection, cells were detached from plates by
scraping and collected by centrifugation (1,000 × g for 10 min). Cellular
pellets were resuspended in 150 μL DED lysis buffer (41) for 30 min at 4 °C.
Cellular lysates were centrifuged (14,000 × g for 10 min). Clarified super-
natants were collected and 50 μL of the supernatants were removed to
a new tube, and 30 μg of protein from this sample was used to assess ex-
pression levels of proteins. The remaining 100 μL of clarified lysates were
incubated overnight with 1 μg monoclonal mouse anti-HA (Sigma-Aldrich)
with constant rotation at 4 °C. Fifty microliters of protein G-Sepharose
(Invitrogen) beads were added the next day to the sample and continued
rotation at 4 °C for another 6 h. As a control, an identical set of clarified
lysates was incubated instead with 1 μg mouse IgG (Sigma-Aldrich). For all
samples, beads were collected by centrifugation (14,000 × g for 2 min), and
washed three times with large volumes of DED lysis buffer. Pelleted bead–
protein complexes were suspended in 30 μL of 2× Laemmli buffer containing
5% (vol/vol) 2-mercaptoethanol and boiled for 5 min. Samples were then
analyzed by immunoblot for the presence of proteins. Primary antibodies
used for these experiments were as follows: polyclonal rabbit anti-MC159
(31), polyclonal rabbit anti-MC160 (31), monoclonal mouse anti-FLAG
(Sigma-Aldrich), monoclonal rabbit TBK1 (Cell Signaling), and polyclonal
rabbit anti-actin (Calbiochem).

Immunoblotting. The activation state of TBK1 was determined by detecting
the phosphorylated (activated) form of the protein by using immunoblotting.
The 293T cells were cotransfected with 500 ng TBK1 or pCI and 1,000 ng
pMC159-based vectors, pMC160-based vectors, or pnsp11. The activation
state of IRF7 was determined by detecting the phosphorylated form of IRF7.
The 293T cells were cotransfected with 250 ng each of IRF7 and IFN-α plas-
mids, 500 ng TBK1 or pCI, and 750 ng pMC159, pMC160, or pnsp11. For both
assays, 24 h later, cells were lysed in cytoplasmic extraction buffer. The
protein concentration of each clarified cellular lysate was determined using
bicinchoninic acid assay (Pierce), and 20 μg of protein from each lysate was
prepared for immunoblotting as previously described (41). Anti-serum used
to probe immunoblots for this assay was as follows: polyclonal rabbit anti–
phospho-TBK1 (Ser-172; Millipore), monoclonal rabbit anti-TBK1 (Cell Sig-
naling), and polyclonal rabbit anti-actin (Calbiochem), rabbit anti–phospho-
IRF7 (Cell Signaling), monoclonal anti-IRF7 (Cell Signaling), polyclonal rabbit
anti-MC159 (31), polyclonal rabbit anti-MC160 (31), and monoclonal mouse
anti-FLAG (Sigma-Aldrich). Secondary antibodies that were used were either
HRP-conjugated goat anti-mouse IgG (Thermo Scientific) or HRP-conjugated
goat anti-rabbit IgG (Calbiochem).
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