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Abstract

The early host response to viral infections involves transient activation of pattern recognition receptors leading to an
induction of inflammatory cytokines such as interleukin-1b (IL-1b) and tumor necrosis factor a (TNFa). Subsequent
activation of cytokine receptors in an autocrine and paracrine manner results in an inflammatory cascade. The precise
mechanisms by which viruses avert an inflammatory cascade are incompletely understood. Nuclear factor (NF)-kB is a
central regulator of the inflammatory signaling cascade that is controlled by inhibitor of NF-kB (IkB) proteins and the IkB
kinase (IKK) complex. In this study we show that murine cytomegalovirus inhibits the inflammatory cascade by blocking
Toll-like receptor (TLR) and IL-1 receptor-dependent NF-kB activation. Inhibition occurs through an interaction of the viral
M45 protein with the NF-kB essential modulator (NEMO), the regulatory subunit of the IKK complex. M45 induces
proteasome-independent degradation of NEMO by targeting NEMO to autophagosomes for subsequent degradation in
lysosomes. We propose that the selective and irreversible degradation of a central regulatory protein by autophagy
represents a new viral strategy to dampen the inflammatory response.
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Introduction

Transcription factor NF-kB activates the expression of numer-

ous target genes, most of which are involved in regulating innate

and adaptive immune responses [1,2]. It is activated in response to

a variety of stimuli, which include pathogen-associated molecular

patterns (PAMPs) and proinflammatory cytokines, such as TNFa
and IL-1b. While TNFa and IL-1b activate their specific receptors

at the cell surface, PAMPs are recognized by so-called pattern-

recognition receptors (PRRs) located at the cell surface, within

endosomal membranes, or the cytosol [3]. The best characterized

PRRs are the TLRs, a family of transmembrane proteins that

recognize PAMPs at the cell surface or within endosomes [4].

They detect a broad range of PAMPs originating from viruses,

bacteria or fungi. For instance, TLR2 and 4 are typically activated

by bacterial peptidoglycans and lipopolysacharide (LPS), respec-

tively. However, they can also be activated by certain viral

glycoproteins [5]. Other TLRs, such as TLR3, 7, and 9, recognize

double- or single-stranded RNA or unmethylated DNA of viral or

bacterial origin [6].

The NF-kB activation pathways emanating from IL-1 receptor

(IL-1R), TNF receptor 1 (TNFR1), and PRRs such as the TLRs

are similar and overlapping (Figure S1). In all these pathways, NF-

kB activity is controlled by inhibitory IkB proteins, of which IkBa
is the best-characterized, and by the IkB kinase (IKK) complex.

The IKK complex consists of two catalytic subunits, IKKa and b
[7], and the essential regulatory subunit, IKKc, which is more

commonly referred to as NEMO (NF-kB essential modulator) [8].

NEMO acts as a scaffold protein for the IKK complex and

mediates interactions with upstream signaling molecules such as

RIP1 and IRAK1 [9,10]. Upon activation, the IKK complex

phosphorylates IkBa, resulting in a rapid ubiquitylation and

proteasomal degradation of IkBa. By this means, NF-kB is

released from its inhibitor, translocates to the nucleus, and

activates transcription of proinflammatory cytokines, chemokines,

and antiapoptotic and antimicrobial proteins [11,12].

During viral infection the first wave of proinflammatory

cytokine production is induced by PRRs upon virus recognition

[5,13]. This immediate and transient response is sustained and

further potentiated by cytokines, such as TNFa and IL-1b, which

activate their cognate receptors in an autocrine and paracrine

manner (Figure S1). This allows for local signal amplification as

well as systemic signal broadcasting beyond the original site of

infection [14,15]. The ensuing inflammatory cascade further

promotes vascular endothelial permeability and infiltration of

leukocytes to the site of infection, and is key to both pathogen

elimination and tissue healing [16].

Cytomegaloviruses are large DNA viruses of the herpesvirus

family that are highly prevalent and cause lifelong infections in

their respective host populations [17]. They induce a broad
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spectrum of innate and adaptive immune responses including the

production of cytokines, induction of programmed cell death, and

priming of T lymphocytes, but have also evolved various strategies

to modulate these antiviral host responses. Co-evolution of these

viruses with their hosts resulted in a dynamic equilibrium between

the host immune response and viral immune evasion strategies

[18]. However, when this equilibrium gets out of balance, as it is

the case in immunosuppressed transplant recipients and immu-

nologically immature fetuses, serious disease may ensue [17].

Human and murine cytomegalovirus (HCMV and MCMV)

both manipulate the early inflammatory host response by

interfering with the NF-kB pathway: they first induce and later

inhibit NF-kB activation. Initially, NF-kB is activated following

viral attachment and entry into host cells [19,20] leading to the

production of cytokines. This activation is triggered, at least in

part, by viral envelope glycoproteins interacting with TLR2 [21],

and viral DNA stimulating TLR9 [22,23,24]. TLR3 and TLR7

are also involved in sensing CMV infection [22,24], although it is

not clear whether they are activated during initial infection or later

during the replication cycle. Besides TLRs, CMV also stimulates

cytosolic DNA sensors. Engagement of ZBP1/DAI activates NF-

kB and cytokine production [25,26], while AIM2 activates

caspase-1, which converts the IL-1b precursor into a functional

cytokine [27] (Figure S1).

Initial NF-kB activation is thought to produce favorable

conditions for viral replication, particularly since the viral major

immediate-early promoter contains numerous NF-kB response

elements [28]. However, it remains controversial whether or not

these NF-kB response elements are necessary to kick-start viral

transcription and replication [29,30,31]. Later during infection,

cytomegaloviruses inhibit NF-kB activation, thereby dampening

the inflammatory host response [20,32]. Specifically, it was shown

that IL-1b-mediated NF-kB activation is inhibited in HCMV-

infected cells, possibly by interfering with signal transduction

upstream of the IKK complex [33]. Whether MCMV also blocks

IL-1b signaling has not yet been investigated. HCMV and

MCMV also inhibit NF-kB activation in response to TNFa, and

this inhibition has been correlated to a down-regulation of TNFR1

from the cell surface [33,34,35].

More recent work has shown that the MCMV M45 protein

blocks TNFR1- and TLR3-dependent NF-kB activation by

interacting with receptor-interacting protein 1 (RIP1), a crucial

mediator protein within these signaling pathways [36]. M45 also

inhibits TNFR1-dependent activation of p38 mitogen-activated

protein kinase (MAPK) and programmed necrosis [36]. For the

latter, a RIP homotypic interaction motif (RHIM) within M45 was

shown to be essential [37]. The M45 RHIM is required to inhibit

the interaction of RIP1 with RIP3, which is necessary for TNFa-

induced necrosis, and is also required for preventing RIP3-

mediated necrosis in response to other stimuli [38].

Here we show that the cytomegalovirus M45 protein blocks

TLR- and IL-1R-dependent NF-kB activation and cytokine

production by targeting the IKK complex, the converging point

of all classical NF-kB activation pathways. M45 binds to NEMO

and relocalizes it to autophagosomes for subsequent lysosomal

degradation. Hence, this virus has adopted an elegant, previously

undescribed strategy to blunt the host cytokine response by

selectively disposing of an essential regulatory hub protein of the

inflammatory cascade.

Results

M45 blocks TLR- and IL-1R-dependent NF-kB activation
Previous work has demonstrated that the MCMV M45 protein

inhibits NF-kB activation upon TNFR1 or TLR3 stimulation [36].

This inhibitory effect was attributed to the ability of the M45

protein to interact with RIP1 and block RIP1-dependent signaling

pathways. Like TLR3, TLR4 can activate NF-kB using the

adaptor proteins TRIF and RIP1 (Figure S1). However, TLR4

also utilizes another pathway to activate NF-kB involving the

adaptor proteins MyD88, IRAK1, and TRAF6 (Figure S1).

Unexpectedly, we found that M45 completely inhibited TLR4-

induced degradation of the NF-kB inhibitor IkBa, which was

measured as an indicator of NF-kB activation (Figure 1A).

Moreover, degradation of IkBa was inhibited after stimulation

of TLR2 and IL-1R, which signal exclusively through the MyD88-

dependent pathway (Figure 1A). The inhibitory effect correlated

with a block of nuclear translocation of the NF-kB p65 (RelA)

subunit as shown for stimulation with IL-1b (Figure 1B). M45 also

blocked NF-kB activation in an NF-kB-dependent reporter assay

upon TLR2, TLR4, and IL-1R stimulation (Figure 1C). However,

we could not detect an inhibition of IL-1R-dependent p38 MAPK

phosphorylation by M45 (Figure 1D). By contrast, p38 phosphor-

ylation upon TNFR1 stimulation was inhibited (Figure 1D),

consistent with previously published data [36].

As the results shown in Figure 1 were obtained using NIH-3T3

fibroblasts that expressed M45 after transduction with a retroviral

expression vector, we next sought to assess whether M45 has the

same inhibitory effect in the context of the viral genome during

MCMV infection. For these experiments, NIH-3T3 fibroblasts

were infected with a GFP-expressing wt MCMV, an M45 deletion

mutant (DM45), or a revertant virus (RM45). Five hours

postinfection (hpi), cells were stimulated with TLR2, TLR4, or

IL-1R agonists, and IkBa degradation was determined by

immunoblot analysis. As shown in Figure 2A, wt MCMV and

the revertant virus inhibited IkBa degradation, but the DM45

virus did not.

Macrophages are key immune cells for initial pathogen

recognition and production of proinflammatory cytokines. They

express a wide range of TLRs not expressed by other cells, such as

fibroblasts, including TLR7 and TLR9. Therefore we investigated

Author Summary

Upon viral infection cells immediately induce an innate
immune response which involves the production of
inflammatory cytokines. These cytokines activate specific
receptors on infected and surrounding cells leading to
local signal amplification as well as signal broadcasting
beyond the original site of infection. Inflammatory
cytokine production depends on transcription factor NF-
kB, whose activity is controlled by a kinase complex that
includes the NF-kB essential modulator (NEMO). In order to
replicate and spread in their hosts, viruses have evolved
numerous strategies to counteract innate immune defens-
es. In this study we identify a highly effective viral strategy
to blunt the host inflammatory response: The murine
cytomegalovirus M45 protein binds to NEMO and redirects
it to autophagosomes, vesicular structures that deliver
cytoplasmic constituents to lysosomes for degradation and
recycling. By this means, the virus installs a sustained block
to all classical NF-kB activation pathways, which include
signaling cascades originating from pattern recognition
receptors and inflammatory cytokine receptors. Redirec-
tion of an essential component of the host cell defense
machinery to the autophagic degradation pathway is a
previously unrecognized viral immune evasion strategy
whose principle is likely shared by other pathogens.

Viral Mediated Destruction of NEMO by Autophagy
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TLR responses in macrophages. Upon infection of primary bone

marrow-derived macrophages (BMDMs), MCMV inhibited nu-

clear translocation of NF-kB p65 (RelA) after stimulation of TLR7

or TLR9 (Figure S2). Importantly, production of the NF-kB-

dependent cytokines TNFa and IL-6 upon TLR7 stimulation was

also inhibited in MCMV-infected BMDMs, dependent on the

presence of M45 (Figure 2B). Similarly, intracellular accumulation

of TNFa upon stimulation with different TLR agonists was

inhibited in wt MCMV-infected RAW267.4 macrophages, but not

in those infected with the DM45 mutant (Figure 2C).

The M45 protein interacts with NEMO
Our results indicated that the M45 protein inhibits TLR and

IL-1R signaling to NF-kB by a mechanism that is distinct from its

known interaction with RIP1, as IL-1R and TLR2, 7, and 9 signal

independently of RIP1 (Figure S1). A plausible explanation for a

RIP1-independent mechanism was that the M45 protein interacts

with yet an additional target protein within the pathway. This

putative interaction partner would be expected to be located

downstream of TAK1, because IL-1R-dependent p38 activation

was not inhibited by M45 (Figure 1D). The IKK complex lies

downstream of TAK1 and is responsible for IkBa phosphorylation

that triggers IkBa ubiquitylation and degradation. To determine

whether the M45 protein interacts with one of the three IKK

subunits, IKKa, IKKb, or NEMO, we performed co-immuno-

precipitation experiments with HA-tagged M45. In these exper-

iments HA-tagged M45 was co-expressed with Flag-tagged

versions of IKKa, IKKb, or NEMO. Immunoprecipitation of

M45 with an anti-HA antibody coprecipitated large quantities of

NEMO but only small amounts of IKKa and IKKb (Figure 3A),

suggesting that M45 binds to NEMO and interacts only indirectly

with IKKa and b via endogenous NEMO. To investigate this

possibility, we tried to coprecipitate M45 and IKKa or IKKb
from lysates of NEMO-deficient murine embryonic fibroblasts

(MEFs). As shown in Figure 3B, IKKa and b did not coprecipitate

with M45 in lysates of nemo2/2 MEFs, but did coprecipitate when

NEMO was coexpressed. From these experiments we concluded

that M45 interacts with IKKa and b only indirectly via NEMO.

It has been shown that polyubiquitylated RIP1 interacts with

NEMO [9]. Hence it is conceivable that the M45–NEMO

interaction is a result of the known M45–RIP1 interaction.

However, the observation that NEMO coprecipitated with M45 in

lysates of rip12/2 MEFs (Figure 3C) clearly indicated that RIP1 is

not required for the M45–NEMO interaction.

To determine whether M45 also interacts with the endogenous

IKK complex, we transfected 293A cells with an expression

Figure 1. M45 inhibits TLR- and IL-1R-mediated NF-kB but not p38 activation. (A) NIH-3T3 cells were transduced with retroviral vectors
expressing M45 or GFP. Two days after transduction cells were stimulated with the TLR4 agonist LPS (10 mg/ml), the TLR2 agonist LTA-SA (10 mg/ml),
or IL-1b (20 ng/ml). IkBa levels were determined by immunoblotting. (B) NIH-3T3 cells were transduced with an M45-expressing or an empty
retroviral vector. 30 min after stimulation with IL-1b (10 ng/ml) cells were fixed, and subcellular localization of the NF-kB p65 subunit was analyzed by
immunofluorescence. (C) NIH-3T3 cells expressing an NF-kB-dependent secreted alkaline phosphatase (SEAP) reporter were transduced with
retroviral vectors expressing M45 or GFP and stimulated 78 h later with the TLR2 agonist Pam3CSK4 (Pam.,1 mg/ml), the TLR4 agonist LPS (0.1 mg/ml),
or IL-1b (5 ng/ml). SEAP activity in the supernatant was quantified 15 h after stimulation and is shown as fold induction of SEAP activity of stimulated
cells compared to non-stimulated cells (mean 6 SD) (D) NIH-3T3 cells transduced with retroviral vectors expressing M45 or GFP were stimulated with
IL-1b (20 ng/ml, 15 min) or TNFa (10 ng/ml, 5 min). Phosphorylated and total p38 in cell lysates was detected by immunoblotting.
doi:10.1371/journal.ppat.1002517.g001
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plasmid encoding HA-tagged M45 or control plasmids. As shown

in Figure 3D, endogenous NEMO, IKKa, and IKKb coprecipi-

tated with M45, but not with an HA-tagged control protein

(m143). Similarly, all three IKK subunits could be coprecipitated

with M45 from lysates of cells infected with RM45, an MCMV

expressing HA-tagged M45 (Figure 3E).

The M45 protein consists of a C-terminal R1 homology domain

and a unique N-terminal domain [39,40] (Figure 4A). The R1

homology domain has a strong sequence homology to ribonucle-

otide reductase (RNR) R1 subunits but is devoid of RNR activity

[41]. The N-terminal domain, by contrast, contains a RHIM that

is required for blocking the RIP1–RIP3 interaction and RIP3-

dependent necrosis [37,38]. To test which part of M45 is required

for the inhibition of NF-kB activation, we used a set of N- and C-

terminally truncated M45 proteins. These proteins were expressed

in fibroblasts using a retroviral vector. Remarkably, up to 350

amino acids of the N-terminus could be deleted without M45

losing its ability to block IL-1b-induced IkBa degradation. By

contrast, only 37 amino acids of the C-terminus were dispensable

for this activity (Figure 4B). When M45 was truncated at both ends

(mutants Nt2-Ct4 and Nt3-Ct4), IkBa degradation was not

inhibited (Figure 4B), indicating that the region between amino

acids 351 and 1137 is necessary but not sufficient for blocking

IkBa degradation. However, this region is both necessary and

sufficient for interaction with NEMO in co-immunoprecipitation

experiments (Figure 4C).

Two MCMV mutants expressing the truncated M45 proteins

Nt3 and Ct, respectively, were used to infect BMDM. Infected

cells were stimulated with a TLR7 or a TLR9 agonist, and TNFa
production was measured by FACS analysis. As shown in

Figure 4D, the full-length M45 protein inhibited TNFa produc-

tion, but the Ct mutant did not. The Nt3 mutant showed only a

partial inhibitory effect, similar to the partial inhibitory effect seen

in the IkBa degradation assay (Figure 4B).

M45 induces NEMO degradation by a ubiquitin–
proteosome independent pathway

To further explore how the M45–NEMO interaction prevents

NF-kB activation, we next analyzed the abundance of the IKK

subunits in MCMV-infected cells over time. Strikingly, NEMO

started to disappear rapidly as soon as M45 expression began

(Figure 5A). The abundance of IKKa and IKKb also declined in

MCMV-infected cells, but these two subunits did not disappear

completely. In cells infected with the DM45 mutant, the

abundance of all three IKK subunits remained largely unchanged

over the course of infection (Figure 5A). When M45 was expressed

in NIH-3T3, 10.1, or 293A cells using a retroviral vector, NEMO

levels were dramatically reduced (Figure 5B), indicating that M45

is both required and sufficient for mediating this effect. Based on

these observations we hypothesized that M45 might induce

NEMO degradation. First we tested whether the NEMO

degradation was ubiquitin-dependent. For these experiments, we

used ts20 cells, that have a temperature-sensitive ubiquitin

activating (E1) enzyme [42]. The E1 enzyme is active at low

temperatures (#35uC) and becomes inactive at temperatures

above 39uC. As shown in Figure 5C, NEMO disappeared in

MCMV-infected ts20 cells even at high temperatures. Other

proteins, whose degradation is ubiquitin-dependent, such as p53

or IkBa, were stabilized at 40.5uC, indicating that the temperature

shift had the expected effect on the ubiquitin system (Figure 5C).

Notably, CMV infection itself also prevents p53 degradation by an

as-yet undefined mechanism [43].

When NIH-3T3 cells were infected with MCMV, degradation

of NEMO and the IKKa and b subunits was inhibited in the

Figure 2. M45 inhibits IkBa degradation, TNFa and IL-6 production during MCMV infection. (A) NIH-3T3 cells were infected with wt
MCMV-GFP, an M45 deletion mutant (DM45) or a revertant virus (RM45) at an MOI of 10 and treated 5 h postinfection with the TLR2 agonist
Pam3CSK4 (Pam., 0.1 mg/ml), the TLR4 agonist LPS (10 mg/ml), or IL-1b (20 ng/ml) for the indicated times. Levels of the indicated proteins were
analyzed by immunoblotting. (B) BMDMs were infected with wt MCMV-GFP, DM45, or RM45 at an MOI of 3 and stimulated 8 h postinfection for 16 h
with the TLR7 agonist R848 (0.1 mM). TNFa and IL-6 levels in the supernatant were determined by ELISA (mean 6 SD). (C) RAW264.7 macrophages
were infected with wt MCMV-GFP or DM45 at an MOI of 0.1, stimulated 24 h postinfection for 4 hours with TLR agonists Pam3CSK4 (Pam.) or Malp-2
(TLR2), LPS (TLR4), R837 (TLR7), or CpG (TLR9), in the presence of brefeldin A. Cells were fixed, permeabilized, and stained with a TNFa-specific
antibody. The percentages of TNFa-positive cells within infected (GFP-positive) cell populations were determined by FACS analysis (mean 6 SD).
doi:10.1371/journal.ppat.1002517.g002
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presence of a lysosomal protease inhibitor cocktail directly

blocking lysosomal degradation or by ammonium chloride

treatment that indirectly inhibits lysosomal protein degradation

by blocking lysosome acidification (Figure 5D). In NIH-3T3 cells

that stably express M45, NEMO levels can also be restored by

treatment with lysosomal protease inhibitors or ammonium

Figure 3. M45 interacts with the IKK complex. (A) 293A cells were transfected with plasmids expressing HA-tagged M45 or an unrelated MCMV
control protein (m143) and Flag-tagged IKK subunits. Lysates were subjected to immunoprecipitation (IP) using an anti-HA antibody.
Immunoprecipitates were analyzed by immunoblotting (IB) using anti-Flag antibody. Whole cell lysates (WCL) were immunoblotted using Flag-,
HA-, and actin-specific antibodies, respectively. (B) Nemo2/2 MEFs were transfected with Flag-tagged IKK subunits and HA-tagged M45 or an
unrelated MCMV control protein (m142), respectively. IP and IB were performed using anti-HA and anti-Flag antibodies, respectively. WCL were
immunoblotted with anti-NEMO antibody and as described for panel A. (C) rip12/2 MEFs were transfected with HA-tagged M45 or an unrelated
MCMV control protein (m142) and Flag-tagged NEMO. IP was done with an anti-HA antibody. Immunoprecipitates and WCL were analyzed by
immunoblotting using the indicated antibodies. (D) 293A cells were transfected with plasmids expressing HA-tagged M45 or m143 (as a control).
Lysates were subjected to anti-HA immunoprecipitation. Immunoblotting of precipitates and the WCL was done with antibodies as indicated. (E) NIH-
3T3 cells were infected for 4 hours with RM45 (MCMV expressing HA-tagged M45), DM45, or Rm142 (MCMV expressing HA-tagged m142) at an MOI
of 5. Cell lysates were subjected to IP and IB with antibodies as indicated.
doi:10.1371/journal.ppat.1002517.g003
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chloride, but not in the presence of the proteasome inhibitor

lactacystine (Figure 5E). Taken together these results indicated

that M45 induces NEMO degradation in lysosomes, independent

of the ubiquitin-proteasome degradation pathway.

M45 targets NEMO to autophagosomes
Degradation pathways often result in the redistribution of

target proteins. To gain further insight into the mechanism of

NEMO degradation we analyzed the intracellular distribution

of NEMO during MCMV infection. NIH-3T3 cells stably

expressing Flag-tagged NEMO were infected with a GFP-

expressing wt MCMV or an M45 deletion mutant (DM45).

NEMO was subsequently detected by immuno-fluorescence

staining using an anti-Flag antibody. Infection with wt MCMV

induced NEMO accumulation in punctate structures as early

as 7 hpi. These punctate structures were seen only occasionally

in uninfected cells or cells infected with DM45 (Figure 6A).

NEMO accumulation in punctate or vesicular structures was

observed in cells transiently transfected with M45 and NEMO

expression plasmids (Figure 6B). M45 also localized to these

structures, but was also found diffusely distributed throughout the

cytoplasm in transfected (Figure 6B) and MCMV-infected cells

(Figure 6C).

Autophagy is a catabolic process involving the lysosomal

degradation and recycling of the cell’s own components [44]. It

is currently the only known mechanism for cytoplasmic proteins to

end up in lysosomes. Hence we asked whether the punctate

structures, to which NEMO is targeted by M45, represent

autophagosomes. GFP-tagged microtubule-associated protein light

chain 3 (LC3) is commonly used as a marker for autophagosomes.

It is found diffusely distributed throughout the cytoplasm and

nucleus in cells with little or no autophagic activity. Upon

induction of autophagy, LC3 is conjugated to phosphatidyletha-

nolamine and incorporated into autophagosomal membranes

[45,46]. Indeed, NEMO colocalized with GFP-LC3 in cytoplas-

mic dots or vesicles when M45 was coexpressed, suggesting that

M45 induces NEMO targeting to autophagosomes. By contrast,

NEMO did not colocalize with GFP-tagged Rab5 or Rab7, which

represent marker proteins for early and late endosomes,

respectively (Figure 6D). In MCMV-infected cells, NEMO was

also redistibuted to punctate structures that colocalized with GFP-

LC3 puncta (Figure S3). NEMO redistribution occurred with and

without ammonium chloride treatment.

Figure 4. The C-terminal RNR R1 homology domain of M45 is required for the inhibition of NF-kB activation and interaction with
NEMO. (A) Schematic representation of M45 truncation mutants used in this and a previous [36] study. The C-terminal RNR R1 homology domain is
shown in white, the unique N terminus in grey. The RHIM is marked black. (B) NIH-3T3 cells were transduced with retroviruses expressing full length
M45, truncated M45 proteins, or GFP. After stimulation with IL-1b (20 ng/ml, 15 min), IkBa levels were determined by immunoblotting. (C) 293A cells
were transfected with plasmids encoding Flag-tagged NEMO and HA-tagged full-length M45, truncated M45, or an unrelated MCMV control protein
(m142), respectively. Lysates were subjected to immunoprecipitation (IP) with an anti-HA antibody. Immunoprecipitates and the whole cell lysates
(WCL) were analyzed by immunoblotting (IB) with the indicated antibodies. (D) Primary BMDMs were mock infected or infected with GFP-expressing
wt MCMV (wt), DM45 mutant (DM45), M45 revertant (RM45), or MCMVs expressing Ct or Nt3 (RCt and RNt3) at an MOI of 1. 17 h postinfection cells
were stimulated for 4 hours with TLR9 agonist CpG (0.5 mM) or TLR7 agonist R838 (0.1 mM) in the presence of brefeldin A. Cells were fixed,
permeabilized, and stained with a TNFa-specific antibody. The percentages of TNFa-positive cells within infected (GFP-positive) cell populations were
determined by FACS analysis (mean 6 SEM).
doi:10.1371/journal.ppat.1002517.g004
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To test whether NEMO degradation is dependent on

autophagosome formation, autophagy-deficient atg52/2 MEFs

were infected with the MCMV M45 deletion mutant (DM45) or

the revertant virus, RM45. As shown in Figure 7A, NEMO

degradation was inhibited in the absence of ATG5, which is

required for autophagosome formation [47].

Next we tested the influence of MCMV infection on

autophagosome formation. First we checked whether MCMV

infection induced autophagy as it has recently been shown for

HCMV and HSV-1 infection [48]. To do this, NIH-3T3

fibroblasts were infected with wt MCMV or DM45, and the levels

of phosphatidylethanolamine-conjugated LC3 (LC3-II) were

determined by immunoblot as an indicator of autophagic activity.

Infection with both viruses led to an increase in LC3-II, but this

increase was less pronounced in DM45-infected cells (Figure 7B),

suggesting that M45 enhances but is not solely responsible for

autophagosome formation. LC3-II levels were further increased in

the presence of a lysosomal inhibitor (Figure 7B), indicating that

the infection-induced increase in LC3-II was not due to a block to

autophagic flux.

The impact of M45 itself on autophagosome formation was

subsequently analyzed in NIH-3T3 cells stably expressing GFP-

LC3. These cells were transduced with retroviral vectors encoding

full-length M45 or the M45 truncation mutant Ct3, which does

not bind NEMO (Figure 4). Three days after transduction, cells

were fixed and analyzed by confocal microscopy. The number of

GFP-LC3 dots per cell section was determined for 50 cells in each

population. As shown in Figure 8A, M45-expressing cells

contained significantly more GFP-LC3 dots than Ct3-expressing

or mock-transduced cells. In addition, many of the M45-

expressing cells contained large GFP-positive structures

(Figure 8B). Such structures were seen only rarely in the Ct3-

expressing or mock-transduced control cells.

GFP-LC3 is a frequently used tool to visualize autophagosomes

and monitor autophagy. However, it has been reported that GFP-

LC3 can also be incorporated into intracellular protein aggregates,

particularly when GFP-LC3 is transiently overexpressed by

transfection [49]. Hence we decided to analyze the M45- and

Ct3-expressing cells by transmission electron microscopy (TEM).

Double-membrane autophagosomes (Figure 8C) were seen

regularly in electron micrographs of M45-expressing cells. Similar

to the results obtained by fluorescence microscopy (Figure 8A), a

detailed analysis of 10 randomly selected M45- and Ct3-expressing

cells revealed a significantly higher number of autophagosomes in

M45-expressing cells (Figure 8D). In addition, some of the M45-

expressing cells also contained large amorphous structures (labeled

‘‘A’’) that correlated with the large GFP-positive structures in

epifluorescence images of the same cells (Figures 8E and F). These

large structures probably represent protein aggregates. However, it

is noteworthy that autophagosomes were frequently observed

Figure 5. M45 induces lysosomal degradation of NEMO. (A) NIH-3T3 cells were infected with MCMV DM45 or the revertant virus, RM45, at an
MOI of 3. Cells were harvested at indicated time points postinfection, and the levels of IKK subunits, M45, IE1, and actin in lysates were analyzed by
immunoblotting. (B) Murine fibroblasts (NIH-3T3, 10.1) or human embryonic kidney 293A cells were transduced with retroviral vectors expressing
M45 or GFP, harvested 72 hours later, and analyzed by immunoblotting. (C) ts20 cells harboring a temperature-sensitive E1 enzyme were incubated
for 14 h at a permissive (35uC) or a restrictive (40.5uC) temperature. Cells were then mock-infected or infected with RM45, and analyzed 10 h
postinfection by immunoblotting (D) NIH-3T3 cells were mock infected or infected with RM45 (MOI of 5) and treated 2 hpi with 10 mM ammonium
chloride (NH4Cl) or a mix of lysosomal protease inhibitors (PI-mix). 9 hpi, levels of IKK subunits, M45, IE1, and actin were determined by
immunoblotting. (E) NIH-3T3 cells were stably transduced with retroviral vectors expressing M45 or GFP, and treated for the indicated times with PI-
mix, 10 mM NH4Cl, or 5 mM lactacystin, respectively. Levels of the indicated proteins were analyzed by immunoblotting.
doi:10.1371/journal.ppat.1002517.g005
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adjacent to the putative aggregates (an example is shown in

Figure 8F–H), suggesting that autophagosomes are involved in the

degradation of these aggregates. By contrast, protein aggregates

were detected only rarely in cells expressing the Ct3 protein.

Taken together, the results indicate that M45 induces the

formation of both, autophagosomes and protein aggregates.

Discussion

Recognition of microbial pathogens by TLRs and other PRRs

results in an activation of NF-kB. This transcription factor is

crucial for activating inflammatory and immune responses, as it

drives the expression of various cytokines [3]. The inflammatory

signaling cascade is amplified by autocrine activation of cytokine

Figure 6. M45 targets NEMO to autophagosomes. (A) NIH-3T3 cells stably expressing Flag-tagged NEMO were mock infected or infected with
wt MCMV-GFP or MCMV-GFP-DM45 at an MOI of 6. Cells were fixed 6 hpi, and NEMO distribution was analyzed by immunofluorescence. The arrow
indicates the region which is shown in higher magnification in the right corner of the picture. (B) NIH-3T3 cells were transfected with Flag-NEMO and
M45-HA expressing plasmids as indicated. 24 h later, cells were fixed and double immunofluorescence staining was performed using antibodies
against the HA and Flag tags. Regions shown in higher magnification in the left corner of the pictures are indicated by arrows. (C) NIH-3T3 cells stably
expressing Flag-NEMO were mock infected or infected with MCMV-M45-HA or MCMV-DM45 at an MOI of 7. Seven hpi, cells were fixed and analyzed
as described for panel B. (D) NIH-3T3 cells were transfected with expression plasmids for Flag-NEMO and M45-HA or empty vector as indicated.
Plasmids encoding GFP-tagged LC3, Rab5, or Rab7 were cotransfected. 24 hours posttransfection cells were fixed and used for anti-Flag
immunofluorescence staining.
doi:10.1371/journal.ppat.1002517.g006
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receptors, creating a feed-forward loop mediated through the NF-

kB pathway (Figure S1). It is well known that viruses have evolved

strategies to block signaling pathways leading to NF-kB activation

[50]. Phosphorylation of IkB proteins by the IKK complex and

their subsequent degradation is the last step before NF-kB

translocation to the nucleus and represents the junction point of

all classical NF-kB activation pathways. Hence, the IKK complex

should be an attractive target for viral intervention.

In this study we showed that the MCMV M45 protein blocks

TLR and pro-inflammatory cytokine signaling to NF-kB at the

level of the IKK complex, by interacting with NEMO, redirecting

it to autophagasomes and inducing its degradation. This

mechanism of action has not been previously disclosed and

affords the virus the ability to broadly inhibit various receptor-

dependent pathways leading to NF-kB activation using a single

viral protein. As the NEMO subunit plays a crucial role in all

classical NF-kB activation pathways [2], it can be assumed that

M45 blocks not only TLR- and IL-1R-dependent NF-kB

activation (as shown here), but also NF-kB activating signals

emanating from cytosolic PRRs such as the RIG-like helicases and

the DNA sensor ZBP1/DAI. As a matter of fact, it has been shown

that TLR2, TLR3, TLR7, TLR9, and ZBP1 are activated in the

course of CMV infection [21–25]. Therefore, a strong selective

pressure exists for this virus to acquire such a comprehensive block

to the classical NF-kB activation pathway. Moreover, M45 might

also attenuate the alternative NF-kB activation pathway, which

depends on IKKa but not NEMO [2], as M45 expression during

MCMV infection also leads to a substantial reduction of IKKa
levels (Figure 5A). This exciting possibility will be investigated in

future studies.

A previous study has shown that MCMVs expressing only the

first 188 amino acids or less of M45 are highly attenuated in vivo,

even in immunodeficient SCID mice [41]. The mutants tested in

that study are bona fide M45 null mutants lacking M45-mediated

inhibition of RIP1 and NEMO. In fact, the previously described

region required for interaction with endogenous RIP1 [36] and

the region required for interaction with NEMO [this study] seem

to be largely overlapping. Once a specific motif required for

NEMO but not RIP1 and RIP3 interaction has been identified,

M45 could be specifically mutated to abolish NEMO interaction

while leaving RIP interactions intact. An MCMV mutant

expressing such an M45 protein could then be used to analyze

the consequences of uninhibited inflammatory signaling in vivo

without losing the ability to inhibit RIP1/RIP3 dependent

processes such as necrosis.

In this study we show that M45 induces NEMO degradation by

relocalizing the protein to autophagosomes for subsequent

degradation in lysosomes. This is a new viral mechanism that

has not been described before. Remarkably, the bacterial

pathogen Shigella flexneri also triggers NEMO depletion, but it

does this by inducing its ubiquitylation and proteasomal

degradation [51]. Hence, Shigella and cytomegalovirus target the

same regulatory host protein, but send it to different degradation

pathways.

Autophagy is a bulk degradation and recycling system that

delivers portions of the cytoplasm and organelles to lysosomes. It

contributes to the turnover of large protein complexes and whole

organelles, and is strongly increased under starvation conditions in

order to maintain an adequate supply of amino acids for protein

synthesis [44]. However, more recent evidence indicates that

autophagy is also involved in selective degradation of proteins and

complexes. For instance, protein aggregates attract factors such as

p62/SQSTM1, NBR1, or ALFY, which in turn recruit LC3 and

promote autophagosome formation [52–54]. In chaperone-

mediated autophagy, proteins with a specific amino acid motif

are bound by an Hsc70-containing chaperone complex and

translocated directly into lysosomes without involvement of

autophagosomes [55]. As we show here, M45 targets NEMO to

autophagosomes, which are characteristic of macroautophagy.

This raises the question of how M45 stimulates autophagic

degradation of NEMO. A recent publication showed that the IKK

complex contributes to the induction of macroautophagy by a

mechanism that is not yet fully understood, but is not dependent

on NF-kB activation [56]. Thus, it is conceivable that M45, by

interacting with NEMO, coerces the IKK complex to induce its

own autophagic degradation. Another possibility is that M45, by

interacting with NEMO, displaces the IKK complex from its

chaperone, Hsp90 [57]. This could cause NEMO or the entire

IKK complex to form insoluble aggregates, which are subse-

quently degraded by macroautophagy. The formation of large

aggregates in cells after prolonged M45 expression and their

association with autophagosomes (Figure 8) argues for the latter

scenario. Moreover, it has been shown that geldanamycin, a

bacterial toxin of Streptomyces hygroscopicus that specifically inhibits

Hsp90 chaperone function, renders Hsp90 client proteins unstable

[58]. Specifically, geldanamycin promotes autophagy-mediated

Figure 7. Loss of NEMO degradation in autophagy-deficient MEFs, and MCMV-induced accumulation of LC3-II. (A) atg52/2 and atg5+/+

MEFs were mock infected or infected with MCMVDM45 or the revertant virus, RM45, at an MOI of 10. Eight hpi cells were harvested and levels of the
indicated proteins were analyzed by immunoblotting. (B) 10.1 fibroblasts were mock infected or infected with wt MCMV or DM45 at an MOI of 5. Cells
were left untreated or treated 30 min after infection with 10 mM NH4Cl to block lysosomal degradation of LC3-II. Cells were harvested at the
indicated time points, and LC3-II levels in cell lysates were analyzed by immunoblotting using an LC3-II-specific antibody. LC3-II levels were quantified
by densitometric analysis and normalized using the corresponding actin levels. Fold increases are shown relative to mock-infected cells.
doi:10.1371/journal.ppat.1002517.g007
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degradation of the IKK complex [59]. Hence, bacteria and viruses

seem to utilize overlapping strategies to inhibit crucial signaling

pathways of innate immunity.

This study combined with previous work [36] shows that the

cytomegalovirus M45 protein curtails the inflammatory cascade by

targeting two central regulatory proteins, NEMO and RIP1

(Figure 9). Remarkably, NEMO and RIP1 also control signaling

cascades in response to the DNA damage sensors ataxia

teleangiectasia mutated (ATM) and p53-inducible death-domain-

containing protein (PIDD) [60,61]. As CMV is known to activate

Figure 8. M45 induces the formation of autophagosomes and aggregates. (A) NIH-3T3 cells stably expressing GFP-LC3 were transduced
with retroviral vectors expressing M45 or Ct3. Three days later, cells were analyzed by confocal laser scanning microscopy. GFP-LC3 dots were
counted in 50 cells per sample. Results are shown as box and whisker plots. The bottom and top of the box represent the first and third quartile,
respectively. The horizontal line within the box represents the median. The minima and maxima within 1.5-fold interquartile range are shown as
whiskers. Dots represent outliers. Significance was determined using ANOVA (***, p,0.001). M45 and Ct3 were detected by immunoblot. (B)
Fluorescence images of cells described above. Large GFP-LC3 aggregates are indicated by arrow heads. (C) Electron micrograph of a double-
membrane autophagosome in an M45-expressing cell. (D) Autophagosomes were counted in 10 randomly selected M45- and Ct3-expressing cells (2–
3 TEM sections per cell). Results are shown in box and whisker plots as described for panel A. Significance was determined using the student’s t-test
(***, p,0.001). (E) Epifluorescence image of an M45-expressing cell with large GFP-LC3 structures. (F) TEM image of the same cell reveals large
aggregates marked with ‘A’. (G, H) Successive enlargement of the region marked in panel F shows an example of an aggregate-associated
autophagosome.
doi:10.1371/journal.ppat.1002517.g008
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ATM-dependent DNA damage responses [62,63] it can be

inferred that M45 may be involved in inhibiting these signaling

cascades as well.

Materials and Methods

Antibodies
We used the following antibodies: Monoclonal antibodies

against IKKb (2C8, Cell Signaling), phopho-p38 (3D7, Cell

Signaling), Flag (M2, Sigma), b actin (AC-74, Sigma), RIP1 (38,

BD Transduction Laboratories), HA (16B12, Covance Inc.), HA

(3F10, Roche), NF-kB p65 (F-6, Santa Cruz, or C22B4, Cell

Signaling), LC3B (D11, Cell signaling), IE1 antibody

(CROMA101; provided by Stipan Jonjic, University of Rijeka,

Croatia) and polyclonal antibodies against NEMO (FL-419, Santa

Cruz), IKKa (M-204, Santa Cruz), p38 (C-20, Santa Cruz), IkBa
(C-21, Santa Cruz), p53 (FL-393, Santa Cruz), Atg5 (Sigma), HA

(Sigma), Flag (Sigma), M45 ([41] provided by David Lembo,

University of Turin, Italy). Secondary antibodies coupled to HRP

were purchased from Dako.

Inhibitors, ligands, and reagents
Lysosomal protease inhibitors were purchased from AppliChem

and used in the following concentrations: E-64, 20 mM; bestatin

hydrochloride, 72 mM; leupeptin, 100 mM; pepstatin A, 3.64 mM.

Lactacystin was purchased from Calbiochem, ammonium chloride

from Merck, and Brefeldin A from Sigma. The following receptor

ligands were used: LPS, LTA-SA, CpG (ODN 1668 or ODN

1826), R837 (Invivogen), R848 (Enzo LifeSciences), IL-1b,

Pam3CSK4 (Imgenex), Malp-2 (Alexis Biochemicals), TNFa
(Promokine).

Plasmids
The following plasmids were purchased from Addgene:

pCMVTAG-NEMO, pCR-Flag-IKKa, pCMV2-Flag-IKKb,

pEGFP-LC3, and pEGFP-Rab7. Plasmids pNiFty2-SEAP (In-

vivogen), pcDNA3 (Invitrogen), pEGFP-C1 (Clontech), pcDNA-

EGFP-Rab5 (provided by Kira Gromova, Freie Universität Berlin,

Germany), pcDNA-m142-HA, -m143-HA, and -m143-Flag [64]

were obtained from sources as indicated. pcDNA-M45-HA and

the truncation mutant Nt3 has been described [36]. Truncation

mutant Nt4 was created by digesting pcDNA-M45-HA with BoxI

and KpnI, blunting and religation. Truncation mutants Ct3

through Ct6 were generated by PCR, replacing the Bsu36I–ApaI

fragment of pcDNA-M45-HA. Truncation mutant Nt2-Ct4 was

generated by digesting pcDNA-Ct4 with HindIII and religation.

Truncation mutant Nt3-Ct4 was generated by digesting pcDNA-

Ct4 with KpnI and EcoRI, blunting, and religation.

Cells and viruses
NIH-3T3 (ATCC CRL-1658) and 10.1 [65] cells are immor-

talized MEFs. Immortalized rip12/2 MEFs were kindly provided

Michelle Kelliher (University of Massachusetts, Boston, MA),

nemo2/2 MEFs by Michael Karin (University of California, San

Diego), and ts20 cells by Robert Kalejta (University of Wisconsin,

Madison). Human embryonic kidney (HEK) 293A cells were

purchased from Invitrogen. Murine RAW264.7 macrophages

were obtained from ATCC (TIB-71). Immortalized atg52/2 and

atg5+/+ MEFs were purchased from RIKEN BRC cell bank. Bone

marrow-derived macrophages (BMDMs) were derived from bone

marrow of C57BL/6 mice as described [66].

MCMV-GFP, the M45 deletion mutant (DM45), the M45

revertant virus (RM45), and an MCMV expressing HA-tagged

Figure 9. M45 targets RIP1 and NEMO, two crucial components of the inflammatory cascade.
doi:10.1371/journal.ppat.1002517.g009
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m142 (Rm142) have been described [36,39,67,68]. RNt3 and RCt

were constructed in the same way as described for RM45 [36],

except that truncated M45 sequences instead of full-length M45

were inserted into DM45. All these MCMV mutants express GFP.

In addition, an M45 deletion mutant was also constructed on the

basis of the GFP-less wt MCMV [69] in the same way as described

for the GFP-expressing DM45 mutant [67]. MCMV-M45-HA was

constructed by inserting an HA tag sequence at the 39 end of the

M45 ORF essentially as described [67]. MCMV-M45-HA does

not express GFP. Viruses were grown and titrated on NIH-3T3

cells according to standard procedures. Viral titers were

determined using the median tissue culture infective dose

(TCID50) method.

Retroviral transduction
pRetroM45, pRetroGFP, and the empty retroviral vector

plasmid have been described [36]. M45 truncation mutants Ct3,

Ct4, Ct5, and Ct6 were excised as KpnI/ApaI fragments from the

pcDNA3 vector, blunted, and insertion into the PmlI site of the

retroviral vector plasmid. The Nt2 and Nt3 sequences were

excised with HindIII/ApaI and XbaI/EcoRI, respectively, blunted,

and inserted in the same way. The Nt4 sequence was PCR-

amplified and inserted between the BamHI and EcoRI sites of the

retroviral vector plasmid. The Nt2-Ct4 and Nt3-Ct4 sequences

were excised from pcDNA-Ct4 with ApaI and HindIII or EcoRI,

respectively, blunted and inserted into the PmlI site of the

retroviral vector plasmid. Flag-tagged NEMO was excised with

NotI and XhoI from pCMVTAG-NEMO and inserted into

pMSCVpuro (Clontech). pBABEpuro-GFP-LC3 (Plasmid 22405)

was purchased from Addgene. Retroviruses were generated using

the Phoenix packaging cell line and used to transduce target cells

as described [70].

NF-kB reporter assay
pNiFty2-SEAP (Invivogen) is an NF-kB-inducible reporter

plasmid expressing Secreted Embryonic Alkaline Phosphatase

(SEAP). NIH-3T3 cells harboring this construct were generated by

transfecting cells with NotI-linearized pNiFty2-SEAP followed by

selection with zeocin. NIH-3T3-NiFty2-SEAP cells were seeded

on 96-well plates and transduced 24 h later with retroviral vectors.

Three days after transduction, cells were stimulated with IL-1b
(5 ng/ml), Pam3CSK4 (1 mg/ml) or LPS (0.1 mg/ml). SEAP

activities in supernatants were determined photometrically 15 h

later using QUANTI-Blue detection reagent (Invivogen) according

to the manufacturer’s protocol. Results are shown as fold

induction of SEAP secretion of stimulated cells compared to

unstimulated cells with standard deviation (SD).

Immunoprecipitation and immunoblotting
For immunopreciptiation cells were grown in 10 cm dishes and

transfected with Polyfect (Qiagen) or by the calcium phosphate

precipitation method. Cells were harvested 24 to 48 h later with

lysis buffer [50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1%

Nonidet P-40 and complete protease inhibitor cocktail (Roche)].

Insoluble material was removed by centrifugation. Proteins were

precipitated using anti-HA or anti-Flag antibodies and protein A

or protein G Sepharose (GE Healthcare), respectively, washed 6

times, eluted by boiling in sample buffer, and subjected to SDS-

PAGE and immunoblotting.

For protein expression kinetics, cells were lysed in RIPA buffer

(20 mM Tris-HCl (pH 7.5), 300 mM NaCl, 1% sodium deoxy-

cholate, 1% Triton X-100, 0.1% SDS, complete protease inhibitor

cocktail). For all other immunoblot analyses, cells were lysed in

boiling SDS PAGE sample buffer.

Immunofluorescence
NIH-3T3 cells were grown on coverslips, washed with PBS, and

fixed for 20 min in 4% paraformaldehyde in PBS. Cells were

incubated with 50 mM ammonium chloride, permeablized with

0.3% TritonX-100, and blocked with 0.2% cold-water fish skin

gelatin (Sigma). Cells were then incubated with primary antibodies

for 1 h at room temperature (RT) or overnight at 4uC, washed

three times with PBS, and incubated for 1 h with secondary

antibodies coupled to AlexaFluor594 or AlexaFluor488 (Invitro-

gen). Samples were washed, mounted on slides with Aqua-Poly/

Mount (Polysciences), and analyzed by confocal laser scanning

microscopy using a Zeiss LSM510 Meta microscope.

BMDMs were treated similarly with the following exceptions:

BMDMs were seeded onto microdot slides (C.A.Hendley Ltd.),

blocking was done with PBS/5% normal goat serum, and

ProLong Gold antifade reagent with DAPI (Invitrogen) was used

for mounting.

Correlative transmission electron microscopy (TEM)
For correlative TEM, cells were grown on culture dishes with

imprinted grids (Ibidi) in order to localize target cells identified by

epifluorescence microscopy. Cells were fixed with 2.5% glutaralde-

hyde in PBS for 30 min at room temperature. Subsequently, cells

were washed with PBS, postfixed for 30 minutes with 1% OsO4 in

PBS, washed with ddH2O, and stained with 1% uranyl acetate in

water. The samples were gradually dehydrated with ethanol and

embedded in Epon resin for sectioning. Single cells were stamped

out and sectioned parallel to the plain of the culture dish. Ultrathin

sections (50 nm) were prepared using an Ultracut Microtome

(Reichert Jung). All sections were counterstained with 2% uranyl

acetate and lead citrate. Electron micrographs were obtained using a

Philips CM 120 TEM at 80 kV and a Gatan Multiscan 794 camera.

Cytokine detection by intracellular TNFa FACS staining
and ELISA

Infected RAW264.7 macrophages or primary bone marrow

derived macrophages were stimulated for 4 hours with TLR

agonists (Pam3CSK4, 1 mg/ml; Malp-2, 0.1 mg/ml; LPS, 1 mg/ml;

R837, 10 mM; CpG-ODN1826, 1 mM) in the presence of 10 mg/

ml brefeldin A. Cells were trypsinized, fixed with 3.7%

formaldehyde in PBS for 10 min at RT, and permeabilized with

0.5% saponin in FACS buffer (PBS with 2% inactivated fetal calf

serum) for 20 min at RT, stained with an AlexaFluor 647-

conjugated anti-mouse TNFa antibody (MP6-XT22, BD Phar-

mingen) for 30 min at RT, washed, and analyzed by FACS. IL-6

and TNFa secretion into culture medium by BMDMs was

measured using commercial ELISA kits (R&D Systems), following

the manufacturer’s instructions.

Supporting Information

Figure S1 Simplified diagram of TNFR1-, TLR-, and IL-1R-

dependent feed-forward signaling pathways to NF-kB and p38

activation.

(TIF)

Figure S2 M45 inhibits TLR-dependent NF-kB activation in

primary macrophages. BMDMs were mock infected or infected

with wt MCMV or DM45, and stimulated with TLR7 and TLR9

agonists R848 and CpG, respectively. NF-kB p65 and the viral

immediate-early 1 (IE1) protein were detected by immunofluores-

cence staining. Nuclei were counterstained with DAPI. Note that

not all cells are infected, but only those expressing IE1.

(TIF)
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Figure S3 NEMO redistribution upon MCMV infection

independent of NH4Cl treatment. NIH-3T3 cells stably expressing

Flag-NEMO were transfected with a GFP-LC3 expression plasmid

and infected 48 hours later with wt MCMV at an MOI of 10.

Eight hpi cells were fixed and subjected to immunofluorescence

staining using an anti-Flag antibody.

(TIF)
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12. Häcker H, Karin M (2006) Regulation and function of IKK and IKK-related

kinases. Sci STKE 2006: re13.

13. Paludan SR, Bowie AG, Horan KA, Fitzgerald KA (2011) Recognition of

herpesviruses by the innate immune system. Nat Rev Immunol 11: 143–154.

14. Beutler B (2009) Microbe sensing, positive feedback loops, and the pathogenesis
of inflammatory diseases. Immunol Rev 227: 248–263.

15. Nathan C (2002) Points of control in inflammation. Nature 420: 846–852.

16. Medzhitov R (2008) Origin and physiological roles of inflammation. Nature 454:

428–435.

17. Mocarski ES, Shenk T, Pass RF (2007) Cytomegaloviruses. In: Knipe DM,

Howley PM, eds. Fields Virology 5th edn. Philadelphia: Lippincott, Williams

and Wilkins. pp 2701–2772.

18. Powers C, DeFilippis V, Malouli D, Früh K (2008) Cytomegalovirus immune

evasion. Curr Top Microbiol Immunol 325: 333–359.

19. Simmen KA, Singh J, Luukkonen BG, Lopper M, Bittner A, et al. (2001) Global
modulation of cellular transcription by human cytomegalovirus is initiated by

viral glycoprotein B. Proc Natl Acad Sci U S A 98: 7140–7145.

20. Browne EP, Wing B, Coleman D, Shenk T (2001) Altered cellular mRNA levels
in human cytomegalovirus-infected fibroblasts: viral block to the accumulation

of antiviral mRNAs. J Virol 75: 12319–12330.

21. Boehme KW, Guerrero M, Compton T (2006) Human cytomegalovirus
envelope glycoproteins B and H are necessary for TLR2 activation in permissive

cells. J Immunol 177: 7094–7102.

22. Tabeta K, Georgel P, Janssen E, Du X, Hoebe K, et al. (2004) Toll-like
receptors 9 and 3 as essential components of innate immune defense against

mouse cytomegalovirus infection. Proc Natl Acad Sci U S A 101: 3516–3521.

23. Krug A, French AR, Barchet W, Fischer JA, Dzionek A, et al. (2004) TLR9-
dependent recognition of MCMV by IPC and DC generates coordinated

cytokine responses that activate antiviral NK cell function. Immunity 21:
107–119.

24. Zucchini N, Bessou G, Traub S, Robbins SH, Uematsu S, et al. (2008) Cutting

edge: Overlapping functions of TLR7 and TLR9 for innate defense against a
herpesvirus infection. J Immunol 180: 5799–5803.

25. DeFilippis VR, Alvarado D, Sali T, Rothenburg S, Früh K (2010) Human

cytomegalovirus induces the interferon response via the DNA sensor ZBP1.
J Virol 84: 585–598.

26. Rebsamen M, Heinz LX, Meylan E, Michallet MC, Schroder K, et al. (2009)

DAI/ZBP1 recruits RIP1 and RIP3 through RIP homotypic interaction motifs
to activate NF-kappaB. EMBO Rep 10: 916–922.

27. Rathinam VA, Jiang Z, Waggoner SN, Sharma S, Cole LE, et al. (2010) The

AIM2 inflammasome is essential for host defense against cytosolic bacteria and
DNA viruses. Nat Immunol 11: 395–402.

28. Sambucetti LC, Cherrington JM, Wilkinson GW, Mocarski ES (1989) NF-kappa

B activation of the cytomegalovirus enhancer is mediated by a viral

transactivator and by T cell stimulation. EMBO J 8: 4251–4258.

29. Gustems M, Borst E, Benedict CA, Perez C, Messerle M, et al. (2006)
Regulation of the transcription and replication cycle of human cytomegalovirus

is insensitive to genetic elimination of the cognate NF-kappaB binding sites in the

enhancer. J Virol 80: 9899–9904.

30. Benedict CA, Angulo A, Patterson G, Ha S, Huang H, et al. (2004) Neutrality of
the canonical NF-kappaB-dependent pathway for human and murine

cytomegalovirus transcription and replication in vitro. J Virol 78: 741–750.

31. Caposio P, Luganini A, Hahn G, Landolfo S, Gribaudo G (2007) Activation of
the virus-induced IKK/NF-kappaB signalling axis is critical for the replication of

human cytomegalovirus in quiescent cells. Cell Microbiol 9: 2040–2054.

32. Hirsch AJ, Shenk T (1999) Human cytomegalovirus inhibits transcription of the

CC chemokine MCP-1 gene. J Virol 73: 404–410.

33. Montag C, Wagner J, Gruska I, Hagemeier C (2006) Human cytomegalovirus
blocks tumor necrosis factor alpha- and interleukin-1beta-mediated NF-kappaB

signaling. J Virol 80: 11686–11698.

34. Popkin DL, Virgin HWt (2003) Murine cytomegalovirus infection inhibits tumor

necrosis factor alpha responses in primary macrophages. J Virol 77:
10125–10130.

35. Jarvis MA, Borton JA, Keech AM, Wong J, Britt WJ, et al. (2006) Human

cytomegalovirus attenuates interleukin-1beta and tumor necrosis factor alpha

proinflammatory signaling by inhibition of NF-kappaB activation. J Virol 80:
5588–5598.

36. Mack C, Sickmann A, Lembo D, Brune W (2008) Inhibition of proinflammatory

and innate immune signaling pathways by a cytomegalovirus RIP1-interacting

protein. Proc Natl Acad Sci U S A 105: 3094–3099.

37. Upton JW, Kaiser WJ, Mocarski ES (2008) Cytomegalovirus M45 Cell Death
Suppression Requires Receptor-interacting Protein (RIP) Homotypic Interaction

Motif (RHIM)-dependent Interaction with RIP1. J Biol Chem 283:
16966–16970.

38. Upton JW, Kaiser WJ, Mocarski ES (2010) Virus inhibition of RIP3-dependent

necrosis. Cell Host Microbe 7: 302–313.

39. Brune W, Ménard C, Heesemann J, Koszinowski UH (2001) A ribonucleotide

reductase homolog of cytomegalovirus and endothelial cell tropism. Science 291:
303–305.

40. Lembo D, Brune W (2009) Tinkering with a viral ribonucleotide reductase.

Trends Biochem Sci 34: 25–32.

41. Lembo D, Donalisio M, Hofer A, Cornaglia M, Brune W, et al. (2004) The

ribonucleotide reductase R1 homolog of murine cytomegalovirus is not a
functional enzyme subunit but is required for pathogenesis. J Virol 78:

4278–4288.

42. Chowdary DR, Dermody JJ, Jha KK, Ozer HL (1994) Accumulation of p53 in a

mutant cell line defective in the ubiquitin pathway. Mol Cell Biol 14:
1997–2003.

43. Chen Z, Knutson E, Wang S, Martinez LA, Albrecht T (2007) Stabilization of

p53 in human cytomegalovirus-initiated cells is associated with sequestration of

HDM2 and decreased p53 ubiquitination. J Biol Chem 282: 29284–29295.

44. Yang Z, Klionsky DJ (2010) Mammalian autophagy: core molecular machinery
and signaling regulation. Curr Opin Cell Biol 22: 124–131.

45. Kabeya Y, Mizushima N, Ueno T, Yamamoto A, Kirisako T, et al. (2000) LC3,

a mammalian homologue of yeast Apg8p, is localized in autophagosome
membranes after processing. EMBO J 19: 5720–5728.

46. Tanida I (2011) Autophagy basics. Microbiol Immunol 55: 1–11.

47. Kuma A, Hatano M, Matsui M, Yamamoto A, Nakaya H, et al. (2004) The role
of autophagy during the early neonatal starvation period. Nature 432:

1032–1036.

48. McFarlane S, Aitken J, Sutherland JS, Nicholl MJ, Preston VG, et al. (2011)

Early induction of autophagy in human fibroblasts after infection with human
cytomegalovirus or herpes simplex virus 1. J Virol 85: 4212–4221.

49. Kuma A, Matsui M, Mizushima N (2007) LC3, an autophagosome marker, can

be incorporated into protein aggregates independent of autophagy: caution in
the interpretation of LC3 localization. Autophagy 3: 323–328.

Viral Mediated Destruction of NEMO by Autophagy

PLoS Pathogens | www.plospathogens.org 13 February 2012 | Volume 8 | Issue 2 | e1002517



50. Hiscott J, Nguyen TL, Arguello M, Nakhaei P, Paz S (2006) Manipulation of the

nuclear factor-kappaB pathway and the innate immune response by viruses.
Oncogene 25: 6844–6867.

51. Ashida H, Kim M, Schmidt-Supprian M, Ma A, Ogawa M, et al. (2010) A

bacterial E3 ubiquitin ligase IpaH9.8 targets NEMO/IKKgamma to dampen
the host NF-kappaB-mediated inflammatory response. Nat Cell Biol 12: 66–73.

sup 61–69.
52. Bjorkoy G, Lamark T, Brech A, Outzen H, Perander M, et al. (2005) p62/

SQSTM1 forms protein aggregates degraded by autophagy and has a protective

effect on huntingtin-induced cell death. J Cell Biol 171: 603–614.
53. Kirkin V, Lamark T, Sou YS, Bjorkoy G, Nunn JL, et al. (2009) A role for

NBR1 in autophagosomal degradation of ubiquitinated substrates. Mol Cell 33:
505–516.

54. Filimonenko M, Isakson P, Finley KD, Anderson M, Jeong H, et al. (2010) The
selective macroautophagic degradation of aggregated proteins requires the PI3P-

binding protein Alfy. Mol Cell 38: 265–279.

55. Cuervo AM (2010) Chaperone-mediated autophagy: selectivity pays off. Trends
Endocrinol Metab 21: 142–150.

56. Criollo A, Senovilla L, Authier H, Maiuri MC, Morselli E, et al. (2010) The IKK
complex contributes to the induction of autophagy. EMBO J 29: 619–631.

57. Chen G, Cao P, Goeddel DV (2002) TNF-induced recruitment and activation of

the IKK complex require Cdc37 and Hsp90. Mol Cell 9: 401–410.
58. Qing G, Yan P, Qu Z, Liu H, Xiao G (2007) Hsp90 regulates processing of NF-

kappa B2 p100 involving protection of NF-kappa B-inducing kinase (NIK) from
autophagy-mediated degradation. Cell Res 17: 520–530.

59. Qing G, Yan P, Xiao G (2006) Hsp90 inhibition results in autophagy-mediated
proteasome-independent degradation of IkappaB kinase (IKK). Cell Res 16:

895–901.

60. Biton S, Ashkenazi A (2011) NEMO and RIP1 control cell fate in response to
extensive DNA damage via TNF-alpha feedforward signaling. Cell 145: 92–103.

61. Janssens S, Tinel A, Lippens S, Tschopp J (2005) PIDD mediates NF-kappaB

activation in response to DNA damage. Cell 123: 1079–1092.

62. Gaspar M, Shenk T (2006) Human cytomegalovirus inhibits a DNA damage

response by mislocalizing checkpoint proteins. Proc Natl Acad Sci U S A 103:

2821–2826.

63. Castillo JP, Frame FM, Rogoff HA, Pickering MT, Yurochko AD, et al. (2005)

Human cytomegalovirus IE1-72 activates ataxia telangiectasia mutated kinase

and a p53/p21-mediated growth arrest response. J Virol 79: 11467–11475.

64. Budt M, Niederstadt L, Valchanova RS, Jonjic S, Brune W (2009) Specific

inhibition of the PKR-mediated antiviral response by the murine cytomegalo-

virus proteins m142 and m143. J Virol 83: 1260–1270.

65. Harvey DM, Levine AJ (1991) p53 alteration is a common event in the

spontaneous immortalization of primary BALB/c murine embryo fibroblasts.

Genes Dev 5: 2375–2385.

66. Blanc M, Hsieh WY, Robertson KA, Watterson S, Shui G, et al. (2011) Host

Defense against Viral Infection Involves Interferon Mediated Down-Regulation

of Sterol Biosynthesis. PLoS Biol 9: e1000598.

67. Brune W, Nevels M, Shenk T (2003) Murine cytomegalovirus m41 open reading

frame encodes a Golgi-localized antiapoptotic protein. J Virol 77: 11633–11643.

68. Valchanova RS, Picard-Maureau M, Budt M, Brune W (2006) Murine

cytomegalovirus m142 and m143 are both required to block protein kinase R-

mediated shutdown of protein synthesis. J Virol 80: 10181–10190.

69. Wagner M, Jonjic S, Koszinowski UH, Messerle M (1999) Systematic excision of

vector sequences from the BAC-cloned herpesvirus genome during virus

reconstitution. J Virol 73: 7056–7060.

70. Swift S, Lorens J, Achacoso P, Nolan GP (2001) Rapid production of

retroviruses for efficient gene delivery to mammalian cells using 293T cell-

based systems. Curr Protoc Immunol Chapter 10: Unit 10 17C.

Viral Mediated Destruction of NEMO by Autophagy

PLoS Pathogens | www.plospathogens.org 14 February 2012 | Volume 8 | Issue 2 | e1002517


