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SUMMARY

Type I interferon (IFN) is a common therapy for autoim-
mune and inflammatory disorders, yet the mecha-
nisms of action are largely unknown. Here we showed
that type I IFN inhibited interleukin-1 (IL-1) production
through twodistinctmechanisms.Type I IFNsignaling,
via the STAT1 transcription factor, repressed the
activity of the NLRP1 and NLRP3 inflammasomes,
thereby suppressing caspase-1-dependent IL-1b
maturation. In addition, type I IFN induced IL-10 in a
STAT1-dependent manner; autocrine IL-10 then
signaled via STAT3 to reduce the abundance of
pro-IL-1a and pro-IL-1b. In vivo, poly(I:C)-induced
type I IFN diminished IL-1b production in response to
alum and Candida albicans, thus increasing suscepti-
bility to this fungal pathogen. Importantly, monocytes
frommultiplesclerosispatientsundergoingIFN-b treat-
ment produced substantially less IL-1b than mono-
cytes derived from healthy donors. Our findings may
thus explain the effectiveness of type I IFN in the treat-
ment of inflammatory diseases but also the observed
‘‘weakening’’ of the immunesystemafter viral infection.

INTRODUCTION

In response to cytosolic viral invasion, activation of intracellular

RIG-I-like receptors triggers interferon-b (IFN-b) production

(Meylan et al., 2006). Specialized immune cells can also produce

type I IFN (both IFN-a and IFN-b) in response to extracellular

stimuli of viral or bacterial origin by toll-like receptor (TLR)

engagement. For example, conventional dendritic cells (cDCs)

and macrophages produce IFN-a and IFN-b in response to

TLR3 and TLR4 stimulation. In addition, plasmacytoid dendritic

cells (pDCs), a specialized type of IFN-producing antigen-pre-

senting cell (APC), can also produce type I IFN in response to

TLR-7 and TLR-9 ligands (Meylan et al., 2006; Stetson and

Medzhitov, 2006).
Type I IFNs bind to a common receptor, the type I IFN receptor

(IFNAR), composed of two subunits (namely IFNAR1 and

IFNAR2), which are associated with the Janus kinases (JAKs)

tyrosine kinase 2 (TYK2) and JAK1. Activation of TYK2 and

JAK1 causes phosporylation of signal transducers and activa-

tors of transcription-1 (STAT1) and STAT2, leading to the forma-

tion of a trimeric complex composed of phosphorylated STAT1

(pSTAT1), pSTAT2, and IFN regulatory factor 9 (IRF9). This

complex translocates to the nucleus where it binds to IFN-stim-

ulated response elements (ISREs), motifs present in promoters

and enhancers of interferon-stimulated genes (ISGs), to regulate

transcription. Moreover, pSTAT1 homodimers, STAT3, and

STAT5 can play a role downstream of IFNAR (Platanias, 2005).

Particular attention has been paid to the anti-inflammatory

effects exerted by type I IFN, demonstrated by two lines of

evidence (Billiau, 2006; Theofilopoulos et al., 2005). First,

patients recovering from a primary viral infection are often

more susceptible to secondary infection. In such circumstances,

an immunosuppressive role of a- and b-IFNs was suggested by

several reports (Decker et al., 2005; Jensen et al., 1992; Shahan-

gian et al., 2009). Second, a number of studies show the effec-

tiveness of this family of cytokines in reducing inflammation in

different experimental settings and, most importantly, type I

IFN is successfully used in the clinic, not only for the treatment

of diseases of viral origin but also for the management of

diseases such as multiple sclerosis (MS) (Barkhof et al., 2007;

Billiau, 2006; Comi et al., 2001; Giovannoni and Miller, 1999).

For patients suffering from MS in the relapsing-remitting phase

(RR-MS), IFN-bmarkedly attenuates the course and the severity

of the disease, contributing to the maintenance of the blood-

brain barrier integrity and reducing the occurrence of relapses.

More recently, IFN treatment has also been successfully used

for patients suffering from familiar Mediterranean fever (FMF)

and from Behcet’s syndrome, two inflammatory disorders linked

to IL-1 overproduction (Kötter et al., 2004; Tweezer-Zaks et al.,

2008).

IL-1b and IL-1a are two potent proinflammatory cytokines,

which share a common IL-1 receptor (IL-1R). IL-1b is synthe-

sized as an inactive precursor, pro-IL-1b, which requires

cleavage by caspase-1 in order to attain its active form (indicated

as p17, because of its molecular weight of 17 kDa), whereas
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IL-1a does not require processing for activity (Mosley et al.,

1987). Caspase-1 activation is accomplished within a protein

complex known as ‘‘inflammasome,’’ which comprises, beside

caspase-1 and its substrate pro-IL-1b, a sensor protein (Marti-

non et al., 2002). To date, four different sensors able to induce

inflammasome platform assembly have been identified,

NLRP1b, NLRP3, IPAF (NLRC4), and AIM2, which trigger the

formation of the inflammasome in response to distinct stimuli

(Martinon et al., 2009; Schroder et al., 2009).

Though IL-1b contributes to the control of several pathogenic

infections, such as Salmonella typhimurium and Candida

albicans (Bellocchio et al., 2004; Gross et al., 2009; Lara-Tejero

et al., 2006), an excessive production of this cytokine has been

associated with several autoinflammatory and/or autoimmune

conditions such as FMF or cryopyrin-associated periodic

syndromes (McDermott and Tschopp, 2007).

Despite the growing use of type I IFN in the clinic, the mecha-

nisms underlying its protective effects in autoimmune and

inflammatory disorders are still poorly understood. Some reports

propose a role for IFN-b in altering integrin and matrix metallo-

proteinase expression or activity, thereby reducing leukocyte

infiltration to the site of inflammation (Billiau, 2006). IFN-b was

also shown to alter the production of several cytokines involved

in T cell polarization or in inflammation, including IL-1b (Billiau,

2006; Coclet-Ninin et al., 1997; Huang et al., 1995; Masters

et al., 2010;Zanget al., 2004).However, themechanismsexplain-

ing this observation and their relevance to the clinic have never

been thoroughly assessed. Specifically, the effects of type I IFN

on inflammasome-dependent cytokinematuration havenot been

investigated. We therefore examined the possible role of type I

IFN in controlling inflammasome activity and IL-1 production,

which might account for both the efficacy of IFNs in therapeutic

settings and the immunosuppressive effects of this cytokine after

viral infection. We indeed found that type I IFN strongly sup-

pressed IL-1 production. This was due to STAT1-dependent

inhibition of NLRP3 and NLRP1 inflammasome activity. In addi-

tion, in bone marrow-derived macrophages (BMDMs), type I

IFN enhanced the production of IL-10, which in turn decreased

the levels of pro-IL-1a and pro-IL-1b. In vivo, pro-IL-1b induced

by aluminum salts and Candida albicans was suppressed by

type I IFN, renderingmicehighly susceptible toCandida infection.

Moreover, monocytes derived from IFN-b-treated MS patients

showed decreased IL-1b production in response to inflamma-

some stimulation, recapitulating the suppressive effects of type

I IFN observed in vitro and in vivo in the murine model.

RESULTS

IFN-b Suppresses Both Pro-IL-1b Availability
and IL-1b Maturation
To assess the anti-inflammatory effects of type I IFN on IL-1

production, we incubated BMDMs for 12 hr with IFN-b. Cells

were then primed with lipopolysaccharide (LPS) for 4 hr in order

to induce pro-IL-1b synthesis and stimulated with alum to acti-

vate IL-1b maturation via the NLRP3 inflammasome. We found

that IFN-b blocked the secretion of IL-1b by suppressing the

activation of both caspase-1 and the intracellular pro-IL-1b

pool (Figure 1A). Inflammasome inhibition and pro-IL-1b reduc-

tion appeared within a few hours of IFN-b stimulation (Figure S1A
214 Immunity 34, 213–223, February 25, 2011 ª2011 Elsevier Inc.
available online) and could not be ascribed to cell death (Fig-

ure S1B). Furthermore, by using Ifnar1-deficient BMDMs, we

ensured that the effects of IFN-b on inflammasome activity and

pro-IL-1b were specific to its receptor (Figure 1B). We next

asked whether type I IFN could exert similar effects also on

bone marrow-derived dendritic cells (BMDCs) and found that

caspase-1 activation was inhibited by both IFN-b and IFN-a,

whereas the suppressive effect on pro-IL-1b was not observed

in this cell type (Figure 1C). Thus, depending on the cell type,

type I IFN can regulate the production of the proinflammatory

cytokine IL-1b at two levels: by inhibiting inflammasome function

and by reducing the pool of intracellular pro-IL-1b.

In order to rule out the possibility that IFN-b-dependent inflam-

masome suppression was due to interference with LPS priming,

NLRP3 inflammasome activity was assayed in cells without prior

priming and in cells that were primed with LPS for 4 hr. As shown

in Figure 1D, inflammasome-mediated caspase-1 activation was

inhibited by IFN-a and -b independently of priming, whereas

IFN-g failed to decrease inflammasome function and intracellular

levels of pro-IL-1b under these conditions. Nevertheless, when

overnight LPS priming was employed, suppression by type I

IFN was most prominent and IFN-g also displayed inhibitory

activity (Figure S1C). In an attempt to determine themechanisms

mediating the observed cross talk between LPS and IFNs, we

assessed IFN receptor-proximal signaling and the amounts of

signal transducing factors (Figure S1D). No significant differ-

ences were observed, suggesting that the diverging responses

to type I and II IFNs observed upon different priming regimes

are due to downstream integration events of LPS and IFN-b

signaling pathways.

Not surprisingly, the secretion of the caspase-1-dependent

cytokines IL-1b, IL-18, and IL-1a was strongly diminished

when BMDMwere pretreated with IFN-b (Figure 1E). In contrast,

the amounts of secreted TNF were not significantly altered (Fig-

ure S1E), whereas the expression of CD40 and CD86 were even

enhanced by IFN-b (Figure S1F). Together, these results show

that IFN-b decreases IL-1 and IL-18 production, though it does

not affect BMDM activation in a general way.

IFN-b Inhibits NLRP1- and NLRP3-Triggered
Inflammasome Activity
To determine whether the suppression exerted by IFN-b specif-

ically affected alum-dependent NLRP3 inflammasome activity,

we tested other NLRP3 agonists and found that NLRP3 inflam-

masome activity after monosodium urate crystals (MSU),

asbestos, nigericin, ATP, and C. albicans was repressed by

IFN-b, similar to alum (Figure 2A).

In order to define whether the effect of IFN-b were confined to

NLRP3 or extended to other inflammasome types, we assessed

the effects of IFN-b pretreatment on the NLRP1b, IPAF, and

AIM2 inflammasomes by activating these inflammasomes with

B. anthracis lethal toxin (LeTx), S. typhimurium, or intracellular

delivery of poly(deoxyadenylic-thymidylic) acid (poly(dA:dT)),

respectively. Similar to the NLRP3, NLRP1b-dependent inflam-

masome activity was inhibited by IFN-b (Figure 2B), whereas

IPAF-inflammasome and ASC-dependent but NLRP3-indepen-

dent AIM2-inflammasome were unaffected by IFN-b pretreat-

ment (Figures 2C and 2D). As expected, in all cases mature

IL-1b amounts were diminished by IFN-b, reflecting the
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Figure 1. IFN-b Decreases Inflammasome

Activity and Pro-IL-1b

(A and B) BMDMs were incubated 12 hr with the

indicated doses of IFN-b. Thereafter, LPS was

added to prime BMDMs and, 4 hr later, alum

stimulation was performed. IL-1b and caspase-1

activation and release were assessed by immuno-

blot. (B) BMDMs of wild-type (WT) and of Ifnar1�/�

origin were used.

(C) As for (A), but with BMDCs instead of BMDMs

and IFN-b or IFN-a.

(D) BMDMs were incubated overnight with IFN-b,

IFN-a, or IFN-g. LPS was either not added, or

added the last 4 hr preceding alum stimulation.

(E) BMDMs were treated with IFN-b overnight for

12 (o/n) or for 5 hr (5h) and primed with LPS for

4 hr. Cells were then stimulated with alum and

cytokines measured by ELISA. Data represent

mean ± SD of three individual experimental points.
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decreased amounts of intracellular pro-IL-1b (Figure 2C and

data not shown). Thus, IFN-b specifically inhibits the activity of

NLRP1b and NLRP3 inflammasomes.

Type I IFN-Induced IL-10 Controls IL-1b
and IL-1a Precursor Levels
A potential role for STAT3 in the suppressive effects downstream

of IFNARwas suggested by the inflammatory phenotype of Stat3

myeloid-specific conditional deleted mice (LysMcre Stat3flox/�)
(Takeda et al., 1999). Though type I IFN-dependent caspase-1

inhibition was unaltered by Stat3 deletion when compared to

control Stat3flox/� BMDMs (Figure 3A), the reduction of intracel-
Immunity 34, 213–223,
lular pro-IL-1b and pro-IL-1a was much

less prominent in Stat3-deficient cells

(Figure 3A). This suggested that type I

IFN induces an inhibitory factor, which is

likely to signal via STAT3, that diminishes

IL-1b and IL-1a precursor amounts.

Given that the evidence for STAT3

involvement in IFNAR signaling is not

compelling and that STAT3 is known to

be involved in signaling downstream of

IL-10 receptor (IL-10R), we tested the

contribution of the anti-inflammatory

cytokine IL-10 to the reduction of IL-1

precursor protein. We found that the

suppression of LPS-induced pro-IL-1b

and pro-IL-1a amounts induced by 5 hr

or overnight incubation with IFN-b was

strongly abolished in Il10�/� BMDMs

(Figure 3B; Figure S2). In line with this,

exogenous IL-10 decreased the abun-

dance of IL-1b and IL-1a precursor

proteins in wild-type (WT) cells (Fig-

ure 3C), whereas this was not the case

in LysMcre Stat3flox/� BMDMs, suggest-

ing a crucial role for STAT3 in the

IL-10-mediated reduction of pro-IL-1b

and pro-IL-1a amounts. Ifnar1�/� and
BMDMs lacking the IFN key transcription factor STAT1

(Stat1�/�) diminished IL-1 precursor amounts in response to

IL-10, but failed to do so upon type I IFN (Figure 3C), indicating

that IL-10 production is downstream of IFNAR-triggered

pathway. Taken together, these results suggest a model in

which type I IFN induces secretion of IL-10, which subsequently

downregulates pro-IL-1 expresssion through activation of

IL-10R and STAT3.

In support of such a mechanism, we found strong IL-10 secre-

tion by WT and conditional LysMcre Stat3flox/� BMDMs upon

type I IFN plus subsequent LPS exposure, which was not

apparent in Ifnar1�/� and Stat1�/� cells (Figure 3D).
February 25, 2011 ª2011 Elsevier Inc. 215
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Figure 2. IFN-b Inhibits NLRP3 and NLRP1b

Inflammasomes

BMDMswere cultured overnight in the presence or

absence of IFN-b. LPS was added to prime the

BMDMs during the last 4 hr preceding inflamma-

some stimulation. Data are representative of at

least three individual experiments.

(A–C) Caspase-1 activation and IL-1b release in

supernatants after stimulation with alum, MSU,

asbestos (Asb), nigericin (Nig), ATP, and C. albi-

cans (C.a.) (A), after LeTx stimulation (B), or after

S. typhimurium (S. typhi.) infection (C).

(D) Caspase-1 release by BMDMs of WT, Asc�/�,
and Nlrp3�/� origin after poly(dA:dT) transfection.
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Type I IFN Inhibits NLRP3 Inflammasome Activation
in a STAT1-Dependent Manner
Next,we testedwhether inflammasome inhibitionby type I IFNwas

mediated via the IFNAR-STAT1 pathway. Indeed in Stat1�/� cells,

type I IFN could no longer inhibit caspase-1 activation (Figure 4A).

STAT1 can be phosphorylated at residues tyrosine 701 or

serine 727. Tyrosine phosphorylation is required for nuclear

translocation of STAT1 and transcription factor function (Plata-

nias, 2005). We therefore tested whether type I IFN efficiently

suppressed the inflammasome in BMDMs in which STAT1 can

be exclusively phosphorylated at the tyrosine residue (in which

serine 727 is substituted with an alanine residue (Stat1S727A)).

Our results indicate that serine phosphorylation is dispensable

(Figure 4B), suggesting that tyrosine phosphorylation is sufficient

for inflammasome inhibition.

Next, we asked whether the inflammasome inhibitory factor

was secreted. We tried to rescue type I IFN-dependent inflam-

masome inhibition in Ifnar1�/�BMDMsby coculturing these cells

with caspase-1-deficient (Casp1�/�) BMDMs, which should nor-

mally respond to IFN. As shown in Figure 4C, Casp1�/� cells

were unable to restore inflammasome inhibition in Ifnar1�/� cells,

suggesting that the inhibitory factor is unlikely to be secreted.

Because the known inflammasome components NLRP3, ASC,

and caspase-1 also appeared not to be downregulated by type

I IFN (Figure 4D), we hypothesized that an intracellular negative

regulator of the inflammasome may be induced by STAT1.

Several proteins have been suggested to function as caspase-1

or inflammasome inhibitors, including the proteinase inhibitors
216 Immunity 34, 213–223, February 25, 2011 ª2011 Elsevier Inc.
serpin peptidase inhibitor, clade B,

member 9 (Serpinb9, also called SPI-6)

and Serpinb2 (also known as PAI-2),

caspase-12, pyrin (also called mediterra-

nean fever), and the Bcl family members

Bcl-2 and Bcl-XL (also known as BCL2-

like 1) (Guarda and So, 2010). We exam-

ined whether these candidates were up-

regulated by type I IFN (by using as

a control the IFN-inducible chemokine

CXCL10) or whether their deletion

affected inflammasome activity (Figures

S3A and S3B). However, none of these

proteins were significantly induced by

type I IFN or were essential for IFN-medi-

ated inhibition of the inflammasome.
Taken together, our results indicate that STAT1 inhibits

NLRP3-mediated caspase-1 activation by an as yet undefined

mechanism.

Type I IFN Suppresses IL-1-Dependent Inflammatory
Cell Recruitment In Vivo
We next asked whether the effects of in vitro IFN treatment on

IL-1 production were similar in vivo. We pretreated mice intrave-

nously (i.v.) with polyinosinic-polycytidylic acid (poly(I:C)), a

synthetic RNA analog that strongly induces type I IFN produc-

tion, and subsequently injected them with alum intraperitoneally

(i.p.), thus inducing an IL-1-dependent peritonitis that is lost in

Il1r1�/� mice, as illustrated in Figure S4A. Peritoneal exudate

cells (PECs) were collected and cytokine content in the lavages

was measured. We found that alum challenge upregulated

mature IL-1b secretion in the lavage fluid and that this was pre-

vented by poly(I:C) pretreatment (Figure 5A). We also observed

that pro-IL-1b amounts were reduced in PEC extracts from

mice pretreated with poly(I:C) (Figure 5B), whereas pro-IL-1a

was undetectable (data not shown). All of the aforementioned

effects were not observed in Ifnar1�/� animals (Figures 5A and

5B), indicating that the effects elicited by poly(I:C) treatment

are dependent on type I IFN.

We consequently analyzed alum-induced recruitment of

inflammatory cells in control mice or in mice pretreated i.v. with

poly(I:C). The number of total PECs recruited upon alum chal-

lenge was strongly reduced in mice pretreated with poly(I:C)

(Figure 5C). In line with this observation, neutrophil and Ly6C+
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Figure 3. Type I IFN Regulates Pro-IL-1

Levels via IL-10 and STAT3

(A) BMDMs from control (Stat3flox/�) or LysMcre

Stat3flox/� (cre Stat3flox/�) mice were incubated

12 hr with IFN-b or IFN-a. Thereafter, LPS was

added to prime the BMDMs and, 4 hr later, alum

stimulation was performed. Caspase-1 activation

and IL-1b release are shown in supernatants, pro-

caspase-1, pro-IL-1b, or pro-IL-1a levels in cell

lysates.

(B) BMDMs from WT or Il10�/� mice were incu-

bated 5 hr with IFN-b, followed by 4 hr LPS treat-

ment. Pro-IL-1b and pro-IL-1a levels were as-

sessed in cell lysates.

(C and D) BMDMs from WT, Ifnar1�/�, Stat1�/�,
LysMcre Stat3flox/�, or control (Stat3flox/�) mice

were incubated 5 hr with IFN-b, IFN-a (C and D),

or IL-10 (C), followed by 4 hr LPS treatment. Pro-

IL-1b and pro-IL-1a levels in cell lysates were

measured by immunoblot (C), IL-10 levels by

ELISA (D). Data represent mean ± SD of three indi-

vidual experimental points (D).
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monocyte recruitment was significantly blocked by poly(I:C)

pretreatment (Figures 5D and 5E). In order to exclude the proba-

bility that the observed reduction was due to a general defect

induced by poly(I:C) onmigratory cells, zymosan, which is known

to induce a peritonitis independently of IL-1, was used in parallel

(Figures 5C–5E; Dostert et al., 2009; Martinon et al., 2006). In this

case, PECs, neutrophils, and (to a lesser extent) Ly6C+ mono-

cytes were still recruited to the peritoneum despite the poly(I:C)

pretreatment, further demonstrating that poly(I:C) suppresses

alum-induced peritonitis by blocking the generation of IL-1.
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Again, the effects of poly(I:C) were specific to type I IFN, as

shown by the fact that poly(I:C) pretreatment did not alter the

recruitment of total PECs and neutrophils and affected Ly6C+

monocyte influx only in a minor proportion in Ifnar1�/� mice

(Figures 5F–5H).

It was reported that poly(I:C) itself can induce IL-1b through

activation of the NLRP3 inflammasome (Allen et al., 2009; Kan-

neganti et al., 2006). Although we can confirm that poly(I:C)

primes cells for pro-IL-1b synthesis, particularly in vitro, we

found no evidence for direct inflammasome activation by
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Figure 4. Inflammasome Inhibition by Type

I IFN Is STAT1 Dependent

(A and B) C57BL/6 (WT), Stat1�/� (A), and

Stat1S727A knockin (S727A) (B) BMDMswere incu-

bated 12 hr with IFN-b or IFN-a. Thereafter, LPS

was added to prime the BMDMs and, 4 hr later,

alum stimulation was performed. Caspase-1 acti-

vation and IL-1b release are shown in superna-

tants, procaspase-1, pro-IL-1b, and pro-IL-1a

levels in cell lysates.

(C) BMDMs from C57BL/6 (WT), Ifnar1�/�, or

Caspase1�/� (Casp1�/�) were cultured alone or

cocultured as indicated. Cells were incubated

12 hr with IFN-b or IFN-a, followed by 4 hr LPS

and alum stimulation. Caspase-1 activation was

assessed by immunoblot in culture supernatants.

(D) BMDMs were stimulated for the indicated

times with LPS, IFN-b , or a combination of the

two. Expression of inflammasome components

was assessed by immunoblot in cell lysates.

Data are representative of two to four individual

experiments.
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Figure 5. Type I IFN Decreases the Inflammatory Response to Alum

C57BL/6 or Ifnar1�/�mice were injected with poly(I:C) (pIC) i.v. or left untreated as a control. 5 hr later, mice were challenged with alum, zymosan, or poly(I:C) (pIC

i.p.) i.p.

(A and B) 2 hr after alum injection, peritoneal cavities were lavaged. IL-1b content in the lavage fluid wasmeasured by ELISA (A), while PECs recovered were lysed

and analyzed for their expression of pro-IL-1b by immunoblot (B). Values are themean ± SEM of five to eight mice per group, pooled from two independent exper-

iments (A), while in (B) individual mice are represented in each lane.

(C–E) 12–14 hr after alum or zymosan injection, mice were sacrificed and peritoneal lavages performed. Absolute numbers of PECs, neutrophils, or Ly6C+mono-

cytes recruited to the peritoneum are depicted.

(F–H) 12–14 hr after alum injection, C57BL/6 or Ifnar1�/� mice were sacrificed and peritoneal lavages performed. Absolute numbers of PECs, neutrophils, or

Ly6C+ monocytes recruited to the peritoneum are depicted.

(C–H) Data represent mean ± SEM of the pool of two independent experiments, and results for individual mice are illustrated.
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poly(I:C) in vitro (Figures S4B andS4C).We also saw no evidence

for poly(I:C)-dependent inflammasome activation in vivo (Fig-

ure 5D), because i.p. injection of poly(I:C) did not trigger neutro-

phil influx, a hallmark of IL-1 production (Chen et al., 2006).

Type I IFN Increases Susceptibility
to C. albicans Infection
Treatment of mice with poly(I:C) impairs their survival to

C. albicans infection (Jensen et al., 1992; Worthington and Ha-

senclever, 1972). Given the importance of IL-1 in the control of
218 Immunity 34, 213–223, February 25, 2011 ª2011 Elsevier Inc.
this infection (Figure S5A; Bellocchio et al., 2004), we wondered

whether under those circumstances, poly(I:C)-induced type I

IFNmight decrease IL-1, thus explaining increased susceptibility

to C. albicans. We compared survival after C. albicans challenge

of naive or poly(I:C)-pretreatedWTmice and Ifnar1�/�mice. Poly

(I:C)-primed WT mice showed dramatically increased suscepti-

bility to C. albicans infection as compared to unprimed mice

(Figure 6A), whereas poly(I:C)-primed Ifnar1�/� mice survived

C. albicans challenge similar to unprimed animals (Figure 6B).

The premature death of WT poly(I:C)-treated animals was found
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Figure 6. Type I IFN Worsens Susceptibility

to C. albicans Infection

(A–D) WT, Ifnar1�/�, or Stat1�/� mice were treated

or not with poly(I:C) (pIC) i.v. and 5 hr later, mice

were infected i.v. with C. albicans (C.a.). On day

1, poly(I:C)-treated mice were injected a second

time with poly(I:C).

(A, B, D) Survival of the different cohorts of mice

was monitored for 7 days postinfection. Data are

representative of at least two independent experi-

ments (per condition, n = 9–10 for WT, n = 4–6 for

Ifnar1�/� or Stat1�/� mice).

(C) C. albicans load was assessed in the kidneys

of 2 day infected mice by counting C. albicans

cfu/kidney in the indicated groups. Cfu per kidney

are represented as mean ± SEM of the pool of two

experiments (9–10 mice per group).

(E) WT or Ifnar1�/� mice were treated or not with

poly(I:C) i.v. and 5 hr later, mice were infected

i.p. with 106 or i.v. with 107 C. albicans fungal cells.

3 hr after i.p. injection and 5 hr after i.v. injection,

PECs or blood were harvested, respectively. Intra-

cellular content of pro-IL-1bwas then assessed by

immunoblot.
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to be due to a defective control ofC. albicans, as indicated by the

fact that kidneys of these animals contained significantly more

colony forming units (CFU) than the kidneys of unprimed WT

mice and the kidneys of poly(I:C)-treated Ifnar1�/� animals

(Figure 6C). We also tested the outcome of poly(I:C) priming on

C. albicans infection in Stat1�/� mice (Figure 6D). As expected,

Stat1�/�mice resisted the detrimental effects of poly(I:C) priming

on candidiasis progression. Intriguingly, we noticed that poly

(I:C)-primed Stat1�/� mice and, to a lesser extent, poly(I:C)-

primed Ifnar1�/� animals showed a tendency to slightly better

survive C. albicans infection compared to their unprimed coun-

terparts (Figures 6B and 6D). We also assessed the role of

IFN-g in STAT1-mediated C. albicans susceptibility and found,

as predicted from our in vitro data, that type II IFN is not playing

a dominant role (Figure S5B).

We then verified whether poly(I:C)-induced type I IFN was

indeed reducing the IL-1 response to C. albicans in vivo. We

challenged poly(I:C)-primed or -unprimed WT and Ifnar1�/�

animals with C. albicans i.p. or i.v. and then analyzed the levels

of pro-IL-1b in PECs and blood, respectively. As shown in Fig-

ure 6E, poly(I:C)-induced type I IFN clearly decreased the ability

of the mice to produce pro-IL-1b upon C. albicans challenge.

IFN-b Suppresses IL-1b Production in Human
Primary Monocytes
To investigate whether type I IFN exerts the same anti-inflamma-

tory effects in human cells, primary monocytes were isolated

from blood of healthy donors (HDs) and cultured overnight with
Immunity 34, 213–223,
IFN-b, primed with LPS, and then stimu-

lated with alum. In line with findings from

mice, incubation with IFN-b effectively

diminished alum-induced IL-1b secretion

and caspase-1 cleavage (Figures 7A and

7B). As shown in Figure 7C, even at low

concentrations IFN-b significantly sup-
pressed IL-1b production. Similar to what was observed in

mouse BMDMs, a striking decrease in pro-IL-1b accompanied

by IL-10 induction was noted (Figure 7B; Figure S6A). Thus,

type I IFN plays a crucial role in the negative regulation of both

caspase-1 activity and pro-IL-1b production in human primary

monocytes.

IFN-b is currently used in the management of several diseases

including MS. We therefore asked whether IFN-b treatment in

RR-MS patients similarly suppresses IL-1b production. First,

we confirmed that the recombinant IFN-b preparations adminis-

tered to the patients (IFN-b-1a, Rebif, produced in mammalian

cells, and IFN-b-1b Betaferon, produced in bacteria) had the

same in vitro effects on IL-1b production as the IFN-b used for

research purposes (Figure S6B). Finally, monocytes isolated

from blood of MS patients on IFN-b therapy were challenged

ex vivo with alum in the presence or the absence of LPS priming

or left untreated (Figure 7D). IL-1b production by monocytes

derived from both Rebif- and Betaferon-treated patients

released significantly less IL-1b than monocytes derived from

HDs. Taken together, these results suggest that a possible

mode of action for the success of IFN-b treatment for MS might

indeed rely on suppressing IL-1-mediated inflammation.

DISCUSSION

In addition to its antiviral effects, type I IFN is acknowledged

as an immunomodulatory cytokine, though the underlying

mechanisms are poorly understood. Our work suggests that
February 25, 2011 ª2011 Elsevier Inc. 219



A B

D

C

SN
caspase-1 p20

XT
procaspase-1

proIL-1

IF
N

-

Alum

--

-actin0

500

1000

1500

2000

2500

3000

3500

IFN---

Alum

IL
-1

 (
pg

/m
l)

IL
-1

 (
pg

/m
l)

0

5000

10000

15000

IFN-  (U/ml)

1000-

Alum

- - 110100

LPS

Alum

LPS

0

5000

20000

15000

10000

IL
-1

 (
pg

/m
l)

Rebif

Betaferon

HD

Figure 7. IFN-b Suppresses IL-1b Production by Human Primary Monocytes

(A–C) Human primary monocytes were cultured overnight in the presence of 1000 U/ml (A, B) or the indicated doses of human IFN-b (C). LPS was added to prime

themonocytes for 3 hr, followed by stimulation with alum. IL-1b release wasmeasured by ELISA and data represent mean ± SD of 3 experimental replicates (A) or

mean ± SEM of 10 individual donors (C). Caspase-1 activation in the supernatants after stimulation with alum and pro-IL-1b levels in cell lysates are shown in (B).

(D) Monocytes from RR-MS patients treated with Rebif or Betaferon, and in parallel, from age- and gender-matched HDs were primed with 3 hr LPS exposure or

left unprimed. Then, cells were stimulated with alum. IL-1b release was measured by ELISA and data represent mean ± SEM of 9 Rebif-treated RR-MS patients,

9 Betaferon-treated RR-MS patients, and 15 untreated healthy donors.
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the anti-inflammatory effects exerted by type I IFNmay be due at

least partially to its ability to control IL-1 production. IL-1a, which

does not require processing by caspase-1, is reduced in BMDMs

upon incubation with type I IFN, whereas secretion of active

IL-1b is abolished by two distinct means: through the reduction

of pro-IL-1b protein and via suppression of NLRP1b and

NLRP3 inflammasome-dependent caspase-1 activation. Such

inflammasome inhibition by IFN also provides a mechanism for

the observed interferon-dependent suppression of IL-18 matu-

ration, as shown by the fact that IL-18 maturation also depends

on inflammasome activity.

The predominant mechanism leading to type I IFN-dependent

suppression of pro-IL-1b and pro-IL-1a is based on the STAT1-

mediated synergistic action of type I IFN and LPS to induce

IL-10. IL-10, in turn, regulates pro-IL-1b and pro-IL-1a amounts

in a STAT3-dependent manner. In agreement with a previous

report (Hu et al., 2006), the ability to induce IL-10 is specific to

type I IFN, thus nicely supporting our observation that IFN-g

does not significantly decrease the levels of pro-IL-1b and pro-

IL-1a. The mechanism by which IL-10 exerts its anti-inflamma-
220 Immunity 34, 213–223, February 25, 2011 ª2011 Elsevier Inc.
tory effects is still the object of intense research, but the reduction

of IL-1 precursor levels may represent one important pathway.

STAT1 is crucial for the inhibition of NLRP3 inflammasome

activity by type I IFNs. We found that phosphorylation at tyrosine

701 was sufficient for the suppression of NLRP3 inflammasome

activity, whereas the serine 727 modification was dispensable.

Tyrosine phosphorylation is required and sufficient for STAT1

nuclear translocation and DNA binding to target promotors,

whereas modification of serine 727 appears to enhance STAT1

transactivator function. This suggests that transcriptional induc-

tion of a target gene was required for the inflammasome-sup-

pressing activity of type I IFN. Our results also indicate that the

inhibitory pathway is likely to be cell intrinsic, but future studies

will be needed to further characterize this pathway.

IL-1b has been reported to play a role in controlling viral infec-

tions such as influenza. Moreover, viral RNA and poly(I:C) were

reported to induce release of IL-1b through activation of the

NLRP3 inflammasome (Allen et al., 2009; Kanneganti et al.,

2006). Interestingly, we observed an increase in intracellular

pro-IL-1b upon poly(I:C) exposure, in particular in vitro. However,
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we could detect neither activation of caspase-1 nor release of

mature IL-1b under these circumstances. In vivo, poly(I:C) trig-

gered strong induction of type I IFN that efficiently prevented

further pro-IL-1b induction by exogenous inflammasome

agonists. Hence, depending on the type of infection, the balance

between the induction of type I IFN and pro-IL-1b could indeed

dictate the final level of mature IL-1b.

The capacity of type I IFNs to suppress inflammasome activity

and IL-1 production is relevant to the phenomenon of superin-

fections. It is well established that although infections with

viruses such as influenza are very common, mortalities purely

attributable to the primary viral infection are relatively rare.

Many influenza-related deaths are caused by secondary bacte-

rial infections, which present a unique clinical challenge resulting

from the emergence of antibiotic resistance and increased

severity of infection. Influenza infections impair innate immune

function and several mechanisms for the increased susceptibility

to secondary bacterial infections have been proposed, some of

which are dependent on type I IFNs (Shahangian et al., 2009).

Our data suggest that the ability of type I IFN to suppress inflam-

masome activity and IL-1 secretion may contribute to the

increased risk of infection after viral exposure. In line with this,

we showed that poly(I:C)-induced type I IFN rendered WT mice

as susceptible to C. albicans infection as Il1r1�/� mice (Belloc-

chio et al., 2004; Kullberg et al., 1990; Van’t Wout et al., 1988;

Vonk et al., 2006). To further corroborate our hypothesis, we

showed that poly(I:C)-induced type I IFN suppressed an effective

IL-1 response to C. albicans infection. In an analogous manner,

Medzhitov’s laboratory delineated a mechanism by which influ-

enza virus leads to suppression of the host immune response

and to increased susceptibility to secondary bacterial infection

through glucocorticoid induction (Jamieson et al., 2010). Inter-

estingly, IL-1b is inhibited by glucocorticoid hormones in vivo

and in vitro (Fantuzzi and Ghezzi, 1993).

The contributions of IL-1 and IL-18 to the development of

inflammatory and autoimmune manifestations are well

described (Chae et al., 2009; Furlan et al., 1999a, 1999b; Kant-

arci et al., 2002). These include MS, where interleukin-1b and

interleukin-1 receptor antagonist gene polymorphisms were

found to be associated with disease severity (Kantarci et al.,

2002). Although more experimental evidence is required, it is

tempting to speculate that the successful treatment of MS with

IFN is mediated, at least in part, by its ability to suppress the

IL-1-inflammasome axis. Such a notion is supported by our

observation that inflammasome activity is suppressed in mono-

cytes from patients under IFN therapy. Our data retrospectively

shed light on some aspects of the widespread use of IFN in the

treatment of autoimmune and/or inflammatory diseases and

suggest that inflammasome inhibitors may complement current

treatment regimes.

EXPERIMENTAL PROCEDURES

Mice

Mice were treated in accordance with the Swiss Federal Veterinary Office

guidelines.

In Vitro Stimulation Experiments

BMDMs and BMDCs were differentiated as previously described (Guarda

et al., 2009). 5 3 104 differentiated BMDMs or BMDCs were incubated for
12 hr or the indicated times in the presence of 500 U/ml IFN-b, 500 U/ml

IFN-a11 (both from PBL Interferon Source), 20 ng/ml IFN-g (Calbiochem), or

20 ng/ml IL-10 (Peprotech) unless otherwise specified. According to what

was indicated, cells were primed with 10 ng/ml ultrapure LPS (Invivogen) either

for 12 hr (at the same time as IFN treatment), for the 4–6 hr preceding inflam-

masome stimulations, or left unprimed. Then, stimulations were carried out.

ATP (500 mM), nigericin (0.4 mM), and MSU crystals (300 mg/ml) were from

Sigma. Asbestos (300 mg/ml) was from SPI-CHEM and alum (300 mg/ml)

from Pierce Biochemicals (Imject-alum). ATP stimulations were performed

for 45 min, other stimulations for 150 min (unless otherwise indicated).

C. albicans was put on BMDMs at a multiplicity of infection of 1 for 150 min.

B. anthracis LeTx stimulation and S. typhimurium infection were carried out

as previously described (Guarda et al., 2009). For the stimulation of the

AIM-2 inflammasome, poly(dA:dT) (purchased from Amersham) was admixed

at the indicated concentrations to Lipofectamine 2000 (from Invitrogen)

according to manufacturer’s instructions and cells were stimulated for 6 hr.

Isolation of Human Primary Monocytes

We obtained buffy coats from the Lausanne Blood Transfusion Center. Addi-

tionally, healthy volunteers and RR-MS patients on Rebif or Betaferon treat-

ment (receiving their last IFN-b injection at the same day or up to 3 days prior

to blood collection) donated 40ml of blood after informed consent. Blood draw

for this study was accepted by our institution’s ethical commission and all

subjects gave their written consent according to review board guidelines.

Stimulation of Human Primary Monocytes

Monocytes from RR-MS patients or healthy donors were plated at

150,000 cells/well and left untreated or primed with 1 ng/ml LPS (Invivogen)

for 3 hr. Unprimed or primed monocytes were subsequently stimulated for

6 hr with 500 mg/ml alum (Pierce). For in vitro IFN-b treatment, CD14+ mono-

cytes were incubated with the indicated amounts of IFN-b (Peprotech) for

12 hr followed by 3 hr LPS priming and 6 hr alum stimulation. To test the

production of IL-10 upon IFN-b exposure, CD14+ monocytes were incubated

in the presence of IFN-b for 12 hr and then stimulated with LPS for 4 hr or left

unstimulated.

In Vivo Peritonitis and Candida albicans Infection Experiments

For peritonitis, mice were injected i.v., unless otherwise indicated, with 200 mg

poly(I:C) (Invivogen) followed by a second i.p. injection of alum 5 hr later. For

the analysis of PECs, 350 mg alum (Pierce) or 350 mg zymosan (Invivogen) as

control were injected. 12–14 hr after alum injection, mice were sacrificed

and peritoneal cavities were washed with 6 ml PBS. PECs were analyzed by

FACS. For the analysis of IL-1b in the peritoneal cavity, 5 hr after i.v. injection

of 200 mg poly(I:C), mice were injected i.p. with 700 mg alum. Lavages and

PECs were harvested 2 hr later, and peritoneal fluids were concentrated for

ELISA analysis with Amicon Ultra 10K from Millipore.

C. albicanswas cultured on Chromagar Candida plates (BD Bioscience). For

C. albicans infections, mice were injected i.v., with 200 mg poly(I:C), followed

by a second i.v. injection of 2.5 3 105 fungal cells 5 hr later. The day after,

mice treated with poly(I:C) were injected again i.v. with 100 mg poly(I:C). For

analysis of C. albicans load, mice were sacrificed 48 hr after infection, and

homogenized kidneys were plated on Chromagar Candida plates to determine

colony forming units. For survival assay, mice were monitored with a score-

sheet, in accordance with local guidelines for animal experimentation.

Statistical Analysis

Statistical differences were calculated with an unpaired Student’s t test, two-

tailed (GraphPad Prism version 5.0). Differences were considered significant

when p% 0.05 (*), very significant when p% 0.01 (**), and extremely significant

when p % 0.001 (***).
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SUMMARY

Upon detection of viral RNA, retinoic acid-inducible
gene I (RIG-I) undergoes TRIM25-mediated K63-
linked ubiquitination, leading to type I interferon
(IFN) production. In this study, we demonstrate that
the linear ubiquitin assembly complex (LUBAC),
comprised of two RING-IBR-RING (RBR)-containing
E3 ligases, HOIL-1L and HOIP, independently targets
TRIM25 and RIG-I to effectively suppress virus-
induced IFN production. RBR E3 ligase domains of
HOIL-1L and HOIP bind and induce proteasomal
degradation of TRIM25, whereas the NZF domain of
HOIL-1L competes with TRIM25 for RIG-I binding.
Consequently, both actions by the HOIL-1L/HOIP
LUBAC potently inhibit RIG-I ubiquitination and
antiviral activity, but in a mechanistically separate
manner. Conversely, the genetic deletion or deple-
tion of HOIL-1L and HOIP robustly enhances virus-
induced type I IFN production. Taken together, the
HOIL-1L/HOIP LUBAC specifically suppresses
RIG-I ubiquitination and activation by inducing
TRIM25 degradation and inhibiting TRIM25 interac-
tion with RIG-I, resulting in the comprehensive
suppression of the IFN-mediated antiviral signaling
pathway.

INTRODUCTION

The host has evolved at least two classes of pattern recognition

receptors (PRRs) that differ fundamentally with respect to their

cellular localization to detect viruses: the transmembrane-local-

ized Toll-like receptors (TLRs) and the cytosolic retinoic acid-

inducible gene-I (RIG-I) andmelanomadifferentiation-associated

gene 5 (MDA5) receptors (Kawai and Akira, 2008). While TLRs

detect incoming virions in the endosomes or phagosomes of

specialized immune cells, RIG-I and MDA5 sense actively repli-
354 Molecular Cell 41, 354–365, February 4, 2011 ª2011 Elsevier Inc
cating viruses in the cytoplasm of various cell types (Kato et al.,

2006; Yoneyama et al., 2004). RIG-I and MDA5 are members of

the DExD/H box RNA helicase family, which serve as the primary

intracellular sensors for viral RNA and subsequently initiate

signaling cascades leading to type I interferon (IFN) production,

thereby establishing an antiviral state (Kato et al., 2006; Nakhaei

et al., 2009a; Yoneyama et al., 2004). We have recently demon-

strated that tripartite motif protein 25 (TRIM25) interacts with

the N-terminal caspase recruitment domains (CARDs) of RIG-I,

resulting in the effective delivery of the K63-linked ubiquitin

moiety toK172 ofRIG-I (Gack et al., 2007). This gives rise to aneffi-

cient interaction with MAVS/VISA/IPS-1/Cardif, a crucial down-

stream adaptor protein (Kawai et al., 2005; Meylan et al., 2005;

Seth et al., 2005; Xu et al., 2005), leading to the recruitment of

signaling molecules such as the TBK1 complex to MAVS. Re-

cruited signaling molecules then activate IRF3 and NF-kB

transcription factors to induce IFN production. A recent study

alsodemonstrates that TRIM25canactivateRIG-I in an in vitro re-

constituted cell-free system (Zeng et al., 2010).

As seen with TRIM25, the ubiquitination system plays an

important role in the regulation of IFN signal transduction (Bhoj

and Chen, 2009). In polyubiquitin chains, ubiquitin monomers

are usually linked via isopeptide bonds between an internal

lysine of one monomer and the C-terminal glycine of the other

monomer (Pickart and Fushman, 2004). Recently, a protein

complex consisting of two RING finger proteins, HOIL-1L and

HOIP, has been shown to exhibit a unique ubiquitin polymeriza-

tion activity, forming ubiquitin polymers not by lysine linkages,

but by linkages between the C and N termini of ubiquitin mole-

cules, to assemble a head-to-tail linear polyubiquitin chain.

Thus, this complex is designated as LUBAC (linear ubiquitin

assembly complex) (Kirisako et al., 2006). Recent studies have

demonstrated that LUBAC activates the canonical NF-kB

pathway by binding to NEMO (NF-k essential modulator, also

called IKKg) to conjugate linear polyubiquitin chains in an

Ubc13-independent manner (Rahighi et al., 2009; Tokunaga

et al., 2009).

Tight regulation of the immune signaling pathways is essential

for a successful immune response against viral infections.

Whereas positive regulatory mechanisms lead to the rapid
.
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activation of IFN signaling upon viral infection, negative regula-

tory mechanisms are required to prevent unwanted or excessive

production of IFNs or proinflammatory cytokines. In this report,

we unveil the potential feedback inhibitory role of the HOIL-1L/

HOIP LUBAC complex through the downregulation of TRIM25

protein level as well as its competition with TRIM25 for RIG-I

binding, which ultimately leads to the suppression of the K63-

linked ubiquitination and signaling activity of RIG-I.

RESULTS

HOIL-1L/HOIP LUBAC Independently Targets TRIM25
and RIG-I
A yeast two-hybrid screen using a TRIM25 mutant lacking the

N-terminal RING domain (TRIM25 DRING) as bait revealed

that HOIL-1L, a member of the RING-IBR-RING (RBR) E3 ligase

family, is a binding partner of TRIM25. Coimmunoprecipitation

(coIP) showed that TRIM25 strongly interacts with HOIL-1L (Fig-

ure 1A). Due to its significant similarity to HOIL-1L, HOIP also

showed a strong interaction with TRIM25 (Figure 1B). To

determine whether HOIL-1L and HOIP also interact with RIG-I,

HEK293T cells were transfected with a mammalian glutathione

S-transferase-RIG-I-2CARD (GST-RIG-I-2CARD) fusion con-

struct together with HOIL-1L and/or HOIP, followed by GST

pull-down or coIP assay. This showed that RIG-I efficiently

binds to HOIL-1L but not HOIP when they are individually ex-

pressed, while coexpression of HOIL-1L and HOIP enables

RIG-I to interact with HOIP (Figures 1C and 1D), suggesting

that the HOIP and RIG-I-2CARD interaction is mediated by

HOIL-1L.

We further examined the interactions between endogenous

TRIM25 and RIG-I with HOIL-1L and HOIP in mouse embryonic

fibroblast cells (MEFs). Since Sendai virus (SeV) infection readily

induces RIG-I-mediated type I IFN signaling, we performed coIP

assays with or without SeV infection. RIG-I interactions with

HOIL-1L or HOIP were apparent in normal conditions, and these

interactions were significantly enhanced by SeV infection (Fig-

ure 1E). In contrast, TRIM25 interactions with HOIL-1L or HOIP

were detected only after SeV infection (Figure 1E). Confocal

microscopy analysis showed that upon viral infection, endoge-

nous HOIL-1L and HOIP have diffuse and punctate patterns in

the cytoplasm, where they apparently colocalize with endoge-

nous TRIM25 (Figure 1F). These results collectively show that

TRIM25 and RIG-I independently interact with HOIL-1L and

HOIP in different manners.

HOIL-1L and HOIP share an Npl4-type zinc finger domain

(NZF) and a C-terminal RBR domain, whereas HOIL-1L and

HOIP carry the ubiquitin-like (UBL) domain and the ubiquitin-

associated (UBA) domain, respectively, which are responsible

for their interaction (Kirisako et al., 2006) (Figure S1A). Mutational

analysis showed that the C-terminal SPRY domain of TRIM25 is

responsible for its interaction with either HOIL-1L or HOIP,

whereas the N-terminal two CARDs of RIG-I sufficiently inter-

acted with HOIL-1L (Figures 1G and 1C). To map the regions

of HOIL-1L and HOIP responsible for their interactions with

TRIM25 and RIG-I, various deletion mutants of HOIL-1L and

HOIP were constructed and tested for their ability to bind to

TRIM25 and RIG-I. Both HOIL-1L DRBR and HOIP DRBR, which
Mo
lack their respective RBR domains, lost their TRIM25 binding

abilities (Figure 1H). Interestingly, the HOIP DUBA mutant that

no longer forms a complex with HOIL-1L was still able to interact

with TRIM25 (Figure 1H). Furthermore, not only was TRIM25 and

HOIP interaction detected in HOIL-1L�/� MEFs (Figure S1B), but

a bacterially purified TRIM25 also bound in vitro translated HOIL-

1L or HOIP (Figure S1C). These indicate that HOIP interacts with

TRIM25 in a HOIL-1L-independent manner.

While the C-terminal RBR domain of HOIL-1L was required for

TRIM25 interaction, the central NZF domain of HOIL-1L was

necessary for RIG-I interaction (Figure 1H). Consistent with

this, HOIL-1L and RIG-I binding was detected in TRIM25�/�

MEFs, and a yeast two-hybrid screen of HOIL-1L DRBR also re-

vealed RIG-I as a binding partner (Figure 1I and data not shown).

RIG-I-2CARD readily bound bacterially purified HOIL-1L DRBR

but showed little or no interaction with HOIP DRBR in an

in vitro binding assay (Figure 1J). Furthermore, the apparent

interaction between HOIL-1L and the RIG-I-2CARD K172R

mutant that no longer undergoes K63-linked ubiquitination

(Gack et al., 2007) suggests that RIG-I ubiquitination is not

required for this interaction (Figure S1D). Finally, unlike TRIM25

binding, for which the first CARD of RIG-I is sufficient (Gack

et al., 2008), HOIL-1L binding requires both the first and second

CARD of RIG-I (Figure S1E). These results collectively indicate

that HOIL-1L and HOIP interact with TRIM25 andRIG-I in distinct

manners.

HOIL-1L/HOIP Complex Negatively Regulates
RIG-I-Mediated Type I IFN Induction
Either HOIL-1L or HOIP markedly inhibited the IFN-b and NF-kB

promoter activity induced by RIG-I-2CARD, a constitutively

active form of RIG-I, in a dose-dependent manner (Figures 2A

and 2B). Accordingly, HOIL-1L or HOIP expression also sup-

pressed the IFN-b promoter activation induced by a full-length

RIG-I upon SeV infection (Figure 2C). To test the effect of

HOIL-1L and HOIP on TRIM25-mediated activation of RIG-I,

IFN-b, NF-kB, or ISRE, promoter activities were measured

from cells transfected with RIG-I, TRIM25, HOIL-1L, and/or

HOIP. This showed that HOIL-1L or HOIP effectively nullified

the TRIM25 ability to induce RIG-I-mediated IFN-b, NF-kB, or

ISRE promoter activation (Figures 2D–2F).

In order to further dissect the role of LUBAC in the negative

regulation of the RIG-I signaling, induction of the IFN-b promoter

activity was examined in WT, HOIL-1L�/�, lentiviral shRNA-

mediated HOIP knockdown (HOIP KD), and HOIL-1L�/�-HOIP

KD MEFs upon SeV infection (Figure 3A). Upon SeV infection,

HOIL-1L�/� and HOIL-1L�/�-HOIP KD MEFs showed markedly

increased levels of IFN-b promoter activity compared to WT

MEFs. HOIP KD MEFs also showed 2–3 times higher IFN-b

promoter activity than WT MEFs (Figure 3B). Consistently,

IFN-b production in response to SeV infection was significantly

elevated in HOIL-1L�/� and HOIL-1L�/�-HOIP KD MEFs

compared to WT MEFs (Figure 3C). In addition, the increased

IFN-b response in HOIL-1L�/� cells was abrogated by HOIL-1L

complementation (Figure 3D). When infected with VSV-eGFP,

HOIL-1L�/� and HOIL-1L�/�-HOIP KD MEFs showed substan-

tially fewer VSV-eGFP-positive cells and lower VSV yields (over

103- to 104-fold) compared with WT MEFs (Figure 3E).
lecular Cell 41, 354–365, February 4, 2011 ª2011 Elsevier Inc. 355



Figure 1. HOIL-1L/HOIP Interacts with TRIM25 and RIG-I

(A and B) Interactions between TRIM25 and HOIL-1L or HOIP. 293T cells were transfected with V5-TRIM25 together with HA-HOIL-1L (A) or Flag-HOIP (B), fol-

lowed by coIP and IB.

(C) HOIL-1L interacts with RIG-I. 293T cells transfected with GST-RIG-2CARD and V5-HOIL-1L or vector were used for GST pull-down (PD) assay and IB.

(D) HOIP requires HOIL-1L to interact with RIG-I. GST-RIG-2CARD and Flag-HOIP were transfected with increasing amounts of HOIL-1L, followed by IPwith anti-

Flag.

(E) Endogenous HOIL-1L/HOIP interacts with RIG-I and TRIM25. WT MEFs were mock infected or infected with SeV for 6 hr and treated with MG132 for 4 hr

before harvest, followed by IP with control IgG, anti-RIG-I, or anti-TRIM25.

(F) Colocalization of HOIL-1L/HOIP with TRIM25. HeLa cells were mock treated or infected with SeV for 10 hr, followed by fixation and staining with anti-TRIM25,

anti-HOIL-1L, or anti-HOIP antibody. Colocalization between TRIM25 and HOIL-1L, Pearson’s correlation = 0.871 and Mander’s overlap = 0.885; colocalization

between TRIM25 and HOIP, Pearson’s correlation = 0.702 and Mander’s overlap = 0.955.

(G) TRIM25 SPRY domain is responsible for HOIL-1L/HOIP interaction. HA-HOIL-1L or Flag-HOIP was transfected with TRIM25 deletion mutants, followed by

coIP.

(H) Binding ability of HOIL-1L or HOIPmutants. Deletionmutants of HOIL-1L or HOIPwere transfected with TRIM25 or GST-RIG-I 2CARD as indicated. Cells were

treated with MG132 for 6 hr, followed by coIP and IB.

(I) RIG-I interaction with HOIL-1L/HOIP in TRIM25�/�MEFs.WT and TRIM25�/�MEFswere infected with SeV for 10 hr, followed by coIP using control IgG or anti-

RIG-I.

(J) In vitro interaction between RIG-I-2CARD and HOIL-1L. Bacterially purified GST fusion proteins of RIG-I-2CARD, HOIL-1L DRBR-V5, and HOIP DRBR-Flag

were used for in vitro binding, followed by coIP and IB as indicated. See also Figure S1.
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Accordingly, the HOIL-1L complementation of HOIL-1L�/�

MEFs led to the robust recovery of VSV-eGFP replication. More-

over, HOIL-1L overexpression also led to the drastic increase of

VSV-eGFP replication (Figures 3F and 3G). Collectively, these

results indicate that LUBAC serves as a critical negative regu-

lator of the RIG-I-mediated antiviral IFN response.
356 Molecular Cell 41, 354–365, February 4, 2011 ª2011 Elsevier Inc
HOIL-1L/HOIP LUBAC Reduces the TRIM25-Induced
K63-Linked Ubiquitination of RIG-I
Next, we tested whether HOIL-1L/HOIP LUBAC affects the

TRIM25-mediated RIG-I ubiquitination and thereby suppresses

its downstream signaling activity. GST-RIG-I-2CARD and

TRIM25 were coexpressed together with increasing amounts
.



Figure 2. HOIL-1L/HOIP Complex Nega-

tively Regulates RIG-I-Mediated IFN-b

Signaling

(A and B) Inhibition of RIG-I-2CARD induced IFN-b

and NF-kB promoter activities by HOIL-1L/HOIP.

293T cells were transfected with RIG-I-2CARD

with increasing amounts of HOIL-1L, HOIP,

or both together with IFN-b (A) or NF-kB promo-

ter (B).

(C) Inhibition of SeV induced IFN-b promoter

activity by HOIL-1L/HOIP. IFN-b promoter activi-

ties were measured from 293T cells transfected

with full-length RIG-I and HOIL-1L and/or HOIP.

At 24 hr after transfection, cells were mock

infected or infected with SeV (40 HAU/ml) for

10 hr before luciferase assay.

(D–F) RIG-I-2CARD, TRIM25, HOIL-1L, and HOIP

plasmids were transfected together with IFN-b

(D), ISRE (E), or NF-kB (F) reporter plasmids into

293T. All luciferase assayswere performed at least

three times and graphs show the mean ± SD.

Values are normalized by pRL-TK Renilla.
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of HOIL-1L and/or HOIP. While GST-RIG-I-2CARD underwent

robust ubiquitination in the presence of TRIM25 (Gack et al.,

2007), its ubiquitination levels were detectably decreased by

either the individual expression of HOIL-1L or HOIP or further

reduced by HOIL-1L and HOIP coexpression (Figures 4A

and S2). In line with this, the ubiquitination of endogenous RIG-

I was readily detected upon SeV infection, and this ubiquitination

was profoundly reduced by HOIL-1L and HOIP overexpression

(Figure 4B). Conversely, eliminating the HOIL-1L gene and/or

silencing the HOIP gene enhanced the ubiquitination levels of

endogenous RIG-I upon viral infection (Figure 4C). Furthermore,

immunoblotting with a K63-linked polyubiquitin-specific anti-

body (Wang et al., 2008) confirmed the increase of K63-linked

polyubiquitinated RIG-I in HOIL-1L- or HOIP-depleted cells (Fig-

ure 4C). Consistent with the notion that K63-linked RIG-I ubiqui-

tination plays a crucial role for its interaction with MAVS (Gack

et al., 2007), HOIL-1L and HOIP expression efficiently inhibited

the RIG-I-2CARD and MAVS-CARD interaction (Figure 4D).

This indicates that LUBAC suppresses RIG-I ubiquitination,

thereby blocking its interaction with MAVS.

HOIL-1L/HOIP LUBAC Induces the Ubiquitination
and Degradation of TRIM25
To elaborate the effect of HOIL-1L/HOIP LUBAC on RIG-I and

TRIM25 function, we testedwhether HOIL-1L andHOIP inhibited

RIG-I ubiquitination by lowering the TRIM25 level. We found that

SeV-infected HOIP KD MEFs had a greater amount of endoge-

nous TRIM25 compared to WT MEFs, with the highest levels

found in HOIL-1L�/�-HOIP KD MEFs (Figure 5A). Conversely,

HOIL-1L and/or HOIP expression led to a measurable reduction

of endogenous TRIM25 (Figure 5B). Transient expression assay
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also showed that HOIL-1L and HOIP co-

expression induced a detectable reduc-

tion of TRIM25 in a synergistic manner,

but this reduction was efficiently reversed

by MG132 proteasome inhibitor treat-
ment (Figure 5C). In addition, HOIL-1L and HOIP expression

increased the level of TRIM25 ubiquitination, which was more

pronounced upon MG132 treatment (Figure 5D). While TRIM25

ubiquitination was potently induced in WT MEFs upon SeV

infection, it was markedly reduced in HOIL-1L-depleted and/or

HOIP-depleted MEFs (Figures 5E and 5F). Furthermore,

TRIM25 ubiquitination was dependent on the HOIL-1L and

HOIP E3 ligase activities, as mutating the conserved cysteines

in the RING domains of HOIL-1L and HOIP into serine (RINGCS)

rendered them unable to ubiquitinate TRIM25 (Figure 5G).

Finally, the LUBAC-mediated degradation of TRIM25 was

specific, since LUBAC showed little or no effect on ectopically

expressed RIG-I levels (Figure S3A). It should be noted that

due to its negative role in IFN signal transduction, HOIL-1L/

HOIP LUBAC expression affects the RIG-I mRNA and protein

levels induced by SeV infection, as seen with IFN-b (Figures

4B, 4C, and S3B).

An in vitro ubiquitination assay showed that the HOIL-1L/HOIP

LUBAC purified from a baculovirus expression system specifi-

cally ubiquitinated bacterially purified GST-TRIM25 RINGCS,

but not GST-RIG-2CARD (Figures 5H and S3C). The TRIM25

DSPRY mutant, lacking the C-terminal SPRY domain and

thereby no longer interacting with HOIL-1L and HOIP, did not

undergo ubiquitination upon viral infection (Figure S3D).

Conversely, the TRIM25 SPRY domain alone, which is sufficient

to interact with HOIL-1L and HOIP, underwent robust ubiquitina-

tion that was decreased upon shRNA-mediated knockdown of

HOIL-1L or HOIP gene expression (Figures S3E–S3H). The

Lys48 (K48)-linked ubiquitin chain was the original type identi-

fied; however, more recent works have uncovered a wide variety

of linkages, including K63-linked and linear ubiquitin chains
, February 4, 2011 ª2011 Elsevier Inc. 357



Figure 3. HOIL-1L/HOIP Depletion Increases IFN-b Production and Antiviral Response

(A) WT, HOIL-1L�/�, HOIP knockdown MEF (HOIP KD), and HOIL-1L�/�-HOIP KD MEFs were established as described in the Experimental Procedures. Deple-

tion and reduction of HOIL-1L and HOIP, respectively, were confirmed by IB.

(B) Enhanced IFN-b promoter activity in HOIL-1L/HOIP-depleted MEFs. MEFs were infected with SeV (50 HAU/ml) for 10 hr and then subjected to dual luciferase

assay. Experiments were performed in triplicate, and graph shows the mean ± SD.

(C) Increased IFN-b production in HOIL-1L/HOIP-depleted MEFs. MEFs were infected with SeV (50 HAU/ml) for 12 hr and supernatants were subjected to mouse

IFN-b ELISA. Experiments were performed in triplicate, and graph shows the mean ± SD.

(D) Suppression of IFN-b promoter activity in HOIL-1L�/� MEFs by complementation of HOIL-1L. HOIL-1L was cotransfected with reporter plasmid as indicated.

Virus infection and luciferase assay were performed similarly to (A). Experiments were performed in triplicate, and graph shows the mean ± SD.

(E and F) Viral replication in HOIL-1L/HOIP-depletedMEFs. MEFs were infected with VSV-eGFP (moi = 0.02). Supernatants were taken at 48 hr p.i. and subjected

to plaque assay.

(G) VSV-eGFP replication in 293T expressing vector alone or HOIL-1L.
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(Ikeda andDikic, 2008). Since LUBAC is known to generate linear

ubiquitination, we tested whether LUBAC can conjugate a linear

ubiquitin chain onto TRIM25. An in vitro assay with a ubiquitin KO

mutant containing no lysine residues showed that HOIL-1L/HOIP

LUBAC was able to efficiently incorporate linear ubiquitin chains

onto TRIM25 (Figure S3I). In addition, the linear ubiquitination of

TRIM25 was detectably increased upon SeV infection or ectopic

expression of HOIL-1L/HOIP LUBAC (Figure S3J). Furthermore,

TRIM25 also underwent K48-linked ubiquitination upon SeV

infection, which was significantly attenuated by shRNA-medi-

ated knockdown of HOIP expression (Figure S3K). Conversely,

HOIL-1L/HOIP LUBAC expression induced the K48-linked ubiq-

uitination of TRIM25, which was further augmented by treatment

with MG132 (Figure S3L). In contrast, K63-linked ubiquitination

of TRIM25 was not detected in vivo (Figure S3K and data not

shown).

TRIM25 Undergoes Self-Monoubiquitination
It was noted that TRIM25 WT, but not the TRIM25CS E3 ligase

dead mutant, was present as a doublet (70 and 78 kDa) and

that the upper band of TRIM25 often disappeared upon HOIL-1L

and HOIP expression (Figures 1A, 1B, and S3M), suggesting that

TRIM25 undergoes automonoubiquitination and that the mono-

ubiquitinated form of TRIM25 may be highly susceptible to
358 Molecular Cell 41, 354–365, February 4, 2011 ª2011 Elsevier Inc
HOIL-1L and HOIP. Mass spectrometry showed that the upper

band of TRIM25 is monoubiquitinated at the K117, K264, K320,

and K416 residues. To corroborate the monoubiquitination of

TRIM25, we individually replaced these four lysine residues

with arginine (K / R) and then tested these mutants for their

ubiquitination levels. The K117R mutation of TRIM25 caused

the near-complete loss of monoubiquitination, whereas the

K264R, K320R, and K416R mutations led to little or no reduction

of monoubiquitination (Figures S3N). Intriguingly, the TRIM25

K117Rmutant was functionally similar toWT TRIM25with respect

to its ability to ubiquitinate RIG-I-2CARD and induce RIG-I-medi-

ated IFN-b promoter activation (Figures S3O and S3P). Further-

more, the TRIM25 K117R mutant was still sensitive to the

ubiquitination and signaling inhibition induced by the HOIL-

1L/HOIP LUBAC (Figures S3Q and S3R). These data indicate

that the monoubiquitination of TRIM25 is not essential for its

RIG-I activation function and that LUBAC targets both non-

and monoubiquitinated forms of TRIM25.

HOIL-1L/HOIP LUBAC Complex Interrupts
the Interaction between TRIM25 and RIG-I
To determine whether the E3 ligase activities of HOIL-1L and

HOIP are sufficient to negatively regulate RIG-I-mediated IFN-b

signaling, the HOIL-1L and HOIP RINGCS E3-ligase defective
.



Figure 4. HOIL-1L/HOIP LUBAC Inhibits

TRIM25-Mediated RIG-I Ubiquitination

(A) Inhibition of RIG-I ubiquitination by HOIL-1L/

HOIP. 293T cells transfected with GST-RIG-I-

2CARD and TRIM25 together with HOIL-1L or

HOIP were subjected to GST-PD and IB.

(B) Inhibitionof endogenousRIG-I ubiquitinationby

HOIL-1L/HOIP. 293T cells transfected with HA-

ubiquitin with or without HOIL-1L/HOIP were

mock infected or infected with SeV for 10 hr, fol-

lowed by IP with anti-RIG-I.

(C) RIG-I ubiquitination in HOIL-1L/HOIP-depleted

MEFs. WT, HOIL-1L�/�, HOIP-KD, and HOIL-

1L�/�-HOIP-KD MEFs infected with SeV were

used for IP and IB. Anti-ubiquitin (aUb) antibody

and anti-K63-ubiquitin chain-specific antibody

(aK63) were used to detect RIG-I ubiquitination.

(D) Decreased interaction between RIG-I and

MAVS by HOIL-1L/HOIP expression. 293T cells

transfected with Flag-RIG-I-2CARD, GST-MAVS-

CARD-proline-rich domain (PRD), V5-HOIL-1L,

and/or Myc-HOIP were used for coIP and IB. See

also Figure S2.
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mutants were tested for their abilities to downregulate RIG-I

ubiquitination and IFN-b signaling. Surprisingly, the RINGCS

mutants of both HOIL-1L and HOIP still suppressed SeV- or

RIG-I-induced IFN-b promoter activation and TRIM25-mediated

RIG-I ubiquitination (Figures S4A, S4B, and 6A), suggesting that

HOIP/HOIL-1L LUBAC might have additional mechanisms to

downregulate RIG-I ubiquitination and signaling activity other

than TRIM25 degradation. We hypothesized that the diverse in-

teracting activities of HOIL-1L and HOIP could ultimately influ-

ence the interaction between TRIM25 and RIG-I. Indeed, the

interaction between RIG-I-2CARD and TRIM25 was noticeably

reduced by HOIL-1L or HOIP expression where the reduction

was further decreased by HOIL-1L and HOIP coexpression (Fig-

ure 6B, left). Moreover, increasing levels of HOIL-1L and HOIP

coexpression inhibited the interaction between RIG-I-2CARD

and TRIM25 in a dose-dependent manner (Figure 6B, right).

Conversely, the interaction between endogenous RIG-I and

TRIM25 was elevated in HOIL-1L�/� MEFs and HOIL-1L�/�-
HOIP KD MEFs (Figure 6C). The interaction between endoge-

nousRIG-I and TRIM25 reached a peak at 8 hr after SeV infection

and declined afterward, coinciding with the significant increase
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in HOIL-1L and HOIP protein levels after

12 hr of SeV infection (Figure 6D). These

results were further confirmed in in vitro

binding assays using bacterially purified

GST fusions of RIG-2CARD, TRIM25,

HOIL-1L DRBR, and HOIP DRBR.

Increasing amounts of LUBAC DRBR

(HOIL-1L DRBR/HOIP DRBR) proteins

led to the decreased interaction between

RIG-I-2CARD and TRIM25 in a dose-

dependent manner, while the interaction

between RIG-I and LUBAC DRBR

increased under the same conditions

(Figure 6E).
To further analyze this binding competition, biotin-labeled

GST-TRIM25 was added to immobilized GST-RIG-I-2CARD, fol-

lowed by the addition of increasing amounts of unlabeled

TRIM25 or LUBAC DRBR (HOIL-1L DRBR/HOIP DRBR) as

binding competitors. Biotin-labeled TRIM25 interaction with

RIG-I-2CARD was inhibited by unlabeled TRIM25 or LUBAC

DRBR to similar extent, suggesting that TRIM25 and LUBAC

may have similar binding affinities to RIG-I (Figure 6F). On the

other hand, the HOIL-1L DNZF mutant, which does not interact

with RIG-I, failed to compete with TRIM25 for RIG-I-2CARD

binding (Figure S5A). Consequently, the HOIL-1L DNZF mutant

downregulated RIG-I ubiquitination and IFN-b promoter activa-

tion to a much lesser extent than HOIL-1L WT (Figures S5B

and S5C). Interestingly, the HOIL-1L DUBL mutant that lost the

LUBAC formation with HOIP only weakly inhibited RIG-I ubiqui-

tination and signaling activity compared to its wild-type, sug-

gesting that the LUBAC formation between HOIL-1L and HOIP

is important for its suppressive activity (Figures S5B and S5C).

To further corroborate the importance of HOIL-1L NZF domain

for RIG-I inhibition, we generated the NZFCS mutant that lost its

zinc finger structure due to the mutations of the conserved
, February 4, 2011 ª2011 Elsevier Inc. 359



Figure 5. HOIL-1L/HOIP LUBAC Induces TRIM25 Ubiquitination and Degradation

(A) Increment of TRIM25 levels in HOIL-1L/HOIP-depleted MEFs. WT, HOIL-1L�/�, HOIP KD, and HOIL-1L�/�-HOIP KD MEFs were mock infected or infected

with SeV for 12 hr. Cell lysates were subjected to IB.

(B) Decreased endogenous TRIM25 levels upon HOIL-1L/HOIP overexpression. Endogenous TRIM25 levels were analyzed by IB and densitometry. IBs show

representative data, and graph shows the averages of triplicate.

(C) Reduction of TRIM25 by HOIL-1L/HOIP expression. At 36 hr after the transfection with V5-TRIM25 and GST together with HOIL-1L and HOIP as indicated,

293T cells were mock treated or treated with MG132 for 6 hr and subjected to IB.

(D) TRIM25 ubiquitination induced by HOIL-1L/HOIP. 293T cells were transfected with V5-TRIM25, HOIL-1L, and HOIP and MG132 treatment for IP.

(E) Endogenous TRIM25 ubiquitination upon SeV infection. MEFs were mock infected or infected with SeV for 10 hr, and cell lysates were subjected to IP using

anti-TRIM25 antibody.

(F) TRIM25 ubiquitination levels in HOIL-1L/HOIP-depleted MEFs. MEFs were infected with SeV and treated with MG132, followed by IP with anti-TRIM25 and IB

with anti-Ub or anti-TRIM25.

(G) TRIM25 ubiquitination by HOIL-1L/HOIP RINGCS mutants. 293T cells were transfected with V5-TRIM25 and WT or RINGCS mutants of HOIL-1L or HOIP, fol-

lowed by IP with anti-V5 and IB with anti-Ub or anti-V5.

(H) In vitro ubiquitination of TRIM25 by LUBAC. Purified GST-TRIM25 RINGCS was subjected to an in vitro ubiquitination with baculovirus-purified HOIL-1L/HOIP

LUBAC, followed by IB with anti-GST antibody. See also Figure S3.
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cysteines to serines. As seen with its DNZF mutant, HOIL-1L

NZFCS mutant did not bind to RIG-I-2CARD (Figure 7A). Conse-

quently, HOIL-1L NZFCS mutant was incapable of suppressing

the interaction between RIG-I and TRIM25 (Figure 7B) and thus

showed reduced ability to downregulate RIG-I ubiquitination

and IFN-b promoter activation (Figures 7C and 7D). These results

suggest that HOIL-1L suppresses the RIG-I-TRIM25 interaction

by binding RIG-I in a competitive fashion, resulting in an inhibi-

tory effect on RIG-I signaling activity.

Finally, HOIL-1L�/� MEFs were complemented with wild-type

HOIL-1L or its mutants (NZFCS or RINGCS) and subsequently in-
360 Molecular Cell 41, 354–365, February 4, 2011 ª2011 Elsevier Inc
fected with SeV to measure IFN-b promoter activity and produc-

tion. A high basal level of SeV infection-induced IFN-bproduction

of HOIL-1L�/� MEFs was robustly dampened by complementa-

tion with the HOIL-1L WT (Figure 7E). In contrast, the comple-

mentation with either the HOIL-1L NZFCS or the HOIL-1L RINGCS

mutant resulted in significantly weaker suppression of antiviral

response than that with the HOIL-1L WT as assayed by IFN-b

promoter activity and IFN-b production (Figures 7E and 7F).

These data collectively demonstrate that LUBAC comprehen-

sively suppresses RIG-I antiviral activity by inducing the

C-terminal RBR-E3 ligase-mediated degradation of TRIM25
.



Figure 6. HOIL-1L/HOIP LUBAC Inhibits the Interaction between RIG-I and TRIM25

(A) Inhibition of RIG-I ubiquitination by HOIL-1L/HOIP RINGCS mutants. 293T cells were transfected with GST-RIG-I-2CARD and TRIM25 together with HOIL-1L,

HOIP, or RINGCS mutants and treated with MG132, followed by GST-PD.

(B) Inhibition of RIG-I-2CARD and TRIM25 interaction by HOIL-1L/HOIP. 293T cells were transfected with GST-RIG-I-2CARD and TRIM25 together with HOIL-1L

and/or HOIP as indicated, followed by GST-PD.

(C) Increased interaction between RIG-I and TRIM25 in HOIL-1L/HOIP-depleted MEFs. MEFs were mock infected or infected with SeV (50 HAU/ml) for 12 hr and

subjected to coIP using control IgG or anti-RIG-I.

(D) Time course analysis of endogenous RIG-I and TRIM25 interaction. At different time points after SeV infection, the same amounts of proteins from WT MEFs

were subjected to coIP using anti-TRIM25.

(E) In vitro competition assay. Bacterially purified GST-RIG-I-2CARD and GST-TRIM25 were incubated with increasing amounts of GST-HOIL-1L DRBR-V5 or

GST-HOIP DRBR-Flag, followed by IP with anti-RIG-I.

(F) Inhibition of RIG-I and TRIM25 interaction by LUBAC. Biotin-labeled GST-TRIM25 were added to GST-RIG-I-coated wells with increasing amounts of GST-

HOIL-1L DRBR-V5/GST-HOIP DRBR-Flag (LUBAC) or unlabeled GST-TRIM25. Bound, biotin-labeled GST-TRIM25 was detected using streptavidin-HRP.

Experiments were performed in triplicate, and graph shows the mean ± SD. See also Figure S4.
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and the central NZF-mediated inhibition of TRIM25-RIG-I inter-

action (Figure 7G).

DISCUSSION

Tight regulation of immune signaling pathways is essential for

a successful immune response against viral infections; other-

wise, excessive production of IFNs or proinflammatory cytokines

would be destructive rather than protective. In this report, we

unveil the potential feedback inhibitory role of the HOIL-1L/

HOIP LUBAC, which specifically suppresses RIG-I ubiquitination

and activation by inducing TRIM25 degradation and inhibiting

TRIM25 and RIG-I interaction.

Similar to the HOIL-1L/HOIP LUBAC, numerous intracellular

proteins have been demonstrated to contribute to the negative

regulation or feedback inhibition of RIG-I signal transduction.

First, the RIG-I-like RNA helicase, Lgp2, which lacks the
Mo
CARD domains, inhibits virus-induced RIG-I downstream

signaling (Komuro and Horvath, 2006; Rothenfusser et al.,

2005), and RNF125 E3 ligase catalyzes RIG-I proteasomal

degradation (Arimoto et al., 2007), whereas CYLD deubiquiti-

nase eliminates the K63-linked polyubiquitin chain from RIG-I

to downregulate its signaling activity (Friedman et al., 2008). In

addition, A20, NLRX1, PIN1, DUBA, and Triad3A deregulate

RIG-I-mediated signaling by inhibiting MAVS, IRF3, and

TRAF3 (Kayagaki et al., 2007; Lin et al., 2006; Moore et al.,

2008; Nakhaei et al., 2009b; Saitoh et al., 2006). Furthermore,

the alternative splicing or ISGylation of RIG-I also negatively

regulates its function on virus-triggered IFN production (Gack

et al., 2008; Kim et al., 2008). Finally, the influenza A virus

nonstructural protein 1 (NS1) specifically inhibits TRIM25-medi-

ated RIG-I ubiquitination, thereby suppressing RIG-I signal

transduction (Gack et al., 2009). This indicates that the host

dedicates a number of its intracellular components to tightly
lecular Cell 41, 354–365, February 4, 2011 ª2011 Elsevier Inc. 361



Figure 7. Roles of the NZF and RBR Domains of HOIL-1L in RIG-I-Mediated IFN-b Signaling

(A) Inability of HOIL-1L NZFCSmutant to bind RIG-I. 293T cells were transfected with GST-RIG-I-2CARD together with HA-HOIL-1LWT or NZFCSmutant, followed

by GST-PD and IB with indicated antibodies.

(B) Inability of HOIL-1L NZFCS mutant to interfere the RIG-I-TRIM25 interaction. 293T cells were transfected with GST-RIG-I-2CARD and TRIM25 together with

HA-HOIL-1L WT or NZFCS mutants and treated with MG132, followed by GST-PD and IB.

(C) Inability of HOIL-1L NZFCS mutant to inhibit RIG-I ubiquitination. 293T cells were transfected with GST-RIG-I-2CARD and TRIM25 together with HOIL-1L WT

or NZFCS mutant as indicated, followed by GST-PD and IB.

(D) Effect of HOIL-1LWT or NZFCSmutant on RIG-I-mediated IFN-b promoter activity. IFN-b promoter activities were determined from 293T cells transfectedwith

RIG-I-2CARD and TRIM25 together with HOIL-1L WT or NZFCS mutant. Experiments were performed in triplicate, and graph shows the mean ± SD.

(E and F) Complementation of HOIL-1L�/� MEFs. HOIL-1L�/� MEFs were infected with recombinant retrovirus containing HOIL-1L WT, RINGCS, or NZFCS

mutant, followed by the puromycin antibiotic selection. Complemented MEFs were transfected with IFN-b reporter, followed by mock infection or SeV infection

and luciferase assay (E). Experiments in (E) were performed in triplicate, and graph shows the mean ± SD. Complemented MEFs were mock infected or infected

with SeV (50 HAU/ml), and supernatants were subjected to IFN-b ELISA (F). Experiments in (F) were performed in triplicate, and graph shows the mean ± SD.

(G) Hypothetical model for LUBAC-mediated inhibition of RIG-I and TRIM25 pathway. See also Figure S5.
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control RIG-I signaling for the successful elimination of viral

infections.

Mutational analysis showed that the C-terminal RBR domains

of HOIL-1L and HOIP are essential for TRIM25 binding, whereas

the central NZF domain of HOIL-1L is necessary for RIG-I

binding, indicating that HOIL-1L and HOIP interact with

TRIM25 and RIG-I in different manners. While the detailed reso-

lution of the HOIL-1L/HOIP LUBAC interactions with TRIM25 or

RIG-I need to be further characterized, these differential interac-

tions of HOIL-1L and HOIP with TRIM25 and RIG-I eventually

lead to the competition between the LUBAC and TRIM25 for

RIG-I binding, resulting in the reduction of the K63 ubiquitination

of RIG-I. Furthermore, LUBAC expression induces TRIM25 ubiq-

uitination and proteasomal degradation, thereby suppressing
362 Molecular Cell 41, 354–365, February 4, 2011 ª2011 Elsevier Inc
RIG-I-mediated IFN signaling. Conversely, HOIL-1L knockout

and HOIP KD cells showed markedly higher IFN production

than WT cells, suggesting that LUBAC serves as an important

negative factor to tightly control RIG-I signaling activity.

The HOIL-1L/HOIP LUBAC has been shown to negatively regu-

late various signaling pathways by degrading its interacting part-

ners, such as IRP2, TAB1/2, and Bach1, through ubiquitin-depen-

dent proteasomal pathway (Ishikawa et al., 2005; Tian et al., 2007;

Zenke-Kawasaki et al., 2007). In addition, a recent study showed

that linear ubiquitination of a protein can lead to its proteasomal

degradation (Zhao and Ulrich, 2010). Our study has added

TRIM25 into the increasing substrate list of HOIL-1L andHOIPLU-

BAC. However, both the RINGCS and DRBR mutants of HOIL-1L

and HOIP that lose ubiquitin-incorporating activity were still
.
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capable of downregulating RIG-I signaling, suggesting that

LUBAC might have additional mechanism(s) to suppress RIG-I

ubiquitination and signaling activity. Indeed, we found that the

interaction between HOIL-1L and RIG-I competitively suppresses

the interaction between TRIM25 andRIG-I. Particularly, this action

is dependent on the central NZF domain of HOIL-1L: the HOIL-1L

DNZF or NZFCSmutant, which lost RIG-I binding ability, was inca-

pable of suppressing the interaction between RIG-I and TRIM25

and thus showed the reduced activity to downregulate the RIG-I

ubiquitination and IFN-b promoter activation. The NZF domain is

frequently found in proteins involved in ubiquitin-dependent path-

ways, such as TAB2, TAB3 (Kanayama et al., 2004), Npl4 (Meyer

et al., 2002), and yeast Vps36 (Alam et al., 2004). The ubiquitin-

binding NZF domain is comprised of a highly conserved TF/F

motif, where F represents a hydrophobic residue and ten amino

acid residues are inserted between the Thr-Phe (TF) sequence

and F (Alam et al., 2004). Certain NZF domains can discriminate

against different types of ubiquitin chains, as exemplified by the

NZF domain of TAB2, which displays a high affinity for the K63-

linked ubiquitin moiety (Kanayama et al., 2004). It is particularly

intriguing that since free, unanchored, K63-linked ubiquitin chain

is able to activate RIG-I signaling (Zeng et al., 2010), the NZF

domain may potentially function as a K63-linked, ubiquitin chain-

anchoring motif for RIG-I signaling. However, while the central

NZF domain of HOIL-1L plays an important role in RIG-I CARD

binding, this binding is not dependent on the K63-linked ubiquiti-

nation of RIG-I CARD. Further structural studies are necessary to

delineate the interaction between the N-terminal RIG-I CARD

and the central HOIL-1L NZF domain.

During our research, it has been reported that RBCK1, an alter-

native name of HOIL-1L, downregulates RIG-I signaling through

IRF3 degradation in transient overexpression conditions (Zhang

et al., 2008). However, we were unable to observe the detectable

reduction of endogenous IRF3 levels upon HOIL-1L and/or HOIP

transient expression (data not shown) or in HOIL-1L�/� MEFs,

HOIP KDMEFs, orHOIL-1L�/�-HOIP KDMEFs (data not shown),

suggesting that IRF3 may not be a direct substrate for HOIL-1L/

HOIPLUBAC. In summary, our data collectively demonstrate that

HOIL-1L/HOIP LUBAC comprehensively suppresses RIG-I anti-

viral activity by inducing the C-terminal RBR E3 ligase-mediated

degradation of TRIM25 and/or the central NZF-mediated inhibi-

tion of TRIM25 and RIG-I interaction (Figure 7G). Thus, the

HOIL-1L/HOIP complex represents a negative regulator of RIG-

I- and TRIM25-mediated innate immunity that may serve to

prevent an excessive and prolonged IFN production.
EXPERIMENTAL PROCEDURES

Plasmids

GST-RIG-2CARD, GST-RIG-I 1st CARD, GST-RIG-I 2nd CARD, pBOS-Flag-RIG-

I, MAVS-CARD-PRD, pIRES-V5-TRIM25, and its deletion mutants were previ-

ously described (Gack et al., 2007). HOIL-1L-His6-HA wild-type, Flag-, Myc-

HOIP wild-type, their deletion mutants, and their RINGCS and NZFCS mutants

were described previously (Kirisako et al., 2006). pBabe-HOIL-1L and mutants

for complementation assaywere obtained by standardPCRand cloningmethod.

Antibodies and Other Reagents

Mouse monoclonal antibody 2E2 against HOIL-1L (Kirisako et al., 2006) and

anti-linear ubiquitin antibody (Tokunaga et al., 2009) were described previ-
Mo
ously. Antibodies against TRIM25 (BD Biosciences), RIG-I (mouse mono-

clonal, Alexis; rabbit, IBL), HOIP (goat, IMGENEX; rabbit, Abcam), MAVS

(Cell Signaling), ubiquitin (Santa Cruz, P4D1), K63 polyubiquitin chain

(HWA4C4, Biomol), K48 polyubiquitin chain (Apu2, Millipore) and actin (Ab-

cam) were purchased from the indicated manufacturer. VSV-eGFP was

described previously (Gack et al., 2007).

Yeast Two-Hybrid Screen

A human B lymphocyte cDNA library was screened using TRIM25 DRING as

bait. Matchmaker yeast two-hybrid system was obtained from Clontech.

Cell Lines

HOIL-1L�/� MEF cell line was described previously (Tokunaga et al., 2009).

HOIP-KD and HOIL-1L�/�-HOIP KD MEFs were established by stable knock-

down of HOIP using shRNA (Open Biosystems; TRCN0000037277; CAGAGAA

ACAACGCCAAGATACTCGAGTATCTTGGCGTTGTTTCTCTG). Cells trans-

ducedwith lentivirus were selectedwith puromycin (2 mg/ml) 2 days after infec-

tion. Control cell lines were generated using scrambled control shRNA vector.

HOIL-1L stable-expressing HEK293T cell line was generated by transfecting

pcDNA3-HOIL-1L, followed by selection with G418 (400 mg/ml). For the

complementation, HOIL-1L�/� MEFs were infected with pBabe-HOIL-1L WT

or mutant retrovirus, followed by 4 day selection with puromycin.

IFN-b Production and Virus Replication Assay

Cell culture supernatants were collected from cells infected with SeV as indi-

cated in the figure legends and subjected to IFN-b ELISA (PBL Biomedical

Laboratories). To assay the viral replication, culture supernatants were

collected from VSV-eGFP-infected cells, and viral titer was determined in

Vero cells by standard plaque assay.

Reporter Assays

All reporter assayswere performed using Dual-Luciferase Assay kit (Promega).

Cells were transfected with the indicated reporters together with pRL-TK

reporter. Twenty-four hours after transfection, cells were treated as indicated

in the figure legends.

Immunoprecipitation and Immunoblot Analysis

For coIPs, cells were lysed with NP40 lysis buffer (25mMTris [pH 7.5], 150mM

NaCl, 1 mM EDTA, 0.6% Nonidet P-40). After clarification and preclearing,

protein amounts were determined using BCA assay. Cell extracts were incu-

bated for 12–16 hr with the indicated antibodies, followed by further incubation

with protein A/G bead for 2–4 hr. The immune complexes were washed with

lysis buffer with various concentrations of NaCl and subjected to western

blot analysis. For endogenous coIP, antibodies were conjugated to resin using

a coIP kit (Pierce). For ubiquitination assay, cells were initially lysed with RIPA

buffer containing 1% SDS, the cell extracts were diluted with RIPA buffer until

0.1% SDS concentration before IP, and immunoblottings were performed as

described previously (Tokunaga et al., 2009).

Confocal Microscopy

Cells grown on chamber slides were mock infected or infected with SeV for

10 hr, followed by fixation with 2%paraformaldehyde solution at room temper-

ature for 20 min. For colocalization of TRIM25 and HOIL-1L/HOIP, mouse

anti-TRIM25 (anti-EFP; BD Biosciences), rabbit anti-EFP (Santa Cruz), goat

anti-HOIL-1L (anti-RBCK1; Santa Cruz), and mouse anti-HOIP (mN1) were

used.

Protein Purification and In Vitro Ubiquitination Assay

TRIM25 WT was cloned into pGEX-4T-1 vector. TRIM25 RINGCS-V5, HOIL-

1LDRBR-V5, and HOIPDRBR-Flag were cloned into pGEX-6P-1 vector.

BL21 E. coliwere transformed with each plasmid. Proteins were purified using

Glutathione Sepharose4B resin according to the manufacturer’s instruction.

LUBAC complex, E1, and E2 proteins were purified, and in vitro ubiquitination

assays were carried out as described previously (Kirisako et al., 2006). In vitro

translation was performed using TnT Quick Coupled Transcription/Translation

system (Promega) according to the manufacturer’s instruction.
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In Vitro Binding Assays

PurifiedGST-TRIM25 (250 ng) andGST-RIG-I-2CARD (250 ng) were incubated

together with increasing amounts of purified GST-HOIL-1L DRBR-V5/GST-

HOIPDRBR-Flag for 2 hr at 4�C. R37 anti-RIG-I antibody was added and

further incubated for 2 hr, followed by incubation with protein A/G bead for

2 hr. Samples were eluted by SDS-sample buffer and subjected to IB analysis.

For TRIM25 in vitro binding to immobilized RIG-I, GST-RIG-I-2CARD were

diluted in bicarbonate buffer and coated onto Maxisorb ELISA plates

(200 ng/well). Biotin-labeled GST-TRIM25 was added to wells together with

increasing amounts of unlabeled GST-TRIM25 or GST-HOIL-1L DRBR-V5/

GST-HOIPDRBR-Flag. After washing, bound TRIM25 was detected using

Streptavidin-HRP.
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