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SUMMARY

Transcriptional activation of the IFN-b gene by virus
infection requires the cooperative assembly of an en-
hanceosome. We report that the stochastic and
monoallelic expression of the IFN-b gene depends
on interchromosomal associations with three identi-
fied distinct genetic loci that could mediate binding
of the limiting transcription factor NF-kB to the IFN-b

enhancer, thus triggering enhanceosome assembly
and activation of transcription from this allele. The
probability of a cell to express IFN-b is dramatically
increased when the cell is transfected with any of
these loci. The secreted IFN-b protein induces
high-level expression of the enhanceosome factor
IRF-7, which in turn promotes enhanceosome as-
sembly and IFN-b transcription from the remaining
alleles and in other initially nonexpressing cells.
Thus, the IFN-b enhancer functions in a nonlinear
fashion by working as a signal amplifier.

INTRODUCTION

The human antiviral response is triggered by the transcriptional

activation of type I interferon genes (20 IFN-a, 5 IFN-u, and 1

IFN-b) (Paun and Pitha, 2007; Taniguchi and Takaoka, 2002).

This leads to the production and secretion of IFN proteins that

bind to type I IFN receptors on the surface of both infected

and uninfected cells, leading to the expression of a large number

of antiviral genes (Stetson and Medzhitov, 2006). Transcriptional

activation of the human IFN-b gene requires an enhancer ele-

ment located immediately upstream of the core promoter. The

IFN-b enhancer is recognized by three distinct sets of transcrip-

tion factors (NF-kB, IRFs, and ATF-2/cJun) and by the architec-

tural protein HMGI(Y). Virus infection leads to the coordinate

activation of all three types of transcription factors, which as-

semble on the IFN enhancer to form a multiprotein complex

known as the IFN-b enhanceosome (Thanos and Maniatis,

1995). Enhanceosome assembly occurs only after viral infection

and not in response to other signals that can separately activate

each of the transcription factors (Thanos and Maniatis, 1995;
Lomvardas and Thanos, 2002). This combinatorial mechanism

is based on the fact that virus infection is the only known signal

that can activate all of the IFN-b transcriptional activators simul-

taneously (Maniatis et al., 1998; Munshi et al., 1999). Following

its assembly on the nucleosome-free enhancer, the enhanceo-

some instructs the ordered recruitment of chromatin modifiers

and basal transcription factors to the nearby promoter (Agalioti

et al., 2000). This recruitment program culminates with sliding

of a nucleosome masking the core promoter, thus allowing the

binding of RNA polymerase II and the initiation of transcription

(Lomvardas and Thanos, 2001).

The cooperative assembly of the enhanceosome and the orga-

nization of nucleosomes in the enhancer/promoter region ensure

a high degree of specificity in the transcriptional response. Thus,

aberrant transcription from individual transcription factors that

are each activated by a variety of other signals (TNF-a, IFNs,

stress, etc.) is prevented (Lomvardas and Thanos, 2002). Previ-

ous biochemical and structure determination experiments re-

vealed an unexpected complexity in the mechanisms driving

enhanceosome assembly. Chromatin immunoprecipitation ex-

periments revealed a stepwise assembly of the enhanceosome

(Munshi et al., 2001; Lomvardas and Thanos, 2002). More specif-

ically, NF-kB is initially detected at the IFN-b enhancer at 2 hr

after virus infection together with IRF-1, whereas ATF-2 is re-

cruited to the enhancer an hour later followed by the arrival of

IRF-3 and c-Jun. IRF-7 is incorporated into the enhanceosome

just before initiation of transcription (5–6 hr post-infection). The

enhanceosome remains intact for 6 additional hours, and this

correlates with the peak of transcriptional activation.

The three-dimensional structure of the intact enhanceosome,

as deduced from the assembly of separate structures of pairs

of transcription factors bound to their sites, revealed that cooper-

ative assembly derives from binding-induced changes in DNA

conformation and to a lesser extent from protein-protein interac-

tions (Escalante et al., 2007; Panne et al., 2007). This observation

is in agreement with the stepwise assembly of the enhanceosome

in vivo (Munshi et al., 2001), during which the sequential arrival of

transcription factors onto the enhancer alters the DNA structure,

thus allowing the subsequent binding of the nearby factors.

A striking feature of IFN-b expression (Zawatzky et al., 1985;

Enoch et al., 1986; Senger et al., 2000; Hu et al., 2007), as well

as of many other cytokine genes, including IL-2 (Holländer

et al., 1998), IL-4 (Riviere et al., 1998), IL-5 (Kelly and Locksley,
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2000), IL-13 (Kelly et Locksley, 2000; Guo et al., 2005), and IL-10

(Calado et al., 2006), is that, even under optimal conditions, only

a fraction of the cells in the population expresses the cytokine

gene at any given moment. This heterogeneity is not due

to mixed populations of producing and nonproducing cells but

rather is a stochastic phenomenon, as revealed by cell cloning

experiments (Zawatzky et al., 1985). An additional characteristic

of cytokine gene expression is that gene activation is predomi-

nantly monoallelic, thus further underscoring the stochastic

mode of gene regulation. A recent study applying single cell

RT-PCR analysis and stochastic model simulation provided

initial evidence for allelic imbalance of virus-induced IFN-b

gene transcription (Hu et al., 2007). However, the mechanisms

of stochastic IFN-b gene expression and allelic imbalance

remain elusive.

What transcription mechanism can assure the random choice

of cells expressing IFN-b after virus infection? One attractive

model invokes the transcription process itself and therefore is

likely associated with the inherent complexity of enhanceosome

assembly on the IFN-b enhancer/promoter. Since enhanceo-

some assembly is a cooperative process, we asked whether lim-

iting concentrations of one or some of the IFN-b activators

accounts for the stochastic assembly of enhanceosomes thus

leading to binary transcriptional switches. We present evidence

for a model in which virus infection induces the stochastic

expression of the IFN-b gene from a single allele in a small pop-

ulation of cells. The choice of the allele to be expressed depends

on interchromosomal associations with three identified distinct

genetic loci that could mediate binding of the limiting transcrip-

tion factor NF-kB to the IFN-b enhancer promoting enhanceo-

some assembly and activation of transcription from this allele.

The secreted IFN-b protein induces high-level expression of the

enhanceosome factor IRF-7, which in turn promotes enhanceo-

some assembly and IFN-b transcription from the remaining

alleles and in other initially nonexpressing cells. Thus, the

IFN-b enhancer functions in a nonlinear fashion and works as

a signal amplifier.

RESULTS

Limiting Amounts of NF-kB and IRF Proteins Contribute
to the Stochastic Expression of the IFN-b Gene
To investigate whether individual enhanceosome components

are present in cells at suboptimal concentrations, we transfected

HeLa cells with expression vectors producing each of the IFN-b

activators, followed by virus infection for 6 hr and hybridization

with an antisense IFN-b digoxigenin-labeled RNA probe. Control

experiments using GFP reporters have indicated that under our

conditions approximately 90% of HeLa cells can be transfected

(data not shown). Figures 1A and 1B show that only 20% of the

cells in the population transcribe the IFN-b gene in response to

virus infection, a result consistent with previous studies (Za-

watzky et al., 1985; Enoch et al., 1986; Senger et al., 2000; Hu

et al., 2007). Remarkably, the percentage of IFN-b-producing

cells after virus infection increases to 75%, when the cells

were transfected with an expression vector producing the p65

subunit of NF-kB and to 55% after IRF-7 expression. Smaller in-

creases were observed when either ATF-2/cJun, IRF-1, or IRF-3
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were expressed, whereas increasing the concentration of

HMGI(Y) did not affect the number of cells expressing IFN-b (Fig-

ures 1A and 1B). In control experiments we showed that hybrid-

ization with a sense IFN-b RNA probe did not produce a signal

(data not shown). The increase in the number of IFN-b-producing

cells is also reflected in the amount of total IFN-b mRNA

produced, as seen by the RT-PCR experiment shown in

Figure 1C. These experiments suggest that NF-kB, IRF-7, IRF-3,

and to a lesser extent ATF-2/cJun and IRF-1 exist at suboptimal

concentrations within the cells and the failure of some cells to

express IFN-b can be bypassed by increasing the cellular con-

centration of these proteins. The increase of IFN-b-expressing

cells is not observed in uninfected cells (not shown), indicating

that overexpression of these factors did not bypass the require-

ment for enhanceosome assembly after virus infection. To test

whether NF-kB overexpression increases not only the percent-

age of IFN-b-expressing cells but also the amount of IFN-b

mRNA produced per cell, we carried out the experiment shown

in Figure 1D. HeLa cells were transfected with the NF-kB expres-

sion vector along with a GFP vector and the cells were either

mock or virus infected. GFP-positive cells were isolated by cell

sorting, and the amount of IFN-b mRNA was determined by

real-time RT-PCR. As seen in the figure, the increase in IFN-b

mRNA production (4.1-fold) is similar to the increase of the

number of cells (3.5-fold) producing IFN-b expression following

NF-kB overexpression (Figure 1B). Thus, the IFN-b expression

levels per cell are not significantly affected by NF-kB overex-

pression.

Virus Infection Induces Colocalization of the IFN-b Gene
with Three Distant NF-kB Bound Genomic Loci
The low concentration of NF-kB within cells (approximately

50.000 molecules, Hottiger et al., 1998; Lipniacki et al., 2006;

and our unpublished data) when taken together with the fact

that it is the first factor that binds to the IFN-b promoter (Munshi

et al., 2001) poses a major question regarding the mechanism by

which NF-kB locates the IFN-b gene and nucleates enhanceo-

some assembly in the context of the human genome. We hypoth-

esized that there exist ‘‘specialized’’ NF-kB sites that might be

capable of interacting with NF-kB immediately and preferentially

after its entry into the nucleus. Next, NF-kB could associate with

the promoters of target genes via inter- and/or intrachromoso-

mal interactions, thus ‘‘delivering’’ the factor to the correct site.

Since interchromosomal interactions are stochastic in nature

(de Laat and Grosveld, 2007; Misteli 2007), such a model could

explain some of the features of IFN-b expression discussed

above. To test this idea we employed circular chromosome con-

formation capture (4C) (Ling et al., 2006; Zhao et al., 2006) cou-

pled with chromatin immunoprecipitation (Figure 2A). The 4C

method is based on the proximity ligation principle, in which

DNA-protein complexes existing in trans will generate circular

DNA molecules (3C) (Dekker et al., 2002). Sequences interacting

with a known gene (IFN-b) can be cloned by inverse PCR using

gene-specific primers without any prior knowledge of their iden-

tities. HeLa cells were mock or virus infected for 4 hr, followed by

formaldehyde crosslinking. The crosslinked chromatin was di-

gested with EcoRI (flanking the IFN-b gene), followed by chro-

matin immunoprecipitation using a p65-specific antibody. The



precipitated and digested chromatin was diluted and DNA ligase

was added to covalently link DNA sequences that colocalize in

the nucleus independent of their location. After removing the

protein, nested PCR primers were used to detect interacting se-

quences. Using a pair of nested PCR primers (Figure 2A) we de-

tected sequences from a wide range of sizes in the crosslinked

chromatin (Figure 2B, lane 4) derived from virus-infected cells

but not in any of the controls, including genomic DNA

(Figure 2B, lane 1), EcoRI-cleaved but not ligated chromatin

DNA (lane 2) derived from virus-infected cells, or EcoRI-cleaved

and -ligated chromatin DNA derived from uninfected cells (lane

3). Subsequent sequence analysis of the 4C samples from vi-

rus-infected cells identified three unique sequences that appear

to interact with IFN-b (Figures 2C and S1 available online). Re-

markably, all three clones possess specialized Alu repeats,

known as AluSX and AluY (Polak and Domany, 2006), which con-

tain the putative NF-kB binding site GGGTTTCACC deviating

from the consensus GGGRNYYCC in two nucleotides (under-

Figure 1. NF-kB Is the Most Limiting Factor

Required for IFN-b Enhanceosome Assem-

bly In Vivo

(A) HeLa cells were transfected with empty or

expression vectors encoding each of the IFN-b

gene activators. Six hours post-infection the cells

were fixed and IFN-b expression in individual cells

was detected by in situ hybridization using

an antisense RNA IFN-b probe labeled with digoxy-

genin ribonucleotides followed by incubation with

ananti-DIG antibody conjugated with alkalinephos-

phatase. The top left panel shows uninfected cells.

The red and blue arrows indicate representative

nonexpressing and expressing cells, respectively.

(B) Diagrammatic representation of the percent-

age (mean ± standard deviation [SD]) of cells

expressing IFN-b from three independent in situ

hybridization experiments performed as in (A).

All cells for each category were scored blindly,

and at least 300 cells were counted in each

case. * denotes p < 0.05, ** denotes p < 0.01,

and *** denotes p < 0.001.

(C) RT-PCR analysis illustrating IFN-b expression

in HeLa cells transfected with the indicated IFN-b

transcriptional regulators. The bottom part of the

figure shows the induction index derived by quan-

titating three independent experiments.

(D) HeLa cells were transfected with the p65 ex-

pression vector along with a GFP-expressing

plasmid followed by mock or virus infection.

GFP-positive cells were isolated by cell sorting

and the abundance of IFN-b mRNA was deter-

mined by real-time RT-PCR analysis (shown are

mean values ± SD).

lined). Clones #14 and #9 contain two

copies of the specialized NF-kB motif

(Figure S1). Clone #21 resides on chro-

mosome 4, #14 on chromosome 9, and

#9 on chromosome 18. Of note, the IFN-b

gene resides on chromosome 9 (9p21).

Thus, #14 and IFN-b reside near the two ends of chromosome

9 in humans.

To examine whether the three identified loci interact with the

IFN-b locus, we performed 3C assays using primers specific

for IFN-b and for each of the clones. Figure 2D (lanes 1, 7, and

13) shows that in uninfected cells there is no detectable PCR

product generated using primer pairs either from #21, or #14,

or #9 and IFN-b. However, PCR products were detected when

the chromatin DNA used was prepared from virus-infected cells

(Figure 2D, lanes 2–4, 8–10, and 14–16). The products were de-

tected as early as 2 hr after virus infection, peaked at 4 hr, and

were decreased at 6 hr post-infection, indicating that these inter-

actions occur primarily during enhanceosome assembly at the

IFN-b locus. In each instance, the size of the PCR products

was that predicted for the ligation of IFN-b with each of the

clones and the identity of the products was confirmed by DNA

sequence analysis (data not shown). Furthermore, the specificity

of the interactions between the IFN-b locus and at least one of
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the clones (#21) was verified in 4C-ChIP experiments using in-

verse PCR-nested primers from the genomic locus of #21. In

this experiment we cloned the IFN-b locus three times, under-

scoring the strength and the specificity of these interactions

(data not shown).

To further validate the 4C data and to demonstrate the physi-

cal colocalization of IFN-b with clones #21, #9, and #14, we per-

formed three-dimensional DNA fluorescence in situ hybridization

(FISH) analysis using HeLa cells that were either mock or virus

infected for 4 hr. Figure 3A shows that the IFN-b probe detects

six or seven IFN-b genes, whereas probes for #21, #9, and #14

detect three, three, and six or seven loci in HeLa cells, respec-

tively. This is due to the fact that HeLa cells are polyploid. In

mock-infected cells we detected no evidence of colocalization

between IFN-b and any of the clones (Figure 3A, left column).

Remarkably, in some virus-infected cells, one allele of IFN-b is

specifically colocalized with one allele of #21, or #14, or #9

(Figure 3, right column). FISH experiments using a BAC clone

containing different AluSX repeats fail to detect colocalization

Figure 2. Identification of IFN-b Locus-In-

teracting Genomic Regions using 4C-ChIP

(A) Schematic representation of the 4C-ChIP as-

say. The EcoRI fragment bearing the IFN-b pro-

moter is shown in green whereas EcoRI fragments

bearing putative interacting loci are shown in red.

The transcription factor NF-kB is shown bound

on the IFN-b enhancer. The red arrows indicate

nested primers designed near the EcoRI sites

flanking the IFN-b locus.

(B) Shown is an agarose gel depicting nested in-

verse polymerase chain reactions of 4C-ChIP

samples. After amplification only crosslinked, di-

gested, and ligated chromatin DNA derived from

virus-infected cells generated amplified se-

quences of different sizes.

(C) Short description of 4C-ChIP clones.

(D) Agarose gel electrophoresis of the PCR prod-

ucts using nested primers specific to the IFN-b lo-

cus together with primers specific for the 4C-ChIP

clones #14, #21, and #9. PCR was performed on

EcoRI-digested chromatin derived from HeLa

cells mock- or virus-infected for 2, 4, and 6 hr. Ge-

nomic DNA and crosslinked digested but not li-

gated chromatin derived from 4 hr infected cells

were used as controls. Size markers were loaded

between lanes 6 and 7, 12 and 13.

with the IFN-b locus before or after virus

infection (not shown). These FISH exper-

iments confirmed our results obtained

using the 3C technique (Figure 2). FISH

experiments performed on nuclei from

virus-infected cells for different amounts

of time indicated that these interactions

are transient since they appear 2 hr post-

infection, peak at 4 hr, and decline signif-

icantly at 8 hr post-infection (Figure 3B),

a result consistent with the 3C analysis

of Figure 2D. Thus, interchromosomal as-

sociationsbetweenthe IFN-b locusand these locioccur at maximal

frequencies before initiation of transcription and during enhanceo-

some assembly (2–6 hr), and they are significantly reduced at

the time of initiation and propagation of transcription (6–8 hr).

In control experiments, FISH was performed with the IL-8 gene

(a known NF-kB target virus-inducible gene) and clones #21,

#14, and #9 in mock- or virus-infected cells. No specific colocal-

ization was detected between these loci and the IL-8 gene, nor

between the IFN-b and IL-8 genes (data not shown). By contrast,

the 4C clone #21 (#14 and #9 not shown) was colocalized with

the IkBa gene (another NF-kB target) (Figure S2). The interaction

between IkBa and our 4C clones prompted us to examine

whether the IFN-b and IkBa genes are colocalized after virus in-

fection. As seen in Figure S2, 11% of virus-infected cells show

colocalization between the IFN-b and IkBa genes. Thus, the

IFN-b and IkBa genes, which are activated by NF-kB, colocalize

after virus infection. These colocalizations appear to be gene

specific since not all NF-kB-regulated genes colocalize either

with the 4C clones or between them.
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Figure 3. DNA FISH Reveals the Colocalization of the IFN-b Locus and the 4C-ChIP Clones following Virus Infection

(A) A digoxygenin-labeled DNA probe was used to detect the IFN-b locus and was visualized with FITC-conjugated anti-DIG antibody (green). A biotin-labeled

DNA probe was used to detect the 4C-ChIP clones, as indicated in the figure, and was visualized with Alexa 568-conjugated streptavidin (red). The circle includes

the colocalized alleles observed only in virus-infected cells. A magnification of the area of colocalization is shown at the top right.

(B) Diagrammatic representation of the percentage (mean ± SD) of cells with colocalization between IFN-b and each of the 4C-ChIP clones during the time course

of virus infection. All cells were scored blindly and slides were prepared from three different experiments. Scores were derived from 250 to 486 cells for each

category. * denotes p < 0.05, ** denotes p < 0.01, and *** denotes p < 0.001.

(C) Diagrammatic representation of DNA FISH experiments showing the percentage (mean ± SD) of cells with colocalized signals of #21 and #14 in the time course

of virus infection. Of note, relatively high frequency of colocalization is observed in uninfected cells.

(D) Triple DNA FISH experiment revealed the simultaneous colocalization of IFN-b with #21 and #14 upon virus infection. The IFN-b locus was detected with far

red (yellow).

(E) Diagrammatic representation of triple DNA FISH experiments showing the percentage (mean ± SD) of cells with colocalized signals of each combination of the

indicated genomic loci.
To test whether the 4C isolated genomic loci colocalize before

or after virus infection, we carried out FISH experiments using

probes for each 4C clone. The results showed a markedly high

frequency of colocalization between 4C clones #14 and #21

even before virus infection (Figure 3C). These interactions are

specific since the IFN-b gene located on the same chromosome

as #14 does not colocalize with any of these clones before virus

infection. The interchromosomal interactions are further in-

creased upon virus infection (Figure 3C). Remarkably, triple

FISH experiments revealed the simultaneous interaction of

IFN-b with these 4C loci, albeit in a lower percentage of cells

(Figures 3D and 3E). These results showed that the widely sepa-
rated 4C clones colocalize before virus infection and interact

together with the IFN-b gene after virus infection.

4C Clones Colocalize with Monoallelically Expressed
IFN-b RNA
We have shown that one IFN-b allele interacts with one allele

from each of the 4C clones only in response to virus infection

(Figure 3). At the peak of interaction (Figure 3B), the total per-

centage of IFN-b interacting alleles in the cell population is

27%, a number that is similar to the percentage of cells express-

ing IFN-b following virus infection (Figure 1). Therefore, we asked

whether these interchromosomal interactions correlate with
Cell 134, 85–96, July 11, 2008 ª2008 Elsevier Inc. 89



IFN-b RNA production. We combined DNA FISH with RNA FISH to

determine whether the 4C clones colocalize with the transcribed

IFN-b gene following virus infection. Figure 4A shows that only

one IFN-b allele is transcribed at 6 hr following virus infection.

Remarkably, this allele colocalizes with a single allele from the

4C clones (Figures 4B–4D) with frequencies similar to those de-

scribed in Figure 3B for the 6 hr time point. The triple RNA/DNA

FISH experiment of Figure 4E shows that the single IFN-b allele

interacting with the 4C clone #21 is the one expressing IFN-b

mRNA. As a control we showed that the IFN-b RNA is not de-

tected in uninfected cells and that the IFN-b RNA signal is lost

when virus-infected cells are treated with RNase A (data not

shown). Taken together, these results suggest that interchromo-

somal associations occurring between single alleles from the 4C

clones and IFN-b in a cell population correlate with monoallelic

IFN-b transcription. The total percentage of cells showing max-

imal monoallelic interchromosomal interactions at 4 hr post-in-

fection (27.1%, Figure 4F) correlates to the total percentage of

cells expressing the IFN-b gene from a single allele at 6 hr

(22%, Figure 4A). These experiments suggest that the IFN-b

RNA is transcribed from a single IFN-b allele interacting with

a single allele from any of the 4C isolated loci.

Since the experiments described above have been carried out

in HeLa cells that are polyploid, we repeated the DNA, DNA-RNA

FISH, and the triple FISH experiments in diploid human epithelial

cells (HCT-116) and obtained qualitatively similar results

(Figure S3), thus indicating the biological significance of our

observations.

IFN-b Gene Transcription Switches from Monoallelic
to Multiallelic in Response to IFN-b Cytokine Signaling
The experiments of Figure 4 were performed using cells infected

with virus for 6 hr. This is the time point at which IFN-b transcrip-

tion begins. However, at this time point there is a decreased

interaction between IFN-b and the 4C clones, and this interaction

is lost at the peak of IFN-b transcription (Figure 3). Since there

are no interchromosomal interactions at later time points (not

shown) we can’t further correlate IFN-b RNA expression with in-

teraction with the 4C clones. However, when we repeated the

DNA-RNA FISH using IFN-b probes and cells infected with

Figure 4. RNA and DNA FISH on Virus-In-

fected Cells Reveal Colocalization of the

4C-ChIP Clones with the Transcriptionally

Active IFN-b Allele

(A) Combined RNA and DNA FISH on nuclei from

mock- and virus-infected for 6 hr HeLa cells.

DIG-labeled nick-translated IFN-b probe was

used for the detection of the IFN-b nuclear tran-

scripts. The signal was visualized with FITC-conju-

gated anti-DIG antibody (green). A biotin-labeled

DNA probe was used for the detection of the

IFN-b locus and was visualized with Alexa 568-

conjugated streptavidin (red). The nuclei were

counterstained with DAPI (blue). RNA FISH de-

tects the virus-inducible single transcriptionally

active IFN-b allele, whereas DNA FISH detects all

6 IFN-b alleles in HeLa cells. The percentage of

expressing cells is shown on the right.

(B) RNA FISH to detect IFN-b nuclear RNA (green)

combined with DNA FISH detecting the #21 locus

(red). The transcriptionally active IFN-b allele

colocalizes with a single #21 allele at a frequency

indicated at the right.

(C) RNA FISH to detect IFN-b nuclear RNA (green)

combined with DNA FISH detecting the #9 locus

(red). The transcriptionally active IFN-b allele

colocalizes with a single #9 allele at a frequency

indicated at the right.

(D) RNA FISH to detect IFN-b nuclear RNA (green)

combined with DNA FISH detecting the #14 locus

(red). The transcriptionally active IFN-b allele

colocalizes with a single #14 allele at a frequency

indicated at the right.

(E) Triple RNA/DNA FISH experiment revealed the

simultaneous colocalization of the IFN-b gene

(green) with #21 (red) and IFN-b mRNA (yellow)

upon virus infection.

(F) Frequency of colocalization of IFN-b with the

4C clones and its correlation with monoallelic sto-

chastic IFN-b expression.
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Figure 5. IFN-b Gene Transcription Switch from Monoallelic to Multiallelic during the Time Course of Virus Infection Requires IRF-7

(A) Combined RNA and DNA FISH on nuclei from mock- and virus-infected HeLa cells for 6, 8, and 10 hr. Biotin-labeled nick-translated IFN-b probe was used for

the detection of the IFN-b nuclear transcripts. The signal was visualized with Alexa 568-conjugated streptavidin (red). A DIG-labeled DNA probe was used for the

detection of the IFN-b locus and was visualized with FITC-conjugated anti-DIG antibody (green). The nuclei were counterstained with DAPI (blue). RNA FISH

detects a single transcriptionally active IFN-b allele at 6 hr post-infection and additional IFN-b-expressing alleles at later time points.

(B) Diagrammatic representation of the percentage (mean ± SD) of cells expressing IFN-b from three independent in situ hybridization experiments performed as in

Figure 1 except that the cells were infected with virus for 6, 8, or 10 hr. All cells for each category were scored blindly and at least 220 cells were counted in each case.

(C) HeLa cells were mock- or virus-infected for 6, 8, or 10 hr in the presence of IFN-b neutralizing antibodies or IgG1 as a control (lanes 1–8). RNA was isolated

and the abundance of the IFN-b transcripts was determined by RT-PCR analysis. In the bottom panel (lanes 9–16) the cells were treated with scrambled siRNA or

siRNA specific for IRF-7 for 62 hr before virus infection and RT-PCR analysis. The efficiency of the siRNA knockdown was tested by western blot (shown on the

right of the figure) using extracts prepared from virus-infected cells.

(D) Diagrammatic representation of the percentage of cells and the number of IFN-b-expressing alleles per cell from two independent RNA/DNA FISH exper-

iments performed as in Figure 4 except that the cells were treated as in (C). All cells for each category were scored blindly and at least 130 cells were counted in

each case. In each column the relative percentage of cells expressing 1, 2, or more IFN-b alleles is indicated with different colors.
Sendai virus for longer times we found that gradually the remain-

ing IFN-b alleles begin to express IFN-b RNA (Figure 5A), a result

consistent with the gradual decrease of intrinsic noise of IFN-b

expression reported recently (Hu et al., 2007). The in situ hybrid-

ization experiment of Figure 5B shows that the percentage of

cells expressing IFN-b is nearly doubled at 10 hr post virus infec-

tion as opposed to the percentage of expressing cells at 6 hr

post-infection. In summary, IFN-b transcription begins from

a single allele interacting with the 4C clones in 20% of the cells

but at later time points the remaining IFN-b alleles, not interacting

with the 4C clones, begin to express IFN-b in the same and in

other cells.
To test whether the IFN-b protein produced early in virus infec-

tion from a single allele is critical for the subsequent multiallelic

expression (positive feedback) of the same and other cells we

added neutralizing IFN-b antibodies in the culture. Figure 5C

shows that the neutralizing antibodies dramatically decreased

IFN-b expression at 8 and 10 hr post-infection, but they did not

affect the early monoallelic activation of the gene (compare lanes

1–4 with 5–8). To determine whether the effect of the IFN-b pro-

tein on IFN-b gene expression is mediated through IRF-7, which

is an IFN-b-inducible factor (Sato et al., 2000), we treated the

cells with an IRF-7-specific siRNA. As seen in Figure 5C (lanes

9–16), IRF-7 is critical for maximal IFN-b transcription especially
Cell 134, 85–96, July 11, 2008 ª2008 Elsevier Inc. 91



at the later time points, and it has a small effect at the early phase

of induction, a result consistent with the late arrival of IRF-7 on

the IFN-b enhancer (Munshi et al., 2001).

To correlate the IFN-b protein effect on IFN-b gene transcrip-

tion with the switch from mono- to multiallelic expression we car-

ried out DNA and RNA FISH experiments to determine the num-

ber of IFN-b alleles expressing the IFN-b gene. Figure 5D shows

that 22% of the cells infected with Sendai virus for 6 hr express

IFN-b, and of these the majority (19% of total cells) transcribe the

IFN-b gene from a single allele. However, at 8 hr post-infection

there is a parallel decrease of monoallelic expressing cells and

an increase of cells expressing IFN-b from two or more alleles.

This switch is more dramatic at 10 hr post-infection when the

majority of the expressing cells transcribe the IFN-b gene from

two or more alleles. Treatment of the cell culture with neutralizing

IFN-b antibodies affected monoallelic expression only slightly,

but it dramatically reduced both the total number of cells ex-

pressing IFN-b at later time points and the switch from mono

to multiallelic IFN-b expression. A similar result was obtained

when the cells were treated with the IRF-7-specific siRNA

(Figure 5D). These experiments demonstrate that the IFN-b pro-

tein secreted early on at virus infection is produced from cells

transcribing a single IFN-b gene allele and acts on the same

and on other cells to induce IFN-b gene transcription on all al-

leles. A prediction from these experiments is that treatment of

the cells with IFN-b before virus infection (IFN-b priming) would

increase the number of expressing cells and the number of ex-

pressing alleles. Indeed, Figure 5D shows that IFN-b priming

doubles the number of expressing cells and increases the num-

ber of alleles expressing the IFN-b gene, without affecting the

frequency of interchromosomal interactions (data not shown).

Thus, the IFN-b signaling-dependent effect is mediated by the

IRF-7 transcription factor.

4C Isolated Loci Increase the Probability
for IFN-b Expression
If the early monoallelic expression of the IFN-b gene in a small

cell population depends on the stochastic nature of the inter-

chromosomal interactions between the IFN-b gene and the 4C

isolated loci, then increasing the copy number of any of the 4C

clones might increase the number of the cells expressing IFN-

b predominantly from a single allele. To test this idea we trans-

fected HeLa cells with a bluescript vector harboring the #21,

#9, and #14 clones, followed by virus infection. Figure 6A shows

that transfection of any of the 4C plasmids increased the levels of

IFN-b and IkBa gene expression after virus infection from 3- to

5-fold. As a control, we showed that the levels of IL-8 expression

were not affected, a result consistent with the fact that the IL-8

gene does not interact with the 4C clones. Importantly, 3C ex-

periments confirmed that the transfected 4C plasmids interact

specifically with the endogenous IFN-b locus in a virus-infec-

tion-dependent manner (data not shown). Figure 6B shows

that at least part of the IFN-b RNA increase is due to an increase

in the number of cells expressing IFN-b RNA. Transfection of

a construct derived from #21 harboring just the AluSX repeat

also led to an increase in the number of cells expressing IFN-b

but to a lesser extent than the full-length #21. Remarkably, trans-

fection of a #21 construct harboring a precise deletion of the
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nonconsensus NF-kB site marginally only affected IFN-b

RNA levels or the number of cells expressing the gene (Figures

6A and 6B). Thus, the NF-kB site of the 4C clones plays a critical

role in determining the probability of IFN-b expression in each

cell. One possibility could be that NF-kB associates first with

the 4C clones and then is transferred to the IFN-b locus via inter-

chromosomal interactions. Indeed, chromatin immunoprecipita-

tion experiments revealed that NF-kB binds to the 4C clones

earlier after virus infection than it binds to the IFN-b promoter

(Figure 6C). More specifically, at 1 hr after virus infection

NF-kB associates with the 4C clones, whereas at the same

time binding at the IFN-b promoter is not detected (Figure 6C,

lane 2). Maximal NF-kB binding to DNA corresponding to the

4C clones (lane 5) correlates with the maximal frequency of inter-

chromosomal associations with the IFN-b locus (4 hr), and this

correlates also with maximal recruitment of NF-kB to the IFN-b

promoter.

To determine the ratio of mono- to multiallelic IFN-b gene ex-

pression after transfection of the 4C clones we carried out DNA-

RNA FISH experiments on virus-infected HeLa cells. Figure 6D

shows that transfection of the 4C clone #21 increased the prob-

ability of expression without affecting significantly the ratio of

mono to multiallelic expression at 6 hr post-infection. The spec-

ificity of this phenomenon was underscored by the inability of the

mutant 4C #21 (DNF-kB) to increase the number of expressing

cells. A qualitatively similar result was obtained when we trans-

fected NF-kB or IRF-7 expressing vectors (Figure 6D), an obser-

vation consistent with the fact that these factors are limiting in

the cells. However, when both factors were expressed at high

levels within the cells, IFN-b transcription began simultaneously

at many more cells and at more than one allele per cell and only in

virus-infected cells, further underscoring the requirement for

assembly of a complete enhanceosome.

DISCUSSION

In this study we present evidence for a model to explain how

virus infection induces the stochastic expression of the IFN-

b gene (Figure 7). According to this model, the choice of the allele

to be expressed depends on stochastic interchromosomal asso-

ciations between the IFN-b gene and at least one of the three

identified distinct genomic loci that could mediate binding of

the transcription factor NF-kB to the IFN-b enhancer. Then,

NF-kB nucleates enhanceosome assembly, a prerequisite for

chromatin remodeling, and activation of transcription from this

allele. The secreted IFN-b protein acts in a paracrine and auto-

crine manner to signal the presence of virus infection by inducing

the expression of hundreds of genes that together establish the

‘‘antiviral state’’ (Stetson and Medzhitov, 2006). One of the genes

activated by IFN-b is IRF-7, a transcription factor that associates

with the IFN-b enhanceosome late in infection. The increased

intracellular levels of IRF-7 trigger enhanceosome assembly in

additional cells and on multiple IFN-b alleles in each cell, thus

amplifying the production of IFN-b. This second phase of

IFN-b transcription occurs independently of interchromosomal

associations (Figure 7).

The precise organization of the IFN-b enhanceosome is re-

quired for optimal cooperative occupancy in response to viral



Figure 6. 4C-ChIP Clones Increase the

Probability of Stochastic IFN-b Gene

Expression

(A) HeLa cells were transfected with blue-

script�based constructs bearing the 4C-ChIP

clones #21, #9, and #14, a derivative of #21 con-

taining only the Alu SX (Alu21) repeat or, a mutant

of #21 lacking the NF-kB site (#21DNF-kB). The

cells were infected with virus for 6 hr and the iso-

lated RNA was used as a template for RT-PCR

analysis using primers specific for IFN-b, IkBa,

and IL-8 genes. The radioactive bands were quan-

titated using phosphorImager and the data from

four independent experiments were plotted and

are shown at the right panel of the figure (shown

are mean values ± SD).

(B) Diagrammatic representation of the percent-

age (mean ± SD) of cells expressing IFN-b from

three independent in situ hybridization experi-

ments performed as in Figure 1 except that the

cells were transfected with the indicated blue-

script-based constructs. All cells for each cate-

gory were scored blindly and at least 300 cells

were counted in each case. *** denotes p < 0.001.

(C) Crosslinked chromatin prepared from mock- or

virus-infected HeLa cells for the indicated amount

of time was immunoprecipitated with the p65-spe-

cific antibody. The precipitated IFN-b promoter

and #21, #14, and #9 loci were detected by PCR

using 32P-dCTP in the reaction.

(D) Diagrammatic representation of the percent-

age of cells and the number of IFN-b-expressing

alleles per cell from two independent RNA/DNA

FISH experiments performed as in Figure 4 except

that the cells were transfected with the indicated

plasmids. All cells for each category were scored

blindly and at least 180 cells were counted in

each case. In each column the relative percentage

of cells expressing 1, 2, or more IFN-b alleles is

indicated with different colors.
infection in vivo, and it has been suggested that such an organi-

zation may reflect regulation by limiting concentrations of one or

more critical activators (Papatsenko and Levine, 2007). The low

concentration of NF-kB and IRF-7 explains the ordinary require-

ment for cooperativity in enhanceosome assembly and sets the

stage for combinatorial control of transcription. On the other

hand this poses a problem, that is, how to target a low abun-

dance factor like NF-kB to the correct gene for nucleating enhan-

ceosome assembly in a nucleus containing millions of putative

NF-kB binding sites.

We have identified three genomic loci that interact separately

or in combinations with a single allele of IFN-b (Figures 7A and

7B) in response to virus infection. Two of these loci map in differ-

ent chromosomes than the IFN-b gene, whereas the third is on

the same chromosome but on the other arm. We have been un-

able to clone additional loci interacting with IFN-b with the 4C-

ChIP approach, presumably due to the high false negative rate

of the approach. However, this does not exclude the possibility

that the IFN-b locus can interact with additional loci with lower
frequencies and affinities. The physical association of these dis-

tant DNA sequences with the IFN-b gene occurs during the time

of enhanceosome assembly and before initiation of transcrip-

tion. Thus, it is possible that these interchromosomal associa-

tions play a role in enhanceosome assembly by facilitating

(delivering) NF-kB binding to the IFN-b promoter. The following

observations are consistent with this model. First, chromatin im-

munoprecipitation experiments revealed that NF-kB binds to the

4C clones before binding to the IFN-b promoter. Second, the in-

terchromosomal interactions are NF-kB dependent as revealed

by transfecting the cells with a dominant-negative form of IkBa

(DN-IkBa), leading to a dramatic decrease of both virus-induc-

ible interchromosomal interactions and IFN-b expression (Fig-

ure S4). The third observation supporting a role of the 4C clones

in delivering NF-kB is the experiment shown in Figure S5. We

transfected p65 followed by virus infection and found a signifi-

cant decrease in the frequency of interchromosomal interac-

tions, thus suggesting that these associations take place

only when the concentration of NF-kB within the cells is at
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physiological low levels. Furthermore, the observation that these

loci are in physical proximity before the entrance of NF-kB into

the nucleus suggests that it is the IFN-b gene that is recruited

to this site to ‘‘receive’’ NF-kB. When the levels of NF-kB are

increased by transfection, the factor can bind to the IFN-b pro-

moter independently of interchromosomal associations. We

propose the existence of an NF-kB ‘‘receptor’’ center consisting

of the 4C loci that can immediately receive NF-kB and distribute

the factor to the promoters of selected genes via interchromo-

somal associations. We can imagine that the NF-kB receptor

center is localized in specialized nuclear regions to which the in-

coming NF-kB can have instant access. Support for such

a model comes from the fact that the affinity of NF-kB for these

sites is 2–3 times lower than that for the IFN-b gene (our unpub-

lished data), thus implying that its preference for the receptor

center could be due to a combination of factors such as the local

nuclear architecture, DNA-induced allostery, and/or other pro-

teins localized in this microenvironment. We do not know the

mechanisms assuring the specificity of these interchromosomal

associations since not all NF-kB-regulated genes (e.g., IL-8) are

recruited to the NF-kB center. It is possible that additional

factors bound to the 4C clones and/or to the promoters of the

recruited genes determine the specificity of the interactions by

exposing complementary surfaces. A prediction derived from

our model is that conversion of the low-affinity specialized

NF-kB site present in the 4C clones to a consensus high-affinity

site would preclude the delivery of NF-kB to the IFN-b enhancer,

resulting in a decrease in transcription. Figure S6 shows that the

4C clones bearing a consensus high-affinity NF-kB site taken

from the MHC class I are not only incapable of facilitating IFN-b

expression but also decrease IFN-b transcription, presumably by

serving as competitors. Additional support for our model is pro-

vided by the observation that all 4C clones contain specialized

Figure 7. A Model Depicting Stochastic Activation

of IFN-b Gene Transcription

(A) Virus infection induces the nuclear localization of NF-

kB, which binds first to a site in the nucleus where single

alleles of the 4C-ChIP loci are in physical proximity.

(B) Next, one allele of IFN-b interacts with the 4C-ChIP loci

and NF-kB is transferred to the IFN-b enhancer. This sto-

chastic reactions takes place in �20% of the cells and in-

volves a single IFN-b allele.

(C) NF-kB nucleates enhanceosome assembly on this al-

lele leading to monoallelic activation of transcription.

(D) The secreted IFN-b protein acts on the same and on

other not initially expressing cells to induce high-level tran-

scription of IRF-7. The IRF-7 protein accumulates at high

levels and binds to the IFN-b enhancer stimulating enhan-

ceosome assembly on more than one allele. This leads to

multiallelic expression and amplification of the virus infec-

tion-induced signal.

Alu repeats, and that the Alu NF-kB site is an

integral functional component of the repeats

required for the stochastic IFN-b expression.

Previous studies have shown that Alu repeats

are euchromatic and contain several functional

transcription factor-binding sites and may play

a role in regulation of biological processes (Polak and Domany,

2006). We can imagine that Alu repeats interspersed in the

genome may function as ‘‘marks’’ to properly align interacting

chromosomal domains during the execution of several nuclear

processes.

The model we propose stipulates that the stochastic activation

of only one allele is dependent on the limited concentration of

NF-kB, and it could explain the monoallelic and stochastic

expression of many other cytokines regulated by NF-kB. Fur-

thermore, the stochastic oscillation of NF-kB in individual cells

further underscores the requirement for a promoter-targeting

mechanism to ensure the proper activation of immune genes

(Nelson et al., 2004). The formation of a complex between IFN-b

and the 4C clones is a rapid signal-dependent process that

occurs within 2 hr of virus infection, thus differing from other

types of interchromosomal interactions described in olfactory re-

ceptor expression (Lomvardas et al., 2006), T cell differentiation

(Spilianakis et al., 2005), HoxB1-dependent ES differentiation

(Wurtele and Chartrand, 2006), imprinting (Ling et al., 2006;

Zhao et al., 2006), erythroid gene expression (Osborne et al.,

2004), X chromosome inactivation (Bacher et al., 2006; Xu

et al., 2006), etc., which are established during long-lasting cell

differentiation pathways. Furthermore, the interchromosomal

interactions described here occur between a known gene and

intergenic loci with previously unknown function.

The monoallelically produced and secreted IFN-b protein acti-

vates among others the IFN-b gene activator IRF-7. Before virus

infection, IRF-7 is expressed at very low amounts and has a very

short half-life, and, like IRF-3, virus infection induces serine

phosphorylation allowing IRF-7’s dimerization and nuclear trans-

location (Honda et al., 2006). This observation is consistent

with our siRNA experiments, which revealed a small contribution

of IRF-7 in the initial monoallelic expression of IFN-b but
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underscored its role in late multiallelic IFN-b transcription. We

believe that the high levels of IRF-7 production in response to

IFN-b signaling drive enhanceosome assembly in more cells

and in more than one allele per cell (Figure 7D). As predicted,

IRF-7 overexpression experiments and IFN priming increased

the number of expressing cells and alleles. In other words, the

‘‘pioneer’’ factor that nucleates enhaceosome assembly in the

second phase appears to be IRF-7 as opposed to NF-kB in

the first phase.

In summary, we present evidence that the limiting factor NF-

kB is delivered to a single IFN-b allele via stochastic interchro-

mosomal associations, and this nucleates enhanceosome as-

sembly by ‘‘recruiting’’ the remaining factors via DNA-induced

conformational changes and protein-protein interactions leading

to transcriptional activation. Next, the remaining IFN-b alleles are

activated through the IRF-7-driven assembly of enhanceosomes

and independently of interchromosomal associations (Figure 7).

Consistent with this idea is our observation that overexpression

of both p65 and IRF-7 leads to the simultaneous expression of

IFN-b from multiple alleles even at the early phase of expression.

Thus, our experiments provided a mechanistic model of how the

IFN-b enhancer integrates inputs received from virus infection

and signal amplification derived from the positive IFN feedback

loop.

EXPERIMENTAL PROCEDURES

Tissue Culture and Cell Transfection and In Situ Hybridization

HeLa CCL-2 (ATCC) and HCT-116 cells were cultured in DMEM supplemented

with 10% FBS and 1% PENSTREP at 37�C. All transfections were performed

with lipofectamine 2000 (Invitrogen) according to the manufacturer’s instruc-

tions. Cells transfected with siRNA for IRF-7 (sc-38011, SantaCruz Biotechnol-

ogy) were grown for 62 hr before virus infection. In situ hybridizations were

performed as described previously (Senger et al., 2000).

3C and 4C-ChIP

The 3C analysis was performed as described previously (Dekker et al., 2002).

The detailed procedure is described in the Supplemental Data. For the 4C-

ChIP, the cells were treated as in the 3C. After EcoRI restriction, the cleaved

chromatin was dialyzed in a buffer containing 5% glycerol, 10 mM Tris-HCl

(pH 8), 1 mM EDTA, and 0.5 mM EGTA overnight (O/N) at 4�C. Fifty micrograms

of the chromatin was used for immunoprecipitation with the anti-p65 antibody

as previously described (Agelopoulos and Thanos, 2006). After the final wash

with TE, a small sample of the beads was removed in order to check the ChIP

efficiency. The bead-bound fragments were ligated O/N, at 16�C with 100 U of

ligase in 1 ml final volume, followed by addition of ligase and ATP and incuba-

tion at room temperature (RT) for 3 hr. The immunoprecipitated and ligated

DNA was isolated and used as template for inverse-nested PCR (Figure S5).

The products were analyzed and isolated from a 1.5% agarose gel and cloned

in pGEM Teasy vector (Promega), and the positive clones were analyzed by

DNA sequencing.

DNA and DNA/RNA FISH

The DNA FISH analysis was performed as described in the Supplemental Data.

The BAC probes used were obtained from CHORI BACPAC libraries. Specifi-

cally we used the following: RPCI-11.113D19 for the IFN-b locus, RPCI-

11.447E20 for the IL-8 locus, RPCI-11.395I6 for #21, RPCI-11.81F13 for

IkBa, RPCI-11.418K9 for #9, RPCI-11.430N14 for #14, and CTB-BRI 64I22

for the AluSx control clone. For the DNA/RNA FISH, the cells were attached

on glass slides, were washed with ice-cold PBS, and incubated for 10 min in

cytoskeleton buffer containing 100 mM NaCl, 300 mM sucrose, 3 mM

MgCl2, 10 mM Pipes, 0.1% Triton X-100, and 20 mM vanadyl-ribonucleoside,

and were then fixed for 15 min at RT in a solution containing 4% PFA in PBS
with 5% acetic acid. The slides were then incubated overnight in 70% ethanol

at 4�C. The next day the permeabilized cells were incubated in 50% formam-

ide-23 SSC at 70�C for 3 min and dried in ethanol series. The probes after heat

denaturation were applied directly on the dried cells and incubated O/N at

37�C. The slides were washed two times for 10 min in a solution of 50% form-

amide in 23 SSC at 37�C. After 30 min of blocking at RT the signal was

detected with incubation of anti-DIG/ Fluorescein antibody or streptavidin/

Alexa 568 in a solution containing 0.1 M Tris-HCl (pH 8), 0.15 M NaCl, 13

blocking reagent (Roche), and 20 mM vanadyl-ribonoucleoside complex.

The antibody was crosslinked in 4% PFA in PBS for 10 min at RT. Then DNA

FISH was performed using the NaOH denaturation protocol described above.

SUPPLEMENTAL DATA

Supplemental Data include Supplemental Experimental Procedures and

seven figures and can be found with this article online at http://www.cell.

com/cgi/content/full/134/1/85/DC1/.
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Abstract

The innate immune response is essential for controlling West Nile virus (WNV) infection but how this response is propagated
and regulates adaptive immunity in vivo are not defined. Herein, we show that IPS-1, the central adaptor protein to RIG-I-like
receptor (RLR) signaling, is essential for triggering of innate immunity and for effective development and regulation of
adaptive immunity against pathogenic WNV. IPS-12/2 mice exhibited increased susceptibility to WNV infection marked by
enhanced viral replication and dissemination with early viral entry into the CNS. Infection of cultured bone-marrow (BM)
derived dendritic cells (DCs), macrophages (Macs), and primary cortical neurons showed that the IPS-1-dependent RLR
signaling was essential for triggering IFN defenses and controlling virus replication in these key target cells of infection.
Intriguingly, infected IPS-12/2 mice displayed uncontrolled inflammation that included elevated systemic type I IFN,
proinflammatory cytokine and chemokine responses, increased numbers of inflammatory DCs, enhanced humoral
responses marked by complete loss of virus neutralization activity, and increased numbers of virus-specific CD8+ T cells and
non-specific immune cell proliferation in the periphery and in the CNS. This uncontrolled inflammatory response was
associated with a lack of regulatory T cell expansion that normally occurs during acute WNV infection. Thus, the enhanced
inflammatory response in the absence of IPS-1 was coupled with a failure to protect against WNV infection. Our data define
an innate/adaptive immune interface mediated through IPS-1-dependent RLR signaling that regulates the quantity, quality,
and balance of the immune response to WNV infection.
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Introduction

West Nile virus (WNV) is a neurotropic flavivirus and is an

emerging public health threat. Infection with WNV now constitutes

the leading cause of mosquito-borne and epidemic encephalitis in

humans in the United States [1]. WNV is enveloped and contains a

single strand positive sense RNA genome of approximately 11 kb in

length that encodes three structural (C, prM/M, and E) and seven

non-structural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B,

and NS5). It cycles enzootically between birds and Culex

mosquitoes, with humans infected as dead-end hosts. WNV

infection has been modeled in inbred mice wherein infection and

pathogenesis recapitulate many of the features of human infection

(reviewed in [2]). Following subcutaneous inoculation, WNV

replicates in dendritic cells (DCs) at the portal of entry and in the

draining lymph node. A primary viremia develops and virus

spreads to visceral organs including the spleen, where further

amplification occurs, leading to central nervous system (CNS)

dissemination and encephalitis. In humans, WNV causes an acute

febrile illness that can progress to severe and sometimes lethal

neuroinvasive disease, especially in the elderly and immunocom-

promised [3]. However, healthy young adults are also afflicted with

severe neurological disease [4,5,6], indicating that virulence can

occur independently of immune deficiencies or aging.

Intracellular innate immune defenses and the actions of type I

interferon (IFN) provide a first-line of defense against virus infection

and are essential for the control of WNV replication, dissemination,

and neurovirulence [7]. Innate antiviral immune defenses are

triggered through the recognition of conserved pathogen associated

molecular pattern (PAMP) motifs within viral products by

intracellular pathogen recognition receptor (PRR) proteins in

infected cells. PRR signaling directs downstream activation of latent
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transcription factors, including NF-kB, interferon regulatory factor

(IRF)-3 and IRF-7, in a cell type-specific manner to induce antiviral

response programs that include expression of proinflammatory

cytokines, chemokines, type I IFN, and interferon stimulated genes

(ISGs) [7,8,9,10]. The ISG products induced through autocrine and

paracrine actions of IFN confer antiviral activity by limiting virus

replication and cell-to-cell virus spread. Modulation of IFN signaling

has been identified as a virulence feature of pathogenic strains of

WNV [11,12].

The RLRs, retinoic acid inducible gene-I (RIG-I) and

melanoma differentiation antigen 5 (MDA5) [13,14,15,16], are

PRRs that play critical roles in triggering immune defenses against

RNA virus infection, including WNV. RIG-I and MDA5 are

cytosolic RNA helicases that contain an amino terminal tandem

caspase activation and recruitment domain (CARD). Upon

engaging RNA substrates, the RLRs undergo a conformational

change and bind to the mitochondrial associated protein,

interferon promoter stimulator-1 (IPS-1) through a CARD-CARD

interaction, leading to IPS-1-dependent signaling of IFN produc-

tion and expression of immune response genes [17,18]. RLR

signaling and IPS-1 function have an essential role in triggering

IFN defenses during WNV infection of mouse embryo fibroblasts

(MEFs) and human cell lines in vitro. Cells lacking either RIG-I or

MDA5 were attenuated in their ability to generate an effective

innate immune response to infection, whereas cells lacking both

RIG-I and MDA5 or those deficient in IPS-1 alone were unable to

respond to infection with WNV and related flaviviruses

[19,20,21,22]. Recent studies examined the role of another class

of pattern recognition receptors, Toll like receptor (TLR)3 and

TLR7, and show that these receptors are also important PRRs of

WNV infection, as they play a role in signaling IFN production

and an inflammatory response upon viral ligand recognition

[23,24,25]. TLR3 has been shown to contribute to both

enhancement and protection of CNS inflammation and neurovir-

ulence of WNV in vivo [23,24], while TLR7-dependent signaling

was shown to be essential for directing proper immune cell homing

to sites of WNV infection during the adaptive immune response in

vivo [25].

Type I IFN, a major product of PRR signaling, has been shown

to link innate and adaptive immune responses. However, the

specific PRR pathways that mediate this during acute WNV

infection have not been delineated nor has the RLR pathway been

evaluated in this context. The quantity and quality of the innate

and adaptive immune responses after infection must be carefully

regulated to avoid aberrant inflammation and immunopathogen-

esis. Regulatory T (Treg) cells and inflammatory dendritic cell (DC)

subsets regulate inflammation during acute virus infection through

T cell suppression and by modulating the trafficking and

inflammatory cytokine production of immune cells into infected

tissues [26,27,28]. Thus, the level of local and peripheral Treg cells,

and the composition of local DC subsets that develop during

WNV infection may determine immune control and WNV

disease.

Here, we assessed the role of RLR signaling and IPS-1 in WNV

infection and immunity. Our studies define IPS-1 as an essential

modulator of immunity in vivo and demonstrate that IPS-1-dependent

signaling orchestrates an innate/adaptive immune interface that

regulates immune responses to effectively control WNV infection.

Results

RIG-I and IPS-1 are essential for protection against WNV
infection

WNV infection of primary embryonic fibroblasts recovered

from RIG-I2/2 mice revealed that RIG-I was important in

eliciting innate antiviral immune defenses early during infection,

whereas MDA5 was important for enhancing and sustaining this

response [21]. We further evaluated WNV infection of RIG-I2/2

or MDA52/2 mice and confirmed that RIG-I serves a dominant

role among the RLRs for the acute induction of innate immune

defenses and protection against WNV infection in vivo (data not

shown). Since the RLRs signal innate defenses through the IPS-1

adaptor protein [29], we also examined the role of IPS-1 in

protection against WNV infection upon a sub-lethal virus

challenge of wild type and IPS-12/2 mice. IPS-12/2 mice were

highly susceptible to WNV infection and exhibited 100% mortality

with an average survival time (AST) of 7.3 days as compared to

wild type mice (38.5% mortality with an AST of 13.2 days;

p,0.0001; Fig 1A). Thus, RIG-I and IPS-1-dependent signaling

are essential for protection against WNV infection.

IPS-1-dependent signaling controls WNV replication,
tissue tropism, and CNS invasion

To define the role of IPS-1 in controlling WNV in vivo, wild type

and IPS-12/2 mice were infected subcutaneously (s.c.) with 100

PFU of WN-TX and viral burden within peripheral tissues and the

CNS was measured over time post-infection (pi). IPS-12/2 mice

exhibited increased viremia compared to wild type mice (45.7 fold

enhancement at day 1 pi, P,0.05) throughout the course of

infection (Fig 1B). Similarly, viral loads in the spleen were

elevated in the infected IPS-12/2 mice (Fig 1C). WNV infection

of IPS-12/2 mice displayed an expanded tissue tropism as

infectious virus was found in the kidneys, a tissue that is not

normally permissive to infection in wild type mice (Fig 1D). WNV

is typically detected in the CNS of wild type mice after s.c.

challenge between 4 and 8 days pi [2]. Consistent with this time

course, infected wild type mice exhibited detectable viral loads

(average viral titer of 101.8 pfu/gram of tissue) in the brain by day

6 p.i., although virus was not detected in the spinal cord (Fig 1E
and F). In contrast, WNV spread to the brain (Fig 1E) and spinal

cord of IPS-12/2 mice (Fig 1F) by day 2 pi, with viral loads rising

through day 6 pi. Together these results indicate that IPS-1, likely

Author Summary

West Nile virus (WNV) is a mosquito-transmitted RNA virus
that has emerged in the Western hemisphere and is now
the leading cause of arboviral encephalitis in the United
States. However, the virus/host interface that controls
WNV pathogenesis is not well understood. Previous
studies have established that the innate immune response
and interferon (IFN) defenses are essential for controlling
virus replication and dissemination. In this study, we
assessed the importance of the RIG-I like receptor (RLR)
signaling pathway in WNV pathogenesis through analysis
of mice lacking IPS-1, the central adaptor molecule of RLR
signaling. Our studies revealed that IPS-1 is essential for
protection against WNV infection and that it regulates
processes that control virus replication and triggering of
innate immune defenses. We found that IPS-1 plays an
important role in establishing adaptive immunity through
an innate/adaptive interface that elicits effective antibody
responses and controls the expansion of regulatory T cells.
Thus, RLRs are essential for pathogen recognition of WNV
infection and their signaling programs help orchestrate
immune response maturation, regulation of inflammation,
and immune homeostasis that define the outcome of WNV
infection.

IPS-1 Is Essential for Immunity to WNV Infection
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through RLR signaling of innate immune defenses, limits WNV

replication, viremia, and peripheral spread, and is essential for the

control of viral invasion of the CNS.

IPS-1 regulates the innate immune response to WNV
infection in myeloid cells

Myeloid cells, including tissue and lymphoid DC and

macrophages (Mw), are among the first cells to encounter

WNV during infection and thus function to restrict the spread

of virus to distant tissues and the CNS [2]. To define the role of

IPS-1 in controlling virus replication and innate immunity in

myeloid cells, we analyzed WNV infection and host responses in

primary bone marrow-derived DC and Mw recovered from wild

type and IPS-12/2 mice. DC and Mw were infected at an MOI

of 1.0 (relative to viral plaque assay quantification of BHK-21

cells; see Methods) and evaluated for virus replication, IFN

induction, and innate immune triggering of ISG expression

(Fig 2). IPS-12/2 DCs sustained significantly higher WNV

replication at 36 and 48 hours pi compared to wild type infected

cells (Fig 2A). WNV infection of wild type DCs induced IFN-b
secretion but this response was completely abolished in IPS-12/2

DCs (Fig 2B). The lack of IFN-b induction in IPS-12/2 DCs

correlated with a lack of ISG expression including RIG-I, MDA5,

and STAT-1 (Fig 2C). In addition, expression of ISG54 and

Figure 1. Virologic analysis in wild type and IPS-12/2 mice. Adult wild type and IPS-12/2 mice were infected s.c. with 100 PFU of WN-TX. (A)
Differential lethality from WNV infection (WT n = 13; IPS-12/2 n = 23; p,0.0001). B–F. Viral burden analysis of peripheral and CNS tissues from wild
type and IPS-12/2 mice infected s.c. with 100 PFU of WN-TX. (B) WNV RNA in serum and infectious virus in the (C) spleen, (D) kidney, (E) brain, and (F)
spinal cord were determined by RT-qPCR assay (B) or viral plaque assay (C–F) of samples harvested on day 1, 2, 4, and 6 pi. Data are shown as copies
of WNV genome RNA per ml of serum or PFU per gram of tissue for 3 to 6 mice per timepoint. Graphs show the mean +/2 standard deviation for
each measurement. Asterisk denotes p,0.05. The horizontal line indicates the lower limit of assay sensitivity.
doi:10.1371/journal.ppat.1000757.g001

IPS-1 Is Essential for Immunity to WNV Infection
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ISG49, which are direct IRF-3 target genes [30,31], were not

induced during WNV infection of IPS-12/2 DCs (Fig 2C).

Moreover, ISG56, another IRF-3 target gene [31], was induced

late during infection and to lower levels as compared to

ISG54 and ISG49 in wild type, infected DCs. WNV infection

of IPS-12/2 Mw resulted in significantly higher virus replication

between 24 and 48 hours pi as compared to infected wild type

cells (Fig 2D). Whereas wild type infected Mw expressed IFN-b,

this response was completely abolished in IPS-12/2 Mw (Fig 2F).

We also observed a differential expression of ISGs and IRF-3-

target genes within WNV-infected Mw. RIG-I, MDA5, and

STAT-1 were not induced in IPS-12/2 Mw, whereas, ISG56,

ISG49, and PKR were expressed at reduced levels and with

delayed kinetics. These data establish that IPS-1-dependent RLR

signaling is the major innate immune signaling pathway that

controls virus replication in conventional DCs and Mw.

The RLR signaling pathway triggers the innate immune
response to WNV infection in primary cortical neurons

Neurons represent the target cell of WNV infection in the CNS

and their death after infection is a key factor in pathogenesis and

neurological sequelae [32,33]. To define the role of RLR signaling

in restricting virus replication in neurons, primary cortical neurons

were generated from wild type and IPS-12/2 mice. Cells were

infected at an MOI of 1.0 with WN-TX and virus yield, IFN-b
induction, and ISG expression were evaluated. In the absence of

IPS-1, WNV replicated faster and to higher levels resulting in a 2.2

and 4.2-fold (p,0.05) increase in viral production at 24 hrs and 48

Figure 2. IPS-1 is essential for triggering the innate immune response to WNV infection and controlling virus replication in myeloid
cells. Primary bone-marrow derived dendritic cells (A–C) and macrophages (D–F) recovered from wild type mice and IPS-12/2 mice were mock-
infected (M) or infected with WN-TX at an MOI of 1.0. Cells and culture media were harvested at the times indicated pi for determination of virus load
(A, D) and IFN-b production (B, E), respectively. n.d. = not detected. Graphs show the mean +/2 standard deviation from three independent
experiments. Asterisk denotes p,0.05. (C,F) Immunoblot analysis of protein abundance in lysates from mock-infected (M) and WN-TX infected cells.
For panel C, STAT-1 expression in dendritic cells was normalized at each timepoint to loading control and compared to mock (relative fold induction
WT, KO at 12 hours 1.72, 0.7; 24 hours 2.6, 0.8; 36 hours 4.6, 1.1; 48 hours 9.9, 0.6).
doi:10.1371/journal.ppat.1000757.g002

IPS-1 Is Essential for Immunity to WNV Infection
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pi, respectively as compared to infected wild type neuronal cells

(Fig 3A). This relatively modest virologic effect in neurons

compared to that observed in IPS-12/2 DC and Mw was

expected, as IFN-a or -b pre-treatment only inhibits WNV

infection in cortical neurons to a maximum of 5 to 8-fold [12],

suggesting that the IFN response is comparably less potent in

neurons. IFN-b expression was induced to lower levels in

IPS-12/2 neurons compared to wild type infected neurons at 24

(10-fold, p,0.05) and 36 hours pi (5-fold, p,0.05) despite the

higher levels of virus replication (Fig 3A and 3B). Expression of

ISGs, (including RIG-I and MDA5) and IRF-3 target genes

(including ISG56 and ISG49) followed this pattern and were

dependent on IPS-1 for rapid and high level expression (Fig 3C).

The presence of IFN-b and ISG transcripts in IPS-12/2 cells at

48 hrs pi is consistent with the finding that TLR3 has an

independent and subordinate role in triggering innate immune

responses in cortical neurons at later time points after WNV

infection [23]. These results demonstrate that the RLR signaling

pathway controls virus replication and induces innate immune

responses against WNV infection in cortical neurons.

Neuronal destruction and CNS inflammation are
enhanced in WNV infected IPS-12/2 mice

To determine the role of the RLR pathway in protection of

neurons against WNV pathogenesis in vivo, we conducted

histological analysis of brain tissue from wild type and IPS-12/2

mice infected with WN-TX (Fig 4A). Analysis of brain sections

from infected wild type mice revealed little or no inflammation or

Figure 3. IPS-1 is essential for triggering innate immune defenses and controlling virus replication during WNV infection of primary
cortical neurons. Primary cortical neurons (CN) from WT and IPS-12/2 mice were infected at an MOI of 1.0. (A) Viral titers in the culture supernatants
were determined by plaque assay. (B, C) mRNA expression was determined by RT-qPCR assay using primers-specific for (B) IFN-b or (C) ISG56, ISG49,
RIG-I, and MDA5. Graphs show the mean +/2 standard deviation from triplicate independent analyses. Asterisks denote p,0.05.
doi:10.1371/journal.ppat.1000757.g003

IPS-1 Is Essential for Immunity to WNV Infection
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Figure 4. Increased CNS inflammation in WNV-infected IPS-12/2 mice. (A) H&E stained saggital brain tissue sections. The arrows denote
areas of interest. (B–E) Brain leukocytes were recovered from wild type and IPS-12/2 mice six days pi. (B) The total number of brain lymphocytes was
determined by cell counting. (C) Total CD4+ (left) and CD8+ T cells (right), (D) Total WNV-specific CD8+ T cells (left) with a representative analysis of
the frequency of TNF-a and IFN-c expression within brain CD8+ cells (right left), and (E) Total number of microglia/infiltrating macrophages (left) were
determined by flow cytometry (right; representative analysis). M = Mock; W = WN-TX. Data are representative of two or more independent
experiments, and each analysis represents a pool of 5 mouse brains.
doi:10.1371/journal.ppat.1000757.g004

IPS-1 Is Essential for Immunity to WNV Infection
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neuronal damage, with sparse and focal cell infiltrates restricted to

the hippocampus and cerebral cortex on day 6 pi. By day 10 pi (a

timepoint in wild type mice in which peak virus replication in the

CNS occurs [34]) cellular infiltrates were present in the

parenchyma and neuronal destruction was observed throughout

the cortex and hippocampus. In contrast, brain sections from

infected IPS-12/2 mice recovered on day 6 pi displayed extensive

injury to neurons in the cortex and granular neurons of the

hippocampus. Damaged neurons appeared pyknotic with vacuo-

lation, degeneration and cell dropout. Somewhat surprisingly, we

observed extensive inflammation in the brains from infected IPS-

12/2 mice within the cortex, hippocampus, and cerebellum (data

not shown) displaying prominent perivascular and parenchymal

immune cell infiltrates.

To evaluate the composition and antigen-specificity of the

inflammatory cells within the brains of WNV-infected mice,

lymphocytes were isolated from infected brains on day 6 pi and

were characterized from pools (n = 5) of wild type and IPS-12/2

infected mice. Brains from IPS-12/2 infected mice showed an 2.9-

fold increase in the total number of immune cells as compared to

wild type infected mice (Fig 4B), and this was associated with an

increase in absolute numbers of infiltrating CD4+ and CD8+ T

cells (Fig 4C). Among the brain CD8+ T cells isolated from IPS-

12/2 mice, there was a remarkable 27-fold increase in the number

of antigen-specific cells that expressed IFN-c after treatment with

an immundominant NS4B peptide (Fig 4D) [35,36]. Analysis of

microglia/Mw cells, based on relative surface expression of CD45

and CD11b [37], revealed increased numbers of microglial cells

(CD45+lo/CD11b+) and infiltrating macrophages (CD45+hi/

CD11b+) within the brains of infected IPS-12/2 mice when

compared to wild type mice (Fig 4E). Similar findings were

observed in the spinal cords from infected IPS-12/2 mice (data

not shown). Combined with the histological analysis, these results

demonstrate that in the absence of IPS-1, WNV infection induces

a strong inflammatory response in the CNS. While this response is

likely associated with increased viral loads, the failure of this

increased inflammatory response to elicit protection or control

CNS pathology, in the absence of IPS-1, suggests a role for the

RLR signaling pathway as a regulatory program that controls the

quality of the inflammatory response to WNV infection.

Serum cytokine levels
To further characterize how IPS-1 modulates the inflammatory

response to WNV infection, we measured levels of systemic type I

IFN, proinflammatory cytokines, and chemokines present in the

serum of WNV-infected mice at 1 and 4 days pi. Paradoxically, a

trend towards more rapid induction and increased levels of type I

IFN were observed in the serum of IPS-12/2 mice compared to

wild type mice (Fig 5A). We note that in this case type I IFN was

detected and quantified through a mouse-specific type I IFN

bioassay, which does not differentiate between the IFN-a or -b
species. This result is consistent with our recent studies showing

that serum type I IFN levels accumulate during WNV infection in

an IRF-7-dependent but IRF-3-independent manner [8,9]. In this

case IFN-a species are likely accumulating through a TLR7-

dependent signaling pathway involving plasmacytoid DCs, which

do not require the RLR pathway for IFN production [38]. More

recently, Town et al. assessed the role of TLR7 and MyD882/2

during WNV infection and found that mice lacking MyD88

produced elevated levels of systemic IFN during WNV infection

[25]. Thus, during WNV infection systemic IFN is regulated

through RLR-dependent and independent processes. Correspond-

ingly, when compared to wild type mice, IPS-12/2 infected

animals, which show higher viremia (Fig 1B) produced increased

serum levels of proinflammatory cytokines and chemokines in

response to WNV infection. Elevated levels of systemic IL-6, TNF-

a, CXCL10, and IFN-c were observed at 1 and/or 4 days pi in

IPS-12/2 mice (Fig 5B). Serum cytokine levels were also

compared between uninfected wild type and IPS-12/2 mice and

showed no differences in basal cytokine expression (data not

shown). These results demonstrate that in the absence of IPS-1,

greater proinflammatory cytokine and chemokine responses are

induced during WNV infection.

Altered WNV-specific antibody profiles in IPS-12/2 mice
WNV-specific antibody responses are essential for suppressing

viremia and virus dissemination and limiting lethal WNV infection

[39,40]. To determine if a deficiency in IPS-1 modulated the

quality and quantity of the humoral immune response, we

characterized the antibody profile in sera during WNV infection.

In wild type mice, neutralizing virus-specific IgM antibodies are

typically detectable by day 4 pi with WNV and production of

neutralizing virus-specific IgG antibodies follow between days 6

and 8 pi [40]. A time course analysis in wild type and IPS-12/2

infected mice showed that between 4 and 6 days pi, WNV-infected

IPS-12/2 mice exhibited significantly higher levels of virus-specific

IgM, IgG, and IgG subclasses as compared to infected wild type

mice (Table 1). WNV-specific IgG1 antibodies were detected at

low levels on day 6 pi in sera from wild type and IPS-12/2 mice.

Additionally, we observed a ,72.9-fold increase in WNV-specific

IgG2a levels in infected IPS-12/2 as compared to wild type mice

on day 6 pi and ,2.2-fold increase on day 8 pi. Assessment of

the virus-specific antibody responses through a PRNT assay

revealed that neutralization titers in sera from wild type mice

increased dramatically between 6 and 8 days pi. Sera from

IPS-12/2 infected mice exhibited a modest increase in neutral-

ization titer to 1:1280, despite having much higher levels of virus-

specific antibodies. This difference translated into a serum

neutralization index that was ,39-fold lower on day 6 pi in the

infected IPS-12/2 mice compared to wild type mice. These results

demonstrate that the humoral responses in WNV-infected

IPS-12/2 mice are distinct from responses in wild type infected

mice. Thus, RLR signaling and IPS-1 actions likely contribute to

regulatory processes that govern the levels, IgG class switching,

and neutralizing capacity of antibodies generated in response to

WNV infection.

Enhanced inflammation in lymphoid organs associates
with altered DC subsets and reduced numbers of
regulatory T (Treg) cells in WNV infected IPS-12/2 mice

To characterize the immune parameters associating with the

dysregulated inflammatory and humoral responses in WNV

infected IPS-12/2 mice, we analyzed the immune cell composition

in draining lymph node and spleen tissues. Wild type and

IPS-12/2 mice were challenged with diluent alone or with WN-

TX, and draining popliteal lymph node (DLN) and the spleen

were harvested at 1 and 6 days pi, respectively. Analysis of the

popliteal DLN provides insight into how IPS-1 modulates the

inflammatory response immediately after infection whereas

assessment of the spleen elucidates characteristics of the adaptive

immune response prior to the infection endpoint. Immune cells

were isolated from the popliteal DLN and were characterized by

flow cytometry (Fig 6). Analysis of CD8a DC subsets, which are

phenotypically the major antigen presenting cells within lymphoid

tissues and are implicated in eliciting virus-specific CD8 T cell in

response to acute WNV infection [41], showed that infected wild

type and IPS-12/2 mice exhibited similar increases in the
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numbers of CD8a+ and CD8a2 DCs compared to mock-infected

mice (Fig 6A, B). However, a significant increase (,3-fold;

p,0.05) of a proinflammatory DC subset, characterized as

CD11c+CD11bhiLy6C+, was observed within the popliteal DLNs

of IPS-12/2 infected mice (Fig 6C). This DC subset is monocyte-

derived and typically recruited to sites of acute inflammation

where they propagate the inflammatory response [42]. We found

that these DC subsets were not significantly expanded and showed

no differences in their recruitment to the DLN in either wild type

or IPS-12/2 infected mice at 12 hours pi (data now shown). Thus,

as early as 24 hours pi, an elevated cellular inflammatory response

is initiated in the IPS-12/2 mice. In contrast, similar increases in

plasmacytoid DCs were observed within infected wild type and

IPS-12/2 infected mice (Fig 6D), demonstrating that an absence

of IPS-1 did not directly affect expansion and/or recruitment of

this DC subset. Within the popliteal DLNs, mock-infected

IPS-12/2 mice compared to wild type mice generally showed

elevated numbers of B cells, CD4+ T cells (p,0.05), and CD8+ T

cells (Fig 6E, F, and G). These results suggest that IPS-1

contributes to the homeostasis of lymphocyte populations within

LNs. WNV infection of wild type mice increased the number of B

cells (3.4 fold), CD4+ T cells (3.1 fold), and CD8+ T cells (2.3 fold;

p,0.05) in the DLN within 24 hours pi. Similar increases in B

cells were observed upon infection of IPS-12/2 mice. However,

the number of CD4+ and CD8+ T cells was reduced in the DLN

after WNV infection of IPS-12/2 mice. Thus, in the absence of

Figure 5. Enhanced levels of IFN, proinflammatory cytokines, and chemokines in serum from WNV-infected IPS-12/2 mice. Serum
was collected from wild type and IPS-12/2 mice. (A) Type I IFN levels at 1, 2, and 4 days pi. (B) Proinflammatory cytokines and chemokines were
measured on days 1 and 4 pi. Graphs show the mean +/2 standard deviation from triplicate measurements of duplicate experiments. Asterisks
denote p,0.001.
doi:10.1371/journal.ppat.1000757.g005
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IPS-1, WNV infection specifically increases the number of

inflammatory Ly6c+ DCs but suppresses the overall expansion

and/or recruitment of T cells in the DLN.

We further analyzed the lymphocyte composition of the

spleen on day 6 after WNV infection (Fig 7). Gross pathologic

analysis revealed that WNV infection of IPS-12/2 mice results

in massive splenomegaly whereas infection of wild type mice

induces only a slight increase in spleen size (Fig 7A). Cell

analysis revealed increased numbers of total lymphocytes in the

spleens of infected IPS-12/2 mice as compared to wild type

mice (Fig 7B).

Regulatory T (Treg) cells have recently been shown to contribute

to the dampening of inflammation and adaptive immune

responses during acute virus infections [26,43,44]. Moreover, a

reduction in the number of circulating Treg in mice leads to

enhanced lethality after WNV infection [45]. A time course

analysis of Tregs in wild type mice revealed that WNV infection

results in a significant increase in the numbers of FoxP3+ T cells as

compared to mock-infected mice beginning on day 4 and peaking

by day 6 pi (Fig 7C), indicating the expansion of Tregs during

acute WNV infection. Despite their marked increase in viral load,

the infected IPS-12/2 mice did not display an increase in the

numbers of FoxP3+ T cells at any timepoint analyzed. Thus, IPS-1

signaling directly or indirectly impacts Treg proliferation and does

so independently of viral load.

We also observed that spleens from infected IPS-12/2 mice

exhibited significantly increased numbers of CD8+ T cells in

comparison to those from infected wild type mice, whereas the

expansion of splenic CD4+ T cells in wild type and IPS-12/2 mice

were not different (Fig 7D). The spleens from WNV-infected IPS-

12/2 mice showed significantly higher numbers (3.9-fold; p,0.05)

of WNV-specific CD8+ T cells producing IFNc.

To further define the phenotype associated with WNV-induced

splenomegaly in IPS-12/2 mice, we also assessed the numbers

of NK cells and neutrophils. Spleens from infected IPS-12/2

mice contained greater numbers of NK cells (CD42

CD82NK1.1+cells), NKT cells (CD4+/CD8+/NK1.1+ cells)

and neutrophils (CD11b+Gr1+ cells) (Fig 7E). Although WNV-

infected wild type mice infected displayed slight increases in the

absolute numbers of these specific cell types, a deficiency of IPS-1

resulted in a more marked enhancement of these immune cell

populations.

Discussion

In this study, we establish a major role for RLR signaling in

protection from WNV pathogenesis, and demonstrate that IPS-1 is

critical for the control of WNV infection in vivo. Our studies

indicate that IPS-1-dependent RLR signaling functions to establish

balanced, effective, and protective innate and adaptive immune

responses, and that IPS-1 links adaptive immune regulation with

the innate immunity triggered by RLR signaling during WNV

infection. In the absence of IPS-1 in vitro, innate immune defense

programs of myeloid DCs and macrophages were ablated or

severely attenuated. Moreover, in vivo analysis of infected IPS-12/

2 mice showed altered IgG and IgM antibody responses with

diminished virus neutralization activity. The inflammatory

response to WNV infection is regulated by IPS-1-dependent

processes such that a deficiency of IPS-1 resulted in elevated

proinflammatory cytokine and chemokines and increased numbers

of inflammatory DCs, antigen-specific T cells, natural killer cells,

and neutrophils in lymphoid organs, and activated macrophage/

microglial cells within the CNS. The dysregulated inflammatory

response to WNV infection in IPS-12/2 mice was associated with

a reduction in the numbers of Treg cells and their failure to expand

during acute infection. These observations demonstrate the critical

role of IPS-1 in mediating RLR signaling of innate antiviral

immunity against WNV infection, and reveal novel features of

IPS-1 function in regulating immune homeostasis, inflammation,

and adaptive immunity to infection.

Although infection of primary DCs, macrophages, and neuronal

cells failed to induce type I IFN upon WNV infection, WNV-

infected IPS-12/2 mice showed enhanced systemic type I IFN

responses. This finding agrees with previous studies that indicate

both IPS-1-dependent and -independent pathways contribute to

the systemic type I IFN production in vivo [8,9,23,25]. Most

importantly, the enhanced tissue tropism and rapid viral entry into

the CNS observed in the IPS-12/2 mice is not affected by the

elevated systemic IFN responses. This suggests that local tissue-

specific and intracellular responses triggered by RLR-dependent

signaling are more essential for reducing viral burden and

dissemination. One possible explanation is that a distinct set of

RLR-responsive genes function to control virus replication at the

site of infection. This could explain, in part, the elevated levels of

virus replication, enhanced tissue tropism and cell-to-cell spread in

mice or cells deficient in IRF3 or IRF-7, each of which are

downstream transcription factors of RLR signaling [8,9,10].

Additionally, it is likely that pDCs, which are specialized dendritic

cells for producing systemic type I IFN during a viral infection

[46], are likely contributing to the IFN responses observed during

WNV infection. Studies by Silva et al. have shown that WNV

triggers IFN induction in pDCs through a replication-independent

manner [47]. Interestingly, within the DLN, we observed similar

expansion of pDCs between wild type and IPS-12/2 infected

mice, yet at the same timepoint (24 hours pi), elevated systemic

type I IFN responses were observed in IPS-12/2 mice. This

suggests two possibilities: 1) splenic pDCs or circulating pDCs are

likely responding to the high levels virus in the serum from the

IPS-12/2 infected mice to produce IFN at 24 hours pi and/or 2)

various other cell types that express TLR3 and/or TLR7 are

responding to WNV infection and contributing to systemic IFN

responses. Taken together, these studies indicate that RLR

signaling and the actions of IRF-3/7 are important in triggering

IFN production and ISG expression to limit WNV replication and

spread, and that TLR signaling may impart additional, RLR-

independent defenses that regulate immunity against WNV

infection.

Table 1. WNV-specific antibody titers.

Wild type IPS-12/2

Day 4 Day 6 Day 8 Day 4 Day 6

IgMa ,20 160649 162060 47620 162060

IgGb 6060 5206575 1215064860 40622 102060645174

IgG1b ,20 2060 ,20 ,20 2060

IgG2ab ,20 1266203 405061620 ,20 918066033

PRNT50 ,20 32060 704063840 ,20 128060

Neutralization
Indexc

,0.25 0.471 0.511 ,0.23 .012

aIgM titers were determined by an arbitrary cutoff at an OD of 0.2 minus the
value from mock infected mice.

bIgG, IgG1, and IgG2a titers determined by OD values that were greater than 3
standard deviations above background signal.

cNeutralization index was calculated by dividing PRNT50 titers by the total IgMa

plus IgGb titer for each point.
doi:10.1371/journal.ppat.1000757.t001
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Figure 6. Immune cell subsets within the popliteal draining lymph node during acute WNV infection. Wild type and IPS-12/2 mice were
mock-infected (M) or infected with WN-TX (W), and popliteal draining lymph nodes were harvested 24 hr later. Lymphoid cells were isolated and cells
were analyzed by flow cytometry. (A–C) total numbers of cells expressing various dendritic cell surface markers, (D) plasmacytoid cell surface markers
(CD11cint/lo/B220+/siglec H+). (E and F) T cells (G) B cells. A representative flow cytometric analysis of the CD11c+/CD11bhi/Ly6C+ DC subset is shown
in C (left panel set). Data show the mean +/2 standard deviation from triplicate samples of duplicate experiments. Asterisks denote p,0.05.
doi:10.1371/journal.ppat.1000757.g006
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The production of and response to type-I IFN is a major linkage

point between innate and adaptive immunity, as IFN-a and IFN-b
sustain B cell activation and differentiation [48,49,50], expand

antigen-specific CD8+ T cells [51,52], CD4+ T cells [53], and

activation of NK cells [54]. One of the most intriguing aspects of

this study was the global alteration of the immune response elicited

in the IPS-12/2 mice, indicating that RLR signaling couples

innate immunity with regulation of the adaptive immune response.

Infection of IPS-12/2 mice exhibited increased IgM and IgG

WNV-specific antibodies, enhanced WNV-specific CD8+T cell

Figure 7. Enhanced inflammation in IPS-12/2 infected mice associates with a lack of Treg expansion during WNV infection. Wild type
and IPS-12/2 mice were mock-infected (M) or infected with WN-TX (W). Spleens were harvested and immune cells were isolated, counted, and
characterized by flow cytometry. (A) Spleen morphology. (B) Absolute cell counts. (C) Total CD4+/FoxP3+ regulatory T cells (left; M = mock) and
representative flow cytometric analysis of cell frequency from samples on day 6 pi (right). (D) CD4+ and CD8+ T cells. (E) NS4B antigen-specific CD8+ T
cells. (F) CD42/CD82/NK1.1+ NK cells, CD4+/CD8+/NK1.1+ NKT cells, and CD11c+/Gr1+ neutrophils. Graphs show the mean +/2 standard deviation
from triplicate samples of duplicate experiments. Asterisks denote p,0.05.
doi:10.1371/journal.ppat.1000757.g007
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response, and increased expansion of neutrophils, NK cells and

NK-T cells. One trivial explanation for these differences is that

there is an increased antigen load in the absence of IPS-1 and, as a

result, enhanced virus-specific (e.g. CD8+ T cells, IgG and IgM

antibodies) and nonspecific (e.g. Neutrophils, NK cells) responses.

However, there are several key findings from this study that argue

against these responses simply being attributed to higher antigen

load: (1) In the absence of IPS-1, the CD4 and CD8 T cells, which

are protective against WNV infection [34,35,36,55,56,57,58],

were significantly enhanced in the peripheral and CNS compart-

ments but failed protect against infection. One explanation for this

observation is that the expansion and migration of CD4 and CD8

T cells to different tissues was itself uncontrolled, resulting in T

cell-mediated pathology rather than T cell-mediated protection.

(2) While the quantity of virus-specific IgM and IgG antibody

responses were greatly enhanced in the absence of IPS-1, there

was a marked reduction in antibody quality in terms of

neutralization capacity. In contrast deficiencies in TLR3 or

MyD88 (data not shown) did not alter virus-specific antibody

responses and neutralization capacities. Collectively, these findings

suggest that RLR-dependent signaling coordinates effective

antibody responses during WNV infection through as yet

undefined pathway. (3) While systemic IFN responses provide a

link between innate and adaptive immune responses, our studies

suggest that the PRR signaling pathways (RLR-dependent vs –

independent) and levels of IFN production in combination with

production other proinflammatory cytokines or chemokines

regulate the quantity and quality of the immune response during

virus infection. Thus, in the absence of IPS-1 signaling, infected

conventional DCs or Mw, two integral cell types in establishing

adaptive immunity, likely do not produce IFN or the normal array

and level of proinflammatory cytokines/ chemokines. Instead, IFN

and other mediators may be strictly produced by infected or

bystander cells during WNV infection, occurring with altered

kinetics and magnitude, through TLR-dependent pathways, such

as TLR3 and/or TLR7 [23,25]. (4) In the absence of IPS-1, the

enhanced expansion of Ly6C+ ‘‘inflammatory’’ DCs failed to limit

early WNV replication and dissemination. This inflammatory DC

subset migrates to sites of infection, secretes pro-inflammatory

cytokines, and promotes CD8+ T cell expansion during a

secondary virus infection, suggesting it sustains the effector T cell

response [59]. Our data indicate that Ly6C+ DC recruitment

and/or expansion is governed by IPS-1-dependent events of RLR

signaling. Thus, the aberrant recruitment/expansion of these

inflammatory DCs may contribute to immunopathogenesis and

limit development of an effective immune response to control

WNV virus infection. (5) The lack of Treg expansion during WNV

infection correlated with altered IFN levels, increased proinflam-

matory cytokines and chemokine levels, and an increased number

and distribution of antigen-specific CD8+ T cells. These

observations implicate an indirect or direct role for IPS-1 in

regulating Treg levels during WNV infection, and provide evidence

that links a lack of Treg expansion to immune dysregulation.

While their importance in autoimmunity is established [60],

recent studies have implicated an integral role for Tregs in

controlling inflammation and adaptive immune responses during

acute virus infections [26,43,44]. During acute infection Tregs

function to locally contain and control the immune response with

the dual outcome of suppressing viral dissemination while

decreasing the likelihood of immune-mediated pathology. In

support of this model, infection studies with herpes simplex virus

(HSV) and mouse hepatitis virus (MHV), two well established

models of viral encephalitis, have demonstrated the importance of

Tregs in limiting proinflammatory cytokine and chemokine

responses to protect the CNS and enhance survival [26,43].

Recent work also implicates Tregs in the control of WNV

pathogenesis, wherein peripheral expansion of Tregs was associated

with asymptomatic infection among WNV-infected blood donors

but reduced Treg levels associated with WNV disease [45].

Furthermore, these studies revealed that the conditional depletion

of Treg cells in mice results in enhancement of WNV virulence and

expansion of antigen-specific CD8 T cells. Interestingly, from our

studies, type I IFN does not appear to be the major contributor to

Treg expansion during WNV infection, as Tregs failed to expand in

the IPS-12/2 infected mice despite their elevated levels of systemic

type IFN. These observations suggest that RLR signaling through

IPS-1 provides essential signals that directly or indirectly impart

the expansion of Tregs during WNV infection.

We propose that IPS-1 coordinates an innate/adaptive immune

interface wherein IPS-1- signaling after RLR engagement

regulates the quantity, quality, and balance of the subsequent

immune response. The integrity of the innate/adaptive immune

interface is central to the eliminating virus but also restricting

immunopathogenesis and inflammation during infection. RLR

signaling is essential for triggering the innate immune response to

RNA viruses that cause human disease, including the influenza

viruses, respiratory syncytial virus and other paramyxoviruses,

picornaviruses, reoviruses, flaviviruses, and hepatitis C virus

[14,19,22]. Thus, in addition to WNV, IPS-1-dependent RLR

signaling will likely have a broad impact for the control of

inflammation, immune response quality, and viral disease.

Methods

Cells and viruses
BHK21 and L929 cells were maintained in Dulbecco’s modified

Eagle medium (DMEM) supplemented with 10% fetal bovine

serum (FBS), 2mM L-glutamine, 1 mM sodium pyruvate,

antibiotic-antimycotic solution, and 16 nonessential amino acids

(complete DMEM). WNV strain TX 2002-HC (WN-TX) was

isolated by as previously described [11]. Working stocks of WN-

TX were generated by a single round of amplification on Vero-E6

(ccl-81; ATCC) cells, and supernatants were collected, aliquoted,

and stored at 280uC. Virus stocks were titered by a standard

plaque assay on BHK21 cells as previously described [40].

Mouse experiments
IPS-12/2 (C57BL/66129Sv/Ev) and their wild type littermate

control mice have been published [38,61] and were obtained as a

generous gift from Dr. S. Akira (Osaka University, Osaka, Japan).

Mice were genotyped and bred under pathogen-free conditions in

the animal facility at the University of Washington. Experiments

were performed with approval from the University of Washington

Institutional Animal Care and Use Committee. The methods for

mice use and care were performed in accordance with the

University of Washington Institutional Animal Care and Use

Committee guidelines. Age-matched six to twelve week old mice

were inoculated subcutaneously (s.c.) in the left rear footpad with

100 PFU of WN-TX in a 10 ml inoculum diluted in Hanks

balanced salt solution (HBSS) supplemented with 1% heat-

inactivated FBS. Mice were monitored daily for morbidity and

mortality.

Viral tissue burden and quantification
For in vivo virus replication studies, infected mice were

euthanized, bled, and perfused with 20 ml of phosphate-buffered

saline (PBS). Whole brain, spinal cord, kidney, and spleen were
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removed, weighed, homogenized in 500ul of PBS, and titered by

plaque assay.

Primary cell isolation and infection
Bone-marrow derived DC and Mw were generated as described

previously [9]. Briefly, bone marrow cells from wild type and

congenic deficient mice were isolated and cultured for 7 days in

either RPMI-1640 supplemented with granulocyte-macrophage-

colony stimulating factor, and interleukin-4 (Peprotech) to

generate myeloid DC or in DMEM supplemented with macro-

phage colony stimulating factor (Peprotech) to generate Mw. On

day 7, DC or Mw were infected with WN-TX at an MOI of 1.0

and at 12, 24, 36, and 48 hours post-infection (hpi), supernatants

were collected for titration of viral burden by plaque assay on

BHK21 cells and levels of IFN-b (described below). Cells were

collected in parallel for western blot analysis. Cortical neurons

were isolated from 15-day-old embryonic mice and cultured as

described previously [62]. On day 6 of culture, neurons were

infected with WN-TX at an MOI of 1.0 and at 12, 24, 36, and

48 hpi, supernatants were collected for virus titration by plaque

assay on BHK21 cells and cells were collected for RNA analysis by

RT-qPCR (described below).

Western blot analysis
Cells were lysed in modified RIPA buffer (10mM Tris [pH 7.5],

150mM NaCl, 0.5% sodium deoxycholate, and 1% Triton X-100)

supplemented with protease inhibitor cocktail (Sigma) and

phosphatase inhibitor cocktail II (Calbiochem). Protein extracts

(25 mg) were analyzed by immunoblotting as described previously

[11]. The following primary antibodies were used to probe blots:

mouse anti-WNV from the Center for Disease Control; rabbit

anti-ISG56, rabbit anti-ISG54, rabbit anti-ISG49, kindly provided

by Dr. G. Sen; mouse anti-PKR from Santa Cruz; rabbit anti-

RIG-I and rabbit anti-MDA5 from IBL; mouse anti-tubulin from

Sigma; and rabbit anti-STAT-1 from Cell signaling. Secondary

antibodies included peroxidase-conjugated goat anti-rabbit, goat

anti-mouse, donkey anti-rabbit, and donkey anti-mouse were from

Jackson Immunoresearch.

RNA extraction and analysis
For analysis of viremia, serum was separated (BD Microtainer

tube SST) and RNA was extracted as previously described [8].

WNV RNA copy number was measured by RT-quantitative PCR

(RT-qPCR) as previously described [63]. For cultured cells, total

RNA was extracted using the RNeasy kit (Qiagen), DNase treated

(Ambion) and evaluated for ISG49, ISG56, IFN-b, RIG-I, and

MDA5 RNA expression by one-step SYBR Green RT-qPCR.

Specific primer sets for ISG-49, ISG-56, RIG-I, and IFN-b have

been described previously [30,64]. Primer sets for MDA5 are: 59-

GTGGTCGAGCCAGAGCTGAT and 39- TGTCTCATG-

TTCGATAACTCCTGAA.

Interferon bioassay and ELISA
IFN-a and -b were measured in sera using a biological assay as

previously described [65]. Briefly, L929 cells were seeded at 36104

cells/well in a 96 well plate one day prior to the addition of

interferon standards or experimental samples. Mouse sera (diluted

1:10 in L929 media) were treated with UV light for 20 minutes to

eliminate residual virus. Duplicate sera samples were then added

to the 96-well plates in two-fold dilutions along with a murine IFN-

b standard. The following day, EMCV challenge virus was added

to the cells in 50 ml/well at an MOI of 5.0. Twenty-four hours

later, cytopathic effect was measured by a blinded scorer and IFN

levels in the sera was calculated based on the IFN standard. IFN-b
in cell culture supernatants was analyzed using mouse-specific

ELISA kits from PBL Biomedical Laboratories according to the

manufacturer’s protocol.

WNV-specific antibody analysis
WNV-specific IgM, total IgG, IgG1, and IgG2a levels were

determined by an ELISA using purified recombinant E protein as

previously described [55]. The neutralization titer of serum

antibody was determined by using a previously described plaque

reduction neutralization assay [40]. Briefly, sera samples from

mock or WN-TX infected mice were diluted in DMEM followed

by incubation at 56uC for 30 minutes to inactivate virus and

complement factors. Sera were further diluted in two-fold

increments and incubated with 100 PFU of WN-TX at 37uC for

1 hour. Standard plaque assays were performed on BHK21 cells

and the dilution at which 50% of plaques were neutralized was

determined by comparing the number of plaques formed from

WNV-infected sera samples to mock infected sera samples.

Cytokine/chemokine analysis
WNV infected sera were analyzed for the presence and levels of

TNF-a, IFN-c, CXCL10 (IP-10), and IL-6 by a mouse-specific

cytokine/chemokine Milliplex ELISA (Millipore).

Histological analysis
Mock-infected or WNV-infected mice were exsanguinated and

perfused with PBS, 4% paraformaldehyde, pH 7.3. Brains were

embedded in paraffin and 10-mm sections were prepared and

stained with hematoxylin and eosin (H&E) by the UW histology

pathology laboratory. Sections were analyzed using a Nikon

Eclipse E600 microscope (UW Keck microscope facility).

Flow cytometric analysis
Draining lymph nodes from mice were isolated and digested

with collagenase (Roche) and type I DNase in serum-free RPMI

media at 37uC for 40 minutes with mechanical disruption. Cells

were then incubated with RPMI media containing 10% FBS with

EDTA and HEPES for 10 minutes at room temperature, pelleted,

and resuspended in PBS containing 2% FBS and 0.1% sodium

azide (FACS Staining buffer). Splenocytes were isolated, washed,

and re-suspended in RPMI 1640 containing 10% FBS before in

vitro stimulation. Cells were washed twice before FACS staining.

For isolation of CNS immune cells, mice were euthanized and

perfused extensively with PBS to remove residual intravascular

leukocytes. Brains and spinal cords from 5 mice per experimental

group were isolated and pooled. Tissues were minced in RPMI

media, triturated, and digested with Liberase (Roche) and type I

DNase in serum-free RPMI media at 37uC for 45 min. Immune

cells were isolated after gradient centrifugation from a 37/70%

Percoll interface and washed twice with FACS staining buffer.

Immune cells were stained with antibodies specific to CD11c,

CD11b, B220, CD3, CD25, CD4, CD8, NK1.1, Gr-1, siglec H,

and CD45 (all reagents from eBiosciences). Intracellular FoxP3

staining was performed as previously described [26]. Intracellular

IFN-c staining was performed on splenocytes and CNS immune

cells as previous described [35,36]. Briefly, lymphocytes were

stimulated with 1 mg/ml of the WNV NS4B peptide (SSVWNAT-

TAI) for 4 h at 37uC. Cells were washed and stained for cell

surface markers followed by permeabilization-fixation using the

Cytofix-Cytoperm Kit (BD-PharMingen) and stained with a

Pacific-Blue conjugated IFN-c antibody (eBiosciences) at 4uC for

30 min, washed and analyzed by flow cytometry. Flow cytometry
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was performed on a BD LSRII machine using BD FACSDiva

software. Cell analysis was performed on FlowJo (v.8.7.2) software.

Statistical analysis
For in vitro studies and immune cell analysis an unpaired student

T-test was used to determine statistical differences. For in vivo viral

burden analysis, Mann-Whitney analysis was used to determine

statistical differences. Kaplan-Meier survival curves were analyzed

by the log-rank test. A p-value #0.05 was considered significant.

All data were analyzed using Prism software (GraphPad Prism5).
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