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Type I interferon (IFN) signaling coordinates an early antiviral program in infected and uninfected cells
by inducing IFN-stimulated genes (ISGs) that modulate viral entry, replication, and assembly. However,
the specific antiviral functions in vivo of most ISGs remain unknown. Here, we examined the contribution
of the ISG viperin to the control of West Nile virus (WNV) in genetically deficient cells and mice. While
modest increases in levels of WNV replication were observed for primary viperin�/� macrophages and
dendritic cells, no appreciable differences were detected in deficient embryonic cortical neurons or
fibroblasts. In comparison, viperin�/� adult mice infected with WNV via the subcutaneous or intracranial
route showed increased lethality and/or enhanced viral replication in central nervous system (CNS)
tissues. In the CNS, viperin expression was induced in both WNV-infected and adjacent uninfected cells,
including activated leukocytes at the site of infection. Our experiments suggest that viperin restricts the
infection of WNV in a tissue- and cell-type-specific manner and may be an important ISG for controlling
viral infections that cause CNS disease.

West Nile virus (WNV) is an enveloped, single-stranded,
positive-sense RNA virus in the family Flaviviridae. In humans,
the majority of WNV infections are asymptomatic, with a sub-
set of individuals presenting with a febrile illness. However, in
elderly or immunocompromised patients, WNV infection can
progress to encephalitis and cause death (19, 38). Since 1999,
more than 30,000 cases of symptomatic WNV infection have
been confirmed in the United States, although seroprevalence
studies suggest that this substantially underestimates the dis-
ease burden in the population (5). Currently, there is no ap-
proved therapy or vaccine for WNV in humans.

Early after cellular infection, WNV RNA is recognized by
one of several nucleic acid pattern recognition receptors
(RIG-I, MDA5, Toll-like receptor 3 [TLR3], and TLR7), and
signaling cascades are initiated, which result in the transloca-
tion of interferon (IFN) regulatory transcription factors (IFN
regulatory factor 3 [IRF-3] and IRF-7) and the induction of
type I IFN (reviewed in references 11 and 62). Type I IFN
binds to the IFN-�/� receptors (IFNARs) in both autocrine
and paracrine fashions, activating the Janus kinase (JAK)/
signal transducer and activator of transcription (STAT) path-
way, which induces the expression of hundreds of interferon-
stimulated genes (ISGs) (10, 30). Although several candidate
inhibitory ISGs against WNV in cell culture have recently been
suggested (25, 48), only 2�,5�-oligoadenylate synthetase 1b
(OAS1b), double-stranded RNA protein kinase (PKR), and
RNase L have confirmed antiviral activities in vivo. Increased

susceptibility to infection by WNV and other flaviviruses ex-
pressing a nonsense mutation in the OAS1b gene has been
observed in mice (33, 37), and a resistant phenotype can be
attained in vivo after complementation with the wild-type gene
(47, 55); OAS1b is an inactive oligoadenylate synthetase that
restricts WNV RNA replication through an uncharacterized
mechanism (15, 26, 47). Mice deficient in PKR and RNase L
also showed increased lethality and viral burden after WNV
infection with enhanced dissemination in neurons of the cen-
tral nervous system (CNS) (46).

Viperin (RSAD2 or cig5) is an ISG that is expressed in many
cell types after exposure to type I and type II IFN, TLR
agonists, or virus infection (7, 23, 41, 51, 64). Viperin localizes
to the cytosolic face of the endoplasmic reticulum (ER) via its
amphipathic �-helix (21, 22), where it is believed to contribute
to antiviral effects against hepatitis C virus (HCV) (20, 24),
Sindbis virus (6, 63), HIV (41), influenza virus (60), and human
cytomegalovirus (HCMV) (7) by modulating cholesterol and
isoprenoid biosynthesis, lipid raft formation, and the compo-
sition and localization of lipid droplets (reviewed in reference
16). The ectopic expression of viperin additionally alters ER
membrane morphology, which reduces bulk protein secretion
and may affect the assembly and secretion of viruses that use
an ER-derived exocytic pathway (22).

As the conditional ectopic expression of viperin in fibro-
blasts was recently reported to reduce flavivirus infection
(25), we assessed its antiviral activity in vivo using mice with
a targeted deletion of viperin (23). Viperin�/� mice were
more vulnerable to lethal WNV infection, with higher viral
burdens in peripheral and central nervous system tissues.
Infection experiments in deficient cells and mice suggest
that viperin restricts WNV infection in a cell- and tissue-
specific manner.
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MATERIALS AND METHODS

Virus propagation and titration. The lineage 1 WNV strain (3000.0259) was
isolated in New York in 2000 (14) and was passaged once in C6/36 Aedes
albopictus cells to generate an insect cell-derived stock that was used in all
experiments. BHK21-15 and Vero cells were used to measure viral titers of
infected cells or tissues by plaque assay (12). Viremia was determined by ana-
lyzing viral RNA levels in serum using quantitative real-time reverse transcrip-
tase PCR (qRT-PCR) and previously defined primer sets (12).

Mouse experiments and tissue preparation. C57BL/6 wild-type mice were
obtained commercially (Jackson Laboratories, Bar Harbor, ME). Congenic,
backcrossed viperin�/� mice were described previously (40). Eight- to 10-week-
old age-matched mice were inoculated with WNV diluted in Hanks balanced salt
solution (HBSS) supplemented with 1% heat-inactivated fetal bovine serum
(FBS) either by footpad (102 PFU in 50 �l) or by intracranial (101 PFU in 10 �l)
injection. On specific days postinfection, mice were sacrificed and perfused
extensively with iced phosphate-buffered saline (PBS), and organs were har-
vested, weighed, and stored at �80°C until further processing. Alternatively,
groups of mice were monitored for 21 days after infection for survival. All mouse
experiments were performed in accordance with Washington University animal
studies guidelines.

Quantification of type I IFN activity. Relative levels of biologically active type
I IFN in serum were determined by using an encephalomyocarditis virus cyto-
pathic effect bioassay with L929 cells as previously described (8). Data were
expressed as international units of type I IFN per ml compared to a standard
curve of recombinant IFN-� (PBL Biomedical Laboratories, NJ).

Serological analysis. WNV-specific IgM and IgG antibody levels were deter-
mined by using an enzyme-linked immunosorbent assay (ELISA) against the
purified WNV E protein as previously described (34). The amount of neutraliz-
ing antibody in serum was quantitated by a focus-forming reduction assay (17).

CD8� T cell responses. Splenocytes were harvested from wild-type or vi-
perin�/� mice on day 8 after infection. Intracellular IFN-� or tumor necrosis
factor alpha (TNF-�) staining was performed by using a Db-restricted NS4B
peptide in a restimulation assay with 1 �M peptide and 5 �g/ml of brefeldin A
(Sigma) as described previously (39). Samples were processed, as described
previously (57), by multicolor flow cytometry with an LSR II flow cytometer
(Becton Dickinson) and analyzed with FlowJo software (Treestar).

CNS leukocyte isolation and phenotyping. The quantification of infiltrating
CNS lymphocytes was based on a protocol reported previously (58). Briefly,
wild-type and viperin�/� mouse brains or spinal cords were harvested on day 9 or
10 after infection, minced, and digested with a solution containing 0.05% colla-
genase D, 0.1 �g/ml of the trypsin inhibitor TLCK (N�-p-tosyl-L-lysine chloro-
methyl ketone), and 10 �g/ml DNase I in HBSS supplemented with 10 mM
HEPES (pH 7.4) (Life Technologies). Cells were dispersed into single-cell sus-
pensions with a cell strainer and centrifuged through a 37% Percoll cushion for
30 min (850 � g at 4°C). Cells were counted and stained either for CD3, CD4,
CD8, CD45, and CD11b with directly conjugated antibodies (BD Pharmingen);
for intracellular granzyme B; or for IFN-� or TNF-� after NS4B peptide re-
stimulation with 1 �M peptide and 5 �g/ml of brefeldin A (Sigma), as described
previously (39).

Primary cell infection. Primary macrophages, dendritic cells, embryonic fibro-
blasts, and neurons from wild-type and viperin�/� mice were generated exactly as
described previously (28, 57). Multistep virus growth curves were performed
after infection at a multiplicity of infection (MOI) of 0.01. Supernatants were
titrated by plaque assay on BHK21-15 cells (12). The level of WNV infection in
macrophages was determined by flow cytometry. Cells were fixed with 1% para-
formaldehyde, permeabilized with 0.1% saponin, and incubated with 2 �g/ml of
the envelope protein-specific monoclonal antibody E16, as described previously
(36). The cell viability of virus-infected cells was measured by using a Cell
Titer-Glo luminescent cell viability assay (Promega) according to the manufac-
turer’s instructions.

Immunohistochemistry and confocal microscopy. Mice were infected with 102

PFU of WNV via a subcutaneous route and sacrificed at day 8 after infection or
with 101 PFU of WNV via an intracranial route and sacrificed at day 6 after
infection. Following perfusion with 20 ml PBS and 20 ml 4% paraformaldehyde
(PFA), brains and spinal cords were harvested and fixed in 4% PFA overnight at
4°C. Tissues were cryoprotected in 30% sucrose, and frozen sections were cut.
Tissue staining was performed as previously described (57, 58). Briefly, frozen
brain sections were hydrated in PBS containing 10% normal goat serum and
permeabilized with 0.1% Triton X-100. Staining was performed by incubating
sections overnight at 4°C with MAP2 (Chemicon), viperin (MaP.VIP [23]), or
WNV (hyperimmune rat sera [12]) primary antibody. Primary antibodies were
detected with secondary Alexa 488- or Alexa 555-conjugated goat anti-mouse or

rat IgG (Molecular Probes). Nuclei were counterstained with ToPro-3 (Molec-
ular Probes). Fluorescence staining was visualized and quantitated with a Zeiss
510 Meta LSM confocal microscope.

Statistical analysis. All data were analyzed by using Prism software (Graph-
Pad Prism4). An unpaired, two-tailed t test was used to determine statistically
significant differences for in vitro experiments. The Mann-Whitney test was used
to analyze differences in viral burden. Kaplan-Meier survival curves were ana-
lyzed by the log rank test.

RESULTS

A deficiency of viperin results in increased susceptibility to
lethal WNV infection. Viperin is an ISG that is induced to high
levels after infection with a wide range of viruses and hypoth-
esized to be a key effector molecule that restricts infection (16).
Although experiments with cell cultures have suggested an
antiviral effect against several RNA and DNA viruses by per-
turbing lipid rafts or localizing to lipid droplets (7, 24, 25, 60,
63), only one group has reported a protective effect of viperin
in vivo, and this was in the context of ectopic expression by a
viral promoter (63). To address whether an absence of viperin
affects viral pathogenesis, we infected viperin�/� and wild-type
mice with 102 PFU of WNV via a subcutaneous route (Fig.
1A). In contrast to wild-type mice, a higher percentage (62.5%
versus 18.2%; P � 0.03) of viperin�/� mice succumbed to lethal
disease. Thus, viperin has a protective effect against WNV
pathogenesis in vivo. This result with WNV, however, was not
observed when viperin�/� mice were infected with other RNA
viruses corresponding to divergent families, including arenavi-
ruses (lymphocytic choriomeningitis virus [23]) and ortho-
myxoviruses (influenza A virus) (data not shown). Thus, al-
though the ectopic expression of viperin has inhibitory effects
on several viruses in cell culture, its relative effect in vivo
appears to be more limited, possibly because of redundant
contributions of other inhibitory ISGs or tissue- and cell type-
specific expression during infection.

Viperin restricts WNV replication in different tissues. To
begin to understand how an absence of viperin causes in-
creased mortality, we measured the WNV burden in viperin�/�

and wild-type mice at different times after subcutaneous infec-
tion in serum, peripheral organs (draining lymph nodes,
spleen, and kidney), and CNS tissues.

(i) Blood, lymph node, spleen, and kidney. In contrast to that
observed with mice having defects in type I IFN signaling (28,
45), differences in viremia were not observed between wild-
type and viperin�/� mice at days 1, 2, 3, 4, 6, and 8 after WNV
infection (P 	 0.1) (Fig. 1B). Similarly, no difference in viral
replication was observed in the draining lymph node at days 1,
2, 3, 4, and 6 after WNV infection (P 
 0.1) (Fig. 1C). How-
ever, we did detect higher viral titers in the spleen of viperin�/�

mice on day 4 (105.4 versus 104.2 PFU/g; P � 0.02) and day 5
(104.4 versus 103.6 PFU/g; P � 0.01) after infection (Fig. 1D).
We also measured higher viral titers in the kidneys of vi-
perin�/� mice on day 4 after infection (103.1 versus 102.0

PFU/g; P � 0.03) (Fig. 1E), an organ that is normally resistant
to WNV infection but that becomes susceptible to infection in
the absence of an intact type I IFN response (8, 45, 56).

(ii) Brain and spinal cord. We analyzed the effect of a
viperin deficiency on the kinetics of viral replication in two
CNS target tissues of WNV (54), the brain and spinal cord.
Consistent with a lack of an effect on viremia, we observed no
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significant difference in the time of onset of WNV replication
in the brain (P 	 0.2 at days 4, 5, and 6). However, statistically
higher viral titers were observed for viperin�/� mice on day 8
(104.6 versus 104.2 PFU/g; P � 0.04) (Fig. 1F) after infection.
While we observed an overall trend toward increased WNV
replication in the spinal cord at day 10 in viperin�/� mice (Fig.
1G), this did not reach statistical significance (P 	 0.1). How-
ever, as seen previously for adult C57BL/6 mice (4, 12), the
viral burden data for the spinal cord at this time point did not
fit a Gaussian distribution; while most viperin�/� mice sus-
tained high titers, a subset were below the limit of detection
(�102 PFU/g) of the plaque assay. The latter data points may
reflect a relatively low-level or a complete absence of CNS
infection in this cohort. As the few “negative” data points
create sufficient variability to limit the detection of statistical
differences, we stratified the viral burden data and compared
samples only from wild-type and viperin�/� mice with detect-
able replication in spinal cord at this time point. Using this
analysis, differences in viral burden at day 10 between wild-type
and viperin�/� mice became pronounced (104.4 versus 102.6

PFU/g, respectively; P � 0.0006). Overall, an absence of vi-
perin resulted in an increase in WNV lethality that was asso-
ciated with relatively modest differences in viral replication in
the CNS.

A deficiency of viperin modestly affects the IFN-�/� levels in
circulation after WNV infection. A recent study showed that
viperin could enhance the magnitude of TLR7- and TLR9-
induced type I IFN responses by facilitating the nuclear trans-
location of IRF-7 in plasmacytoid dendritic cells (42). To as-
sess whether viperin expression altered type I IFN responses in
vivo, viperin�/� and wild-type mice were infected with WNV,
and the levels of type I IFN in serum were monitored by using
a previously validated L929 cell protection bioassay (1). Type I
IFN activity in the serum of infected wild-type and viperin�/�

mice peaked at 3 days after infection and then decreased
thereafter. Notably, at 1 day after infection, we observed a
small yet statistically significant decrease in the levels of type I
IFN in serum in viperin�/� mice (P 
 0.05) (Fig. 2). However,

at all other time points (days 2 through 6), no difference (P 	
0.2) in IFN-�/� levels in sera of viperin�/� mice relative to
wild-type mice was observed. Thus, there appears to be a slight
delay in the onset of the systemic type I IFN response after
WNV infection in viperin�/� mice.

Viperin controls WNV replication in subsets of primary
cells. Given the viral replication phenotype in vivo, we com-
pared multistep growth kinetics in several different wild-type
and viperin�/� primary cells, including macrophages and den-
dritic cells derived from adult mice and fibroblasts (mouse
embryonic fibroblasts [MEF]) and neurons derived from
mouse embryos. Notably, we observed no difference in WNV
replication between wild-type and viperin�/� MEFs or neurons
(P 	 0.5) (Fig. 3A and B). In macrophages and myeloid den-
dritic cells, while equivalent titers were observed at 24 and 48 h
postinfection, by 72 h, the level of WNV replication was sig-

FIG. 1. Survival and viral burden analysis of wild-type and viperin�/� C57BL/6 mice. (A) Nine-week-old age-matched wild-type (n � 8) and
viperin�/� (n � 11) mice were inoculated subcutaneously with 102 PFU of WNV, and mice were monitored for 21 days for mortality. Survival
differences were statistically significant (P � 0.03). (B to G) WNV tissue burden and spread in mice after subcutaneous infection. Viperin�/� and
wild-type mice were infected with 102 PFU of WNV via subcutaneous injection into the footpad. At the indicated times postinfection, tissues were
harvested and analyzed for viral burden by qRT-PCR (B and C) or plaque assay (D to G). Data are shown as WNV genome equivalents per
microgram of 18S rRNA (r18S) or PFU per gram of tissue for 8 to 16 mice per time point. Solid lines represent the median viral titer, and dotted
lines indicate the limit of detection of the respective assays. Asterisks indicate values that are statistically significant (*, P 
 0.05).

FIG. 2. Effect of viperin on the peripheral type I IFN response
after WNV infection. Viperin�/� and wild-type mice were inoculated
with 102 PFU of WNV by subcutaneous injection into the footpad. At
the indicated times postinfection, serum was collected, and type I IFN
activity was determined by an encephalomyocarditis virus cytopathic
effect bioassay with L929 cells. The dotted line indicates the limit of
detection of the assay, and data representing 5 to 15 mice at each time
point are expressed as the average values on a log10 scale. Asterisks
indicate differences that are statistically significant by the Mann-Whit-
ney test (*, P 
 0.05), which was performed on linear IFN levels.
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nificantly higher in viperin�/� myeloid cells (P 
 0.02) (Fig. 3C
and D). To corroborate these findings, we harvested WNV-
infected macrophages 72 h after infection, stained cells for
viral antigen, and analyzed cells by flow cytometry. We ob-
served a significant increase in both the percentage and num-
ber of WNV-infected viperin�/� macrophages compared to
those of wild-type cells (P 
 0.02) (Fig. 3E and F). To deter-
mine whether the increase in virus yield in viperin�/� myeloid
cells was related to enhanced cell survival, we measured cell
viability by quantifying levels of intracellular ATP as an indi-
cator of metabolic activity. While we observed an 8.4% in-
crease (P � 0.04) in relative viability in viperin�/� macro-
phages at 72 h, no difference (P 	 0.5) was observed for
dendritic cells (data not shown). Overall, our results establish
a cell type-specific effect of viperin on WNV replication, with
little impact on replication in primary neurons and fibroblasts.
This absence of an effect was not due to a lack of cell type-
specific induction, as cortical neurons showed a 4,000-fold in-
crease in viperin mRNA levels within 24 h after WNV infec-
tion, levels that were similar to those observed in macrophages
(data not shown).

Effect of viperin on T and B cell responses to WNV infection.
Although viperin�/� mice show normal hematopoietic cell de-
velopment, viperin�/� CD4� T cells produced smaller amounts
of Th2 cytokines (interleukin-4 [IL-4], IL-5, and IL-13) and
IgG1 antibodies after immunization with ovalbumin (40). Vi-

perin is also highly expressed in antigen-presenting cells during
viral infection (23) and could influence T cell priming by virtue
of its ability to promote type I IFN production in plasmacytoid
dendritic cells (42). As depressed antiviral CD8� T cell and
antibody responses can facilitate enhanced dissemination and
replication of WNV in vivo (3, 12, 53, 61), we investigated
whether an absence of viperin influenced the development of
an effective adaptive immune response during infection.

At day 8 after WNV infection, splenocytes were harvested
from wild-type and viperin�/� mice and restimulated ex vivo
with a Db-restricted immunodominant WNV NS4B peptide (3,
39). Equivalent percentages and numbers of total CD8� T cells
were isolated from wild-type and viperin�/� mice (P 	 0.2)
(Fig. 4B and data not shown). Notably, we observed no differ-
ence in the percentages or numbers of WNV-specific CD8� T
cells expressing IFN-�, TNF-�, or granzyme B (P 	 0.2) (Fig.
4A, C, and D and data not shown) in wild-type and viperin�/�

mice.
Although peripheral antigen-specific CD8� T cell responses

against WNV developed normally in viperin�/� mice, we as-
sessed whether leukocyte migration to the CNS might be al-
tered, which could impact viral clearance (18, 27, 59). Leuko-
cytes were isolated from brains of wild-type and viperin�/�

mice at day 9 and from spinal cords at day 10 after extensive
perfusion and analyzed by flow cytometry. In the brain, we
observed similar accumulations of total CD3� CD4� and

FIG. 3. Viperin restricts WNV infection in primary myeloid cells. (A to D) Fibroblasts (A) and cortical neurons (B) were generated from
embryos of wild-type and viperin�/� mice, and bone marrow-derived dendritic cells (C) and macrophages (D) were isolated from adult wild-type
and viperin�/� mice. Primary cells were infected at an MOI of 0.01, and the virus yield was titrated at the indicated times by plaque assay on
BHK21-15 or Vero cells. Values are averages of values from triplicate samples generated from at least three independent experiments. The dotted
line represents the limit of detection for the assay. (E and F) WNV-infected macrophages were harvested 72 h after infection, stained with
WNV-specific monoclonal antibody E16, and analyzed by flow cytometry. Asterisks indicate values that are statistically different (*, P 
 0.05; **,
P 
 0.005).
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CD3� CD8� T cells (P 	 0.1) (Fig. 5A) and WNV-specific
CD8� T cells expressing IFN-� or TNF-� (P 	 0.3) (Fig. 5B)
or granzyme B (P 	 0.8) (Fig. 5C). We also did not observe any
difference in the accumulations of activated microglia
(CD11bhigh CD45low) or macrophages (CD11bhigh CD45high)
(P 	 0.4) (Fig. 5D). For the spinal cord, we had similar results
(P 	 0.1) (Fig. 5E to G), with the exception of a trend toward
slightly higher numbers of T cells expressing granzyme B (P �
0.08) (Fig. 5E) in viperin�/� mice, although this did not attain
statistical significance. In comparison, no statistical difference
in the numbers of activated microglia and macrophages was
observed for the spinal cord of WNV-infected mice at day 10
(P 	 0.3) (Fig. 5H). These data suggest that a deficiency of
viperin does not adversely affect the recruitment of antigen-
specific and nonspecific immune cells in the CNS of WNV-
infected mice.

To assess the effect of viperin on WNV-specific antibody
responses, we analyzed serum from viperin�/� and wild-type
mice on days 6, 8, and 10 after infection for binding to the
WNV E protein. At days 6 and 8, no differences were observed.
However, at day 10, viperin�/� mice had higher levels of WNV-
specific IgM (geometric mean titers of 1/770 and 1/270; P 

0.05) (Fig. 6A) and IgG (geometric mean titers of 1/8,230 and
1/2,330; P � 0.01) (Fig. 6B) in serum. To evaluate whether the
anti-WNV antibody from viperin�/� mice was functionally rel-
evant, we performed a focus reduction neutralization test. No-
tably, no statistical difference in the neutralizing activities of
serum was detected in sera from viperin�/� and wild-type mice
at day 6, 8, or 10 (P 	 0.3) (Fig. 6C). The slight disparity
between increased absolute antibody titers and no difference in
neutralizing activity suggests a qualitative change in the anti-
WNV antibody response in viperin�/� mice; a similar pattern

FIG. 4. Peripheral T cell responses after WNV infection in viperin�/� mice. Wild-type and viperin�/� mice were inoculated with 102 PFU of
WNV by footpad injection, and spleens were harvested on day 8. (A, top) Flow cytometry dot plots showing intracellular IFN-� and TNF-� cells
after gating on CD8�� T cells. Cells were restimulated ex vivo with a Db-restricted NS4b peptide. (Bottom) Intracellular expression of granzyme
B (GrB) in CD8� T cells from WNV-infected mice. (B) Bulk numbers of splenic CD8� T cells at day 8 after infection in wild-type and viperin�/�

mice. (C and D) Leukocytes were stained for granzyme B expression or stimulated with the NS4b peptide, incubated with antibodies for CD3 and
CD8 and IFN-� or TNF-�, and analyzed by flow cytometry. Data are shown as the total numbers of CD3� CD8� T cells that expressed intracellular
granzyme B, IFN-�, or TNF-� after peptide restimulation. The differences were not statistically significant, and the data were pooled from three
independent experiments with a total of 7 to 8 mice.
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was also observed previously for WNV-infected IPS-1�/� mice
(56). Nonetheless, the virological phenotype observed for vi-
perin�/� mice did not appear to be due to major defects in T
or B cell function.

Viperin has a role in restricting WNV replication in the
CNS. Because previous studies showed direct antiviral effects
of type I IFN and ISGs on the CNS (45, 46, 57), we hypothe-
sized that viperin could restrict WNV replication in the brain
through inhibitory effects on neuronal infection. To test this,
wild-type and viperin�/� mice were infected with 101 PFU of
WNV directly in the cerebral cortex via an intracranial route,
and viral burdens in the cerebral cortex, white matter, brain
stem, cerebellum, and spinal cord were measured on days 2, 4,
and 6 after infection. At day 2 after infection, no difference in
WNV infection was detected for any of the CNS tissues be-
tween wild-type and viperin�/� mice. However, by day 4, higher
titers were measured in the cortex (107.9 versus 106.8 PFU/g;
P � 0.02), white matter (107.6 versus 106.4 PFU/g; P � 0.02),
and spinal cord (104.1 versus 102.9 PFU/g; P � 0.004) of vi-
perin�/� mice than of wild-type mice. The enhanced replica-
tion in viperin�/� mice was sustained at day 6 in the cortex
(108.8 versus 108.1 PFU/g; P � 0.04) and spinal cord (105.8

versus 104.8 PFU/g; P � 0.023) (Fig. 7A, B, and E). However,
the differences in CNS replication in viperin�/� mice were
regional, as an equivalent infection was observed for the brain
stem (P 	 0.9) (Fig. 7C) and cerebellum (P 	 0.4) (Fig. 7D) at
all time points. These data suggest that the antiviral function of
viperin may be important in restricting spread to and infection
of subsets of neuronal cells in the CNS.

Viperin is differentially expressed at sites of WNV infection
in the CNS in infected and uninfected cells. Given that its
absence resulted in enhanced WNV infection in specific
regions of the brain, we hypothesized that viperin might

preferentially restrict infection in specific CNS cell types. To
assess this, immunohistochemical and confocal microscopy
analyses were performed on CNS tissues at day 6 after
intracranial infection. In the brain and spinal cord, WNV
infection occurred predominantly in neurons, with higher
numbers of infected neurons apparent in viperin�/� mice
(data not shown). While viperin staining was appreciated
readily for the cortex (Fig. 8A), hippocampus (Fig. 8B),
cerebellum (Fig. 8C), and brain stem (Fig. 8D), it was pres-
ent in both WNV-infected (Fig. 8, arrows) and uninfected
(arrowheads) cells in these regions, possibly due to local
paracrine effects of type I IFN secretion from virus-infected
neurons (8, 9) or trafficking leukocytes that were stimulated
by IFN in the periphery (23). In contrast, staining in the
spinal cord showed a distinct pattern: viperin antigen colo-
calized only with WNV-infected cells in the gray matter
regions (Fig. 8E to G, arrows). Similar viperin staining pat-
terns in the brain and spinal cord were observed at day 10
after subcutaneous infection with WNV (data not shown).
Importantly, as controls, viperin staining was not observed
for WNV-infected brain or spinal cord sections from vi-
perin�/� mice (Fig. 8H and I) or mock-infected sections
from wild-type mice (Fig. 8J). Thus, while viperin was co-
expressed in infected cells throughout the CNS, in unin-
fected cells, it appeared to be differentially induced in a
region-specific manner.

DISCUSSION

Whereas previous studies had identified viperin as a can-
didate antiviral ISG in cell cultures using either ectopic
expression or RNA interference approaches, we establish its
role in restricting the pathogenesis of viral infection in mice.

FIG. 5. Leukocyte accumulation in the CNS of viperin�/� mice after WNV infection. Wild-type and viperin�/� mice were inoculated with 102

PFU of WNV by subcutaneous injection into the footpad. Brains (A to D) and spinal cords (E to H) were harvested on days 9 and 10, respectively,
and leukocytes were isolated by Percoll gradient centrifugation. (A and E) The total number of CD3� CD4� or CD3� CD8� T cells was
determined by multiplying the percentage of CD3� CD8� cells by the total cell count. (B and C) Brain leukocytes were stimulated ex vivo with
a Db-restricted NS4b WNV peptide; stained for CD3 and CD8 and intracellular granzyme B, IFN-�, or TNF-�; and analyzed by flow cytometry.
(F and G) Spinal cord leukocytes were stained directly with Db-NS4b tetramers and antibodies to CD8 and granzyme B. (D and H) The numbers
of macrophages (CD11bhigh/CD45high) and microglia (CD11bhigh/CD45low) were also measured. Differences were not statistically significant, and
data represent the averages of data from 3 to 4 independent experiments with 3 to 5 mice per experiment (n � 11 to 19).
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Viperin�/� mice showed enhanced susceptibility to lethal
WNV infection, and this was associated with elevated levels
of replication in subsets of peripheral and CNS tissues. A
direct effect of viperin on neuronal infection and spread in
vivo was also suggested, as deficient mice exhibited higher
viral burdens in CNS tissues following direct intracranial
inoculation. This finding was associated with regional effects

on viperin expression after viral infection in different parts
of the brain and spinal cord but not with marked differences
in neuronal death (data not shown). Finally, a multistep
viral growth analysis of primary cells corroborated a cell
type-specific antiviral function of viperin, as viperin�/� my-
eloid cells but not embryonic fibroblasts or cortical neurons
showed enhanced infectivity.

Cell culture experiments have suggested that viperin, an
ER-associated protein that is strongly induced by type I IFN
signaling, has antiviral activity against an array of RNA and
DNA viruses. Initial experiments showed that the stable
ectopic expression of viperin inhibited HCMV assembly and
maturation (7). Subsequent studies showed that the expres-
sion of viperin decreased the replication of HCV (20, 24),
Sindbis virus (6, 63), and influenza viruses (60). Analo-
gously, small interfering RNA (siRNA) knockdown of vi-
perin reversed the poly(I � C)-induced inhibition of HIV
replication (41). Despite the cell culture data suggesting
that viperin was an antiviral ISG against several viruses,
there has been little evidence for its function in vivo. Prior
to our study with WNV and viperin�/� mice, only one report
suggested an antiviral role for viperin in vivo: the ectopic
expression of viperin in a recombinant Sindbis virus en-
hanced protection against lethal infection in neonatal CD1
mice (63). In comparison, no statistically significant differ-
ence in viral burden was observed for viperin�/� mice com-
pared to wild-type mice after infection with lymphocytic
choriomeningitis virus (23). One explanation as to why ma-
jor gain-of-function phenotypes are not consistently ob-
served in viperin�/� mice is that multiple ISGs function in
concert to inhibit viral replication in vivo. Alternatively, a
cell type- or tissue-specific expression pattern of viperin
could contribute to the limited viral burden or lethality
phenotypes in infection models with viperin�/� mice that
have been studied to date. Finally, as another possibility,
and as was shown recently, some viruses (e.g., HCMV) may
directly co-opt the enzymatic activity of viperin to enhance
infectivity (50).

Our experiments show that an absence of viperin results
in enhanced WNV infectivity in cell culture and in vivo,
results that both support and conflict with previous studies
with flaviviruses. The ectopic expression of viperin in HEK-
293 cells inhibited the replication of dengue virus (DENV)
and WNV (25). The deletion of the N-terminal �-helical
region of viperin, which is required for its association with
the ER membrane, did not completely abolish its antiviral
activity. However, the expression of a mutant viperin with
substitutions of essential cysteines in a motif required for
radical S-adenosyl methionine enzymatic activity (13, 24, 52)
had virtually no antiviral activity against WNV and DENV
(25). Nonetheless, other large-scale genetic screens of the
antiviral activity of ISG using lentivirus-based ectopic ex-
pression platforms did not identify viperin as an antiviral
gene for WNV or yellow fever virus (48). Some flaviviruses
may actively antagonize viperin activity by targeting it for
degradation. While viperin is highly induced at the mRNA
level in Japanese encephalitis virus-infected cells, the pro-
tein is rapidly degraded through a proteasome-dependent
mechanism in human A549 cells (6). Given our data showing
cell type-, tissue-, and region-specific effects and the expres-

FIG. 6. WNV-specific antibody responses in viperin�/� mice. Wild-
type and viperin�/� mice were infected with 102 PFU of WNV by
subcutaneous injection into the footpad. At the indicated times postin-
fection, serum was collected and assayed by ELISA for WNV E-spe-
cific IgM (A) and IgG (B) antibody titers. Data represent the recip-
rocal endpoint titers. (C) Sera from the indicated times postinfection
were tested for neutralization activity using a focus reduction assay.
Data represent the effective concentration that produced 50% neutral-
ization of WNV infection (EC50). Asterisks indicate values that are
statistically significant (*, P 
 0.05; **, P 
 0.005).
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sion of viperin in the context of WNV infection, the varia-
tion observed by investigators may be due to context-depen-
dent cellular requirements for viperin. For studies that
knock down or delete the expression of viperin, a redun-
dancy of function of other ISGs could compensate such that
the loss of viperin has minimal effects. Correspondingly,
ectopic expression may not be sufficient for antiviral effects
in specific cell types due to requirements for activation or
association with other antiviral proteins.

How does viperin inhibit WNV infection? Viperin has been
proposed to have antiviral functions through multiple mecha-
nisms (reviewed in reference 16). Viperin contains an N-ter-
minal amphipathic �-helix that localizes to the cytosolic face of
the ER and inhibits bulk protein secretion (22), which could
impact virus production directly or indirectly. Indeed, our ex-
periments with macrophages but not dendritic cells suggest
that viperin induction may affect WNV replication indirectly,
by modulating cell survival. Viperin also inhibits farnesyl
diphosphate synthetase, a cholesterol and isoprenoid biosyn-
thesis enzyme, resulting in the inhibition of lipid raft formation
and influenza virus budding (60). However, flaviviruses and
HCV virions do not bud from lipid rafts but instead assemble
in the ER of infected cells and are secreted through cellular
exocytic pathways (29). As it localizes to ER-derived lipid
droplets, which are required for efficient HCV and flavivirus
replication (2, 35, 43), viperin could alter viral protein local-
ization or the precise lipid content. Alternatively, viperin could
enhance the magnitude of TLR7- and TLR9-induced type I
IFN responses by facilitating the nuclear translocation of
IRF-7, as described previously for plasmacytoid dendritic cells

(42). We observed only a small delay in the type I IFN systemic
response in viperin�/� mice within the first 24 h of WNV
infection.

The identification of viperin as an ISG that restricts WNV
infection in vivo adds to a remarkably small amount of litera-
ture showing that the deletion of individual ISGs can impact
pathogenesis. The redundancy of the antiviral IFN system
likely results in relatively modest phenotypes when individual
ISGs are deleted compared to the targeted knockout of the
type I IFN receptor, pathogen recognition receptors, or key
IRF signaling intermediates (11, 44), which initiate the induc-
tion of hundreds of ISGs. Previous experiments in mice
showed that the deletion of PKR, RNase L, or OAS1b corre-
lated with increased susceptibility to WNV in mice (33, 37, 46),
although more recent works suggested that at least some of the
phenotypes (for PKR and RNase L) could be due to amplifi-
cation rather than an execution of IFN signals (31, 32, 49).
Given the increasing number of putative antiviral ISGs that
regulate infection by WNV and other viruses (48), the expec-
tation that the targeted deletion of any single gene will have
dramatic effects may be unrealistic, and the more modest phe-
notype observed with viperin�/� mice should be expected.

In summary, our results show that viperin contributes to the
antiviral responses against WNV in vivo, as the targeted dele-
tion of viperin was associated with increased lethality and se-
lectively enhanced replication in specific tissues, without an
appreciable effect of the innate or adaptive CD8� T cell or
antibody responses. Based on tissue-specific and regional ef-
fects and replication studies with primary cells, we postulate a
model in which distinct cell types differentially utilize viperin to

FIG. 7. WNV replication in regions of the CNS of viperin�/� mice after intracranial infection. Viperin�/� and wild-type mice were infected with
101 PFU WNV via intracranial injection. At the indicated times postinfection, cerebral cortex (gray matter) (A), white matter (B), brain stem (C),
cerebellum (D), and spinal cord (E) were harvested and analyzed for viral burden by plaque assay on BHK21-15 cells. Data are shown as PFU
per gram of tissue for 7 to 17 mice per time point. Solid lines represent the median viral titers, and dotted lines indicate the limit of detection of
the respective assays. Asterisks indicate values that are statistically significant (*, P 
 0.05; **, P 
 0.005).
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inhibit WNV infection. As cell-specific antiviral programs in-
duced by type I IFN may differ in both the kinetics and rep-
ertoires of IFN-induced antiviral proteins, a more detailed
pathogenesis analysis may reveal when and how viperin re-
stricts the infection of specific RNA and DNA viruses.
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