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Abstract The newly identified cytokines, IL-28/IL-29
(also termed type III IFNs), are able to inhibit a number
of viruses. Here, we examined the antiviral effects of IL-29/
IL-28A against herpes simplex virus type 1 (HSV-1) in
human NT2-N neurons and CHP212 neuronal cells. Both
IL-29 and IL-28A could efficiently inhibit HSV-1 replica-
tion in neuronal cells, as evidenced by the reduced
expression of HSV-1 DNA and proteins. This inhibitory
effect of IL-29 and IL-28A against HSV-1 could be
partially blocked by antibody to IL-10Rβ, one of the key
receptors for IL-29 and IL-28A. To explore the underlying
antiviral mechanisms employed by IL-29/IL-28A, we
showed that IL-29/IL-28A could selectively induce the
expression of several Toll-like receptors (TLRs) as well as
activate TLR-mediated antiviral pathway, including IFN
regulatory factor 7, IFN-α, and the key IFN-α stimulated
antiviral genes.
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Introduction

Herpes simplex virus 1 (HSV-1) is a highly successful
human pathogen that causes various infections within its
host, including invasion of the central nervous system
(CNS). HSV-1 infection of neurons could lead to enceph-
alitis (HSV-1-induced encephalitis, HSVE; Dennett et al.
1997). Although current antiviral treatment with acyclovir
dramatically reduces the mortality rate of HSVE, still above
35% of affected individuals suffer from severe neurological
disabilities (Hjalmarsson et al. 2007). Thus, there is a need
to develop alternative therapies to treat and prevent HSV-1
infection of CNS.

The interferon (IFN) family of cytokines is now
recognized as a key component of the innate antiviral
response (Borden et al. 2007). The classification of the IFN
family of proteins is mainly based on their sequence,
chromosomal location, and receptor specificity (Pestka et
al. 2004). There are now three types of human IFNs. Type I
IFNs include a number of cytokines, with the predominant
members of IFN-α/β, while type II IFN consists of a single
cytokine, IFN-γ. Type III IFNs, the newcomers of the IFN
family, are composed of IL-29 and IL-28A/B, the latter of
which shares 96% amino acid identity (Sheppard et al.
2003). Although IL-29 and IL-28A/B exert biological
activities similar to type I IFNs, they appear to have a
more specialized role in innate antiviral defense (Ank and
Paludan 2009). It is now known that type I IFNs (IFN-α,
IFN-β) and type II IFN (IFN-γ) play a crucial role in
combating HSV-1 infection. Overexpression of type I IFNs
in the CNS can enhance resistance to HSV-1 infection (Carr
et al. 1998). HSV-1 proliferation was robust and spread
more rapidly from the periphery to the CNS in Mice with
null mutation (−/−) in type I IFN receptors (Leib et al.
1999). The protective role of IFNs also extends to the
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control of HSV-1 latency. The expression of the IFN-γ
transgene significantly delays and reduces the frequency of
reactivation of HSV-1 from latency in mice exposed to UV
light (Carr et al. 2009). Although the potential anti-HSV-1
activity of IL-29/IL-28A/B has been suggested by the
observation that IL-29 priming enhanced HSV-1-induced
antiviral cytokine gene expression in human macrophages
(Melchjorsen et al. 2006), there is lack of direct evidence to
demonstrate the anti-HSV-1 effect of IL-29/IL-28A/B in
CNS cells, particularly neurons. The present study was
undertaken to determine the effects of IL-29 and IL-28A on
HSV-1 infection of human neuronal cells. We also
examined the mechanism(s) involved in IL-29/IL-28-medi-
ated anti-HSV-1 activity in neurons.

Materials and methods

Reagents

Recombinant human IFN-α and IFN-β were purchased
from PBL Biomedical Laboratories (Piscataway, NJ).
Recombinant human IL-29 and IL-28A were obtained from
PeproTech Inc. (Rocky Hill, NJ). Goat anti-HSV-1 poly-

clonal antibody was purchased from Chemicon Internation-
al Inc. (Temecula, CA). Donkey anti-goat IgG was from
Molecular Probes (Eugene, OR). Goat anti-human IL-10Rβ
polyclonal antibody was purchased from R&D Systems
Inc. (Minneapolis, MN).

Human neuronal cell culture

Human neuroblastoma cell line CHP212 purchased from
American Type Tissue Culture (ATCC, Manassas, VA) was
cultured in Eagle’s MEM-Ham F12 (1:1) medium contain-
ing 10% fetal calf serum, 0.1 mM non-essential amino acid,
and 1 mM sodium pyruvate. Human NT2-N neurons
derived from differentiated Ntera-2clD/1 (NT2) cells
(Andrews 1984) were cultured as described previously
(Guo et al. 2003; Wan et al. 2008). In brief, NT2 cells were
plated at a density of 2.3×106 per T75 flask and fed twice
weekly with DMEM (Gibco, Grand Island, NY) supple-
mented with 10% fetal bovine serum (FBS; Hyclone, Iogan,
UT) with 100 U/ml penicillin, 100 μg/ml streptomycin
(Gibco), and 10 μM retinoic acid (RA; Sigma-Aldrich, St.
Louis, MO) for up to 6 weeks. The cells were then split
(1:4) and grown for an additional 48 h in identical media
without RA. Neuronal cells growing atop a monolayer of

Fig. 1 HSV-1 replication in human neuronal cells. Morphological
view of NT2-N neuron (a) or CHP212 cells (b) infected with or
without HSV-1 and observed at 72 h post-infection. Arrows indicate
the characteristic cytopathic effect caused by HSV-1 infection in the
neurons. NT2-N cells (c) and CHP212 cells (d) cultured in 24-well
plates (5×105 cells/well) were then infected with HSV-1 17 syn+

(MOI=0.01) for 90 min. At 6, 12, 24, 48, and 72 h post-infection,

genomic DNA was extracted as described in “Materials and methods”
and subjected to quantitative real-time PCR to detect the HSV-1 gD
level. Since the HSV-1 replication efficiency varies in different
neuronal cells, data were expressed as HSV-1 gD DNA copies in 1E+4
GAPDH copies (NT2-N) (a) or 1 GAPDH copy (CHP212) (b).
Representative data of three independent experiments are shown
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non-neuronal cells were dislodged with trypsin and plated
at a density of 5×105 cells per well in a 24-well plate for
this study. NT2-N neurons have morphologic features
similar to primary human neurons and have processes that
differentiate into axons and dendrites. NT2-N neurons
express cytoskeletal proteins, secretory markers, and sur-
face markers, which are typical characteristics of neurons.
They also express functional neuropeptides (Guillemain et
al. 2000) and N-methyl-D-aspartate (NMDA) as well as
non-NMDA glutamate receptors (Younkin et al. 1993).

Virus propagation and infection

A highly neurovirulent HSV-1 17 syn+ strain was obtained
as a gift from Dr. Jim Lokeusgard (University of Minnisota
Medical School). It was propagated and purified from
rabbit skin fibroblasts (CCL68; American Type Culture
Collection) by the standard sucrose gradient procedure and
used for infection studies at a multiplicity of infection
(MOI) of 0.01. After adding the virus, culture plates were
incubated at 37°C for 90 min followed by washing with
plain medium without FBS. Then, the culture was main-
tained in fresh complete medium for up to 72 h.

Real-time PCR

Cellular DNA were extracted from cells lysed in a buffer
containing 100 mM KCl, 20 mM Tris, pH 8.4, 500 mg/ml
proteinase K (BDH, Poole, UK), and 0.2% (v/v) NP-40
(BDH). Lysates were incubated at 60°C for 2 h followed by
100°C for 15 min. Total RNAwas extracted from cell culture
with Tri-Reagent (Molecular Research Center, Cincinnati,
OH) following the manufacturer’s instructions. RNA sam-
ples were treated with deoxyribonuclease I (DNase I;
Invitrogen Life Technology) according to the manufacturer’s
instruction. Real-time RT-PCR was described previously
(Guo et al. 2003). The primers for HSV-1 glycoprotein D
(gD; Marques et al. 2008), TLRs (Dolganiuc et al. 2006;
Fitzner et al. 2008; Liu et al. 2002; Schreiner et al. 2006),
IFN-α/β (Tsutsumi et al. 1999), IRFs (Izaguirre et al. 2003;
Ye et al. 2009), MxA, OAS-1, protein kinase R (PKR;
Dharel et al. 2008), and ISG56 (Hu et al. 2008) were
synthesized by Integrated DNA Technologies Inc. (Coral-
ville, IA). PCR was performed with the Brilliant SYBR
Green Master Mix (Bio-Rad Laboratories, Hercules, CA). A
melting curve analysis was performed to assess primer
specificity and product quality by stepwise denaturation of

Fig. 2 Dose- and time-dependent anti-HSV-1 effect of IL-29 and IL-
28A. a, b NT2-N cells and CHP212 cells were cultured in 24-well
plates (5×105 cells/well) and pretreated with IL-29 or IL-28A at
indicated concentrations for 24 h followed with HSV-1 17 syn+

(MOI=0.01) infection for 90 min. At 72 h post-infection, genomic
DNA was extracted and subjected to quantitative real-time PCR for
HSV-1 gD DNA. c, d Cells were pretreated with IL-29 (100 ng/ml)
or IL-28A (100 ng/ml) for 24 h followed with infection with HSV-1

17 syn+ (MOI=0.01) for 90 min. At indicated time points post-
infection, genomic DNA was extracted and subjected to quantitative
real-time PCR for HSV-1 gD DNA. The replication of HSV-1 in
treated cultures was expressed as percentage of HSV-1 gD DNA
levels relative to control (without treatment, which is defined as
100%). Data are expressed as mean ± SD of three different
experiments (*P<0.05; **P<0.01)
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the PCR product at a rate of 0.1°C/s to 95°C. All values
were normalized using GAPDH mRNA level. For HSV-1,
the virus infection level was calculated by copies of HSV-1
in certain GAPDH copies. The relative expression levels of
other genes were analyzed using the 2-ΔΔCt method.

Neutralizing antibody treatment

NT2-N cells were pretreated with neutralizing antibody to
IL-10Rβ (5 μg/ml) or control goat IgG for 1 h followed
with IL-29 (100 ng/ml) or IL-28A (100 ng/ml) treatment
for 24 h prior to HSV-1 infection (MOI=0.01) for
90 min. The HSV-1 replication was measured by quan-
titative real-time PCR to detect HSV-1 gD level at 72 h
post-infection.

Immunocytochemical analysis

NT2-N neurons and CHP212 cells were cultured on glass
coverslips in a 24-well plate at a density of 2×105 and 1×

105/well, respectively. Cells were washed with 1× ice-cold
PBS (with Ca2+ and Mg2+) twice, then fixed at 4°C in 4%
paraformaldehyde plus 4% sucrose in PBS for 30 min.
Subsequently, the cells are permeated in cold methanol
(100%) for an additional 10 min followed by 0.2% Triton
X-100 for an additional 10 min. Cells were blocked in Block
Solution (Pierce, Rockford, IL) for 1 h at room temperature.
The cells were then incubated at room temperature with goat
polyclonal antibody against HSV-1 gD and IL-10Rβ (1:200)
for 1 h. After washing three times with PBS, cells were
incubated with FITC-conjugated donkey anti-goat IgG
(1:250) or Alexa Fluor 568 donkey anti-goat IgG (1:1,000)
for 1 h. For additional Hoechst staining, 1 μg/ml of Hoechst
was used to incubate the cells for 1 min. Cells were then
viewed under a fluorescence microscope (Zeiss, Germany).

Data analysis

Where appropriate, the data were presented as means ± SD.
The statistical significance was measured by Student’s t

Fig. 3 IL-29 and IL-28A inhibit HSV-1 protein expression in human
neuronal cells. a, b Effect of IFNs on HSV-1 replication. NT2-N cells
(a) and CHP212 cells (b) were cultured in 24-well plates at 5×105

cells per well and pretreated with IFN-α (100 U/ml), IFN-β (100 U/
ml), IL-29 (100 ng/ml), or IL-28A (100 ng/ml) for 24 h. Cultures were
then infected with HSV-1 17 syn+ (M.O.I=0.01) and further cultured
for 72 h. Genomic DNA was extracted from infected cells and
subjected to quantitative real-time PCR for HSV-1 gD DNA. The data
are expressed as HSV-1 gD levels relative to control (without
treatment, which is defined as 100%). The results are mean ± SD of

triplicate cultures, representative of three experiments (*P<0.05; **P
<0.01). c, d Immunofluorescence assay showing IL-29 and IL-28A
inhibit HSV-1 protein expression. NT2-N cells (c) and CHP212 cells
(d) pretreated with or without IL-29 (100 ng/ml) or IL-28A (100 ng/
ml) for 24 h were infected with HSV-1 (MOI=0.01) for 90 min and
washed. Uninfected cells are considered as control. At 72 h post-
infection, cells were fixed and the expression of HSV-1 proteins was
determined by immunofluorescence assay using a polyclonal anti-
HSV-1 gD antibody. A representative experiment was shown
(magnification ×200)
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test. Calculations were performed with Stata Statistical
Software (StataCorp, College Station, TX). Values of
P <0.05 were considered statistically significant.

Results

NT2-N neurons and CHP212 cells were susceptible
to HSV-1 infection

In vivo study demonstrated that HSV infection of neurons
followed a lytic or latent course, causing the destruction or
apoptosis of infected neurons (Esaki et al. 2010). In order to
provide direct and experimental evidence that HSV-1 can
infect human neurons, we infected human neuronal cells
with HSV-1 17 syn+ strain. Following HSV-1 infection,
NT2-N cells showed significant changes in morphology,
including loss of axon terminal and dendrite and expansion
of cell body (Fig. 1a), while CHP212 cells became rounded
and detached (Fig. 1b), showing HSV-1 cytopathic effects.
HSV-1 infection-induced morphological changes were
confirmed by the increased expression of HSV-1 gD gene
during the course of HSV-1 infection (Fig. 1c, d).

IL-29 or IL-28A inhibits HSV-1 infection

We next examined whether IL-29 or IL-28A has the ability
to inhibit HSV-1 replication in neuronal cells. Both IL-29
and IL-28A significantly inhibited HSV-1 gD DNA
synthesis in NT2-N neurons and CHP212 cells in a dose-
and time-dependent fashion (Fig. 2). Since IFN-α or IFN-β
was also demonstrated to inhibit HSV-1 infection of
neurons, we compared the inhibitory effects of these three
IFNs. The degree of IL-29 or IL-28A-mediated HSV-1
inhibition was similar to that of IFN-α or IFN-β (Fig. 3a,
b). The anti-HSV-1 effects of IL-29 or IL-28A were also
supported by immunofluorescence observations that either
IL-29- or IL-28A-treated and infected neuronal cells
expressed the reduced levels of HSV-1 proteins compared
with untreated and infected cells (Fig. 3c, d).

Involvement of IL-10Rβ in anti-HSV-1 effect of IL-29
or IL-28A

We have previously demonstrated that human neurons
could express the receptors (IL-28Rα and IL-10Rβ) for
both IL-29 and IL-28A (Zhou et al. 2009a). As shown in
Fig. 4a, b, both NT2-N and CHP212 cells express IL-10Rβ
at both mRNA and protein levels. To examine whether
these receptors are involved in the anti-HSV-1 effects of IL-
29 or IL-28A in NT2-N and CHP212 cells, we incubated
NT2-N neurons with antibody against the extracellular
domain of IL-10Rβ prior to IL-29 or IL-28A treatment and

HSV-1 infection. As indicated in Fig. 4c, antibody to IL-
10Rβ partially blocked the ability of either IL-29 or IL-28A
to inhibit HSV-1 replication, while control IgG had little
effect.

IL-29 or IL-28A activates TLR-mediated antiviral pathway

TLR-mediated immune system plays an essential role in
the innate immunity of host cells against viral infections.
We thus examined whether IL-29 or IL-28A could
activate the TLRs and TLR pathways. Among the ten
known human TLRs, the expression of TLR3 and TLR9
in neuronal cells was upregulated by both IL-29 and IL-
28A treatment (Fig. 5a). We also investigated whether IL-
29 or IL-28A has the ability to induce the expression of
IRFs, the key regulators of type I IFNs. We found that
NT2-N neurons treated with IL-29 or IL-28A expressed
higher levels of IRF7 than untreated cells, while other
IRFs were not affected (Fig. 5b). Our subsequent experi-
ments demonstrated that NT2-N neurons treated with IL-
29 or IL-28A expressed significantly higher levels of IFN-
α than untreated cells (Fig. 5c). In contrast, both IL-29
and IL-28A had little effect on IFN-β expression in NT2-
N neurons (Fig. 5c). Furthermore, both IL-29- and IL-
28A-treated NT2-N neurons expressed higher levels of
IFN-α stimulated antiviral genes (ISGs), including MxA,
OAS-1, PKR, and ISG56 than untreated control cells
(Fig. 5d).

Discussion

In the present study, we demonstrated that IL-29 or IL-28A
could inhibit HSV-1 infection of human neuronal cells. The
inhibitory effects of IL-29/IL-28A on HSV-1 in neuronal
cells are comparable to those of IFN-α and IFN-β (Fig. 3),
suggesting that these new members of the IFN family
possess the crucial function of classical type I IFNs in
human neuronal cells. HSV-1 travels to the neuronal body
of the sensory ganglia within the first 24 h following
infection, which assures escape from the adaptive immune
response (Shimeld et al. 2001). Thus, the host’s innate
immune response plays a key role in blocking HSV-1
infection and spread to the CNS (Conrady et al. 2009). To
determine the underlying mechanism(s) of anti-HSV-1
effect by IL-29 or IL-28A, we investigated the impact of
these antiviral cytokines on TLR-mediated antiviral path-
way, the crucial element in host innate immune system
(Noppert et al. 2007).

It has been documented that CNS cells express all the
known TLRs (1–10), including both glial cells and neurons
(Bsibsi et al. 2006; Bsibsi et al. 2002; Lafon et al. 2006).
We previously reported that human neuronal cells express
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Fig. 5 Effect of IL-29 and IL-
28A on TLR-mediated antiviral
pathway. NT2-N cells were
treated with IL-29 or IL-28A for
12 h, and total cellular RNAwas
extracted from cell cultures for
quantitative real-time PCR assay
using specific primers for TLRs
(a), IRFs (b), type I IFN (c), and
ISGs (d). Data are expressed as
the type III IFN-mediated in-
crease in induction (n-fold) rel-
ative to untreated control, which
is regarded as 1. All the speci-
mens are normalized based on
GAPDH mRNA levels. Values
are the mean ± SD of three
different cultures (*P<0.05;
**P<0.01)

Fig. 4 Neutralization effect of antibody against IL-10Rβ on IL-29/IL-
28A-mediated anti-HSV-1 activity. a Expression of IL-10Rβ mRNA
in neurons. RNA isolated from NT2-N, CHP212, Huh7, and BB19
cells was subjected to the real-time RT-PCR with the specific primers
for IL-10Rβ and GAPDH. Huh7 cells were used as a positive control
and BB19 cells were used as a negative control for IL-10Rβ
expression. The RT-PCR-amplified products were analyzed by 2%
agarose electrophoresis. b Expression of IL-10Rβprotein in NT2-N
neurons by immunochemistry staining. NT2-N cells were incubated

with polyclonal anti-IL-10Rβ antibody and subsequently observed
under an immunofluorescence microscope. Scale bar, 50 μm. c NT2-
N cells were incubated with or without IL-29 (100 ng/ml) or IL-28A
(100 ng/ml) and/or antibody to IL-10Rβ (5 μg/ml) for 24 h prior to
HSV-1 infection (MOI=0.01) for 90 min. Goat IgG antibody was used
as control. The HSV-1 replication was measured by quantitative real-
time PCR to detect HSV-1 gD level at 72 h post-infection. Values are
the mean ± SD of three different cultures (*P<0.05)
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TLRs (Zhou et al. 2009b). Our findings that IL-29 or IL-
28A induced TLR3 and TLR9 expression in neuronal cells
provide the first experimental evidence to support the
notion that the anti-HSV-1 action of IL-29 or IL-28A
involves the TLR-mediated innate immunity in neuronal
cells. Both TLR3 and TLR9 are involved in host innate
immunity against HSV-1. TLR3 stimulation by polyI:C
before infection reinforces an innate immune response of
neuroprotection against HSV-1 (Boivin et al. 2008).
Similarly, TLR9 participates in an early and rapid defense
in response to HSV-1 infection (Krug et al. 2004;
Rasmussen et al. 2007). Although it remains to be
determined how IL-29 or IL-28A activates TLR3 and
TLR9, there is a growing body of evidence showing that
TLRs can be activated by endogenous ligands other than
those pathogen-associated molecular patterns (Marsh et al.
2009). It has been shown that IFN-α enhances TLR
responsiveness by upregulating TLR3, 4, and 7 (Siren et
al. 2005).

In addition to their effect on TLR expression, IL-29
or IL-28A also selectively upregulated the expression of
IRF7, a crucial positive regulator of IFN-α (Honda et al.
2005). Since IFN-α exerts its functions through multiple
antiviral cellular factors, we examined whether there is
elevated expression of ISGs in human neuronal cells
treated with IL-29 or IL-28A. Our findings that both IL-
29 and IL-28A treatment induced the expression of MxA,
OAS-1, PKR, and ISG56 in neuronal cells are consistent
with the report that IL-29 induced ISG expression in other
cell systems (Dumoutier et al. 2004). Several studies also
documented that IL-29 or IL-28A-mediated antiviral
activity is linked to its ability to activate ISG3 and
several antiviral genes (Doyle et al. 2006; Kotenko et al.
2003). These data support the notion that the anti-HSV-1
ability of IL-29 or IL-28A in neuronal cells is likely
through participating in the establishment of an antiviral
state as type I IFNs. Nevertheless, future studies are
necessary in order to determine whether IL-29 or IL-28A
and type I IFNs share similar intracellular signaling
pathways that lead to antiviral potencies (Marcello et al.
2006).

As a potential new therapeutic agent for the treatment
of patients with hepatitis C infection, IL-29 may have
fewer adverse effects than IFN-α as IL-29 receptors are
more cell-specific than the widely distributed IFN-α
receptors (Ank and Paludan 2009). Our data that both
IL-29 and IL-28A were able to inhibit HSV-1 infection of
human neuronal cell provide support for using IL-29 or
IL-28A for the clinical treatment of HSV-1 infection of the
CNS. However, more extensive studies are required to
incorporate human subjects and/or animal models to
determine the in vivo impact of IL-29 or IL-28A/B on
HSV-1 infection.

Acknowledgments We thank Dr. Jim Lokensgard (University of
Minnesota Medical School) for providing us the HSV-1 strain 17 syn+.
This work was supported by NIH R01 DA12815 and DA22177 (W.Z.
H). Lin Zhou is the scholarship recipient of the China Scholarship
Council. The authors have no financial conflict of interest.

References

Andrews PW (1984) Retinoic acid induces neuronal differentiation of
a cloned human embryonal carcinoma cell line in vitro. Dev Biol
103:285–293

Ank N, Paludan SR (2009) Type III IFNs: new layers of complexity in
innate antiviral immunity. Biofactors 35:82–87

Boivin N, Sergerie Y, Rivest S, Boivin G (2008) Effect of pretreatment
with Toll-like receptor agonists in a mouse model of herpes simplex
virus type 1 encephalitis. J Infect Dis 198:664–672

Borden EC, Sen GC, Uze G, Silverman RH, Ransohoff RM, Foster
GR, Stark GR (2007) Interferons at age 50: past, current and
future impact on biomedicine. Nat Rev Drug Discov 6:975–
990

Bsibsi M, Ravid R, Gveric D, van Noort JM (2002) Broad expression
of Toll-like receptors in the human central nervous system. J
Neuropathol Exp Neurol 61:1013–1021

Bsibsi M, Persoon-Deen C, Verwer RW, Meeuwsen S, Ravid R, Van
Noort JM (2006) Toll-like receptor 3 on adult human astrocytes
triggers production of neuroprotective mediators. Glia 53:688–695

Carr DJ, Veress LA, Noisakran S, Campbell IL (1998) Astrocyte-
targeted expression of IFN-alpha1 protects mice from acute
ocular herpes simplex virus type 1 infection. J Immunol
161:4859–4865

Carr DJ, Austin BA, Halford WP, Stuart PM (2009) Delivery of
Interferon-gamma by an adenovirus vector blocks herpes simplex
virus type 1 reactivation in vitro and in vivo independent of
RNase L and double-stranded RNA-dependent protein kinase
pathways. J Neuroimmunol 206:39–43

Conrady CD, Drevets DA, Carr DJ (2009) Herpes simplex type I
(HSV-1) infection of the nervous system: is an immune response
a good thing? J Neuroimmunol 220:1–9

Dennett C, Cleator GM, Klapper PE (1997) HSV-1 and HSV-2 in
herpes simplex encephalitis: a study of sixty-four cases in the
United Kingdom. J Med Virol 53:1–3

Dharel N, Kato N, Muroyama R, Taniguchi H, Otsuka M, Wang Y,
Jazag A, Shao RX, Chang JH, Adler MK et al (2008) Potential
contribution of tumor suppressor p53 in the host defense against
hepatitis C virus. Hepatology 47:1136–1149

Dolganiuc A, Garcia C, Kodys K, Szabo G (2006) Distinct Toll-like
receptor expression in monocytes and T cells in chronic HCV
infection. World J Gastroenterol 12:1198–1204

Doyle SE, Schreckhise H, Khuu-Duong K, Henderson K, Rosler R,
Storey H, Yao L, Liu H, Barahmand-pour F, Sivakumar P, Chan
C, Birks C, Foster D, Clegg CH, Wietzke-Braun P, Mihm S,
Klucher KM (2006) Interleukin-29 uses a type 1 interferon-like
program to promote antiviral responses in human hepatocytes.
Hepatology 44:896–906

Dumoutier L, Tounsi A, Michiels T, Sommereyns C, Kotenko SV,
Renauld JC (2004) Role of the interleukin (IL)-28 receptor
tyrosine residues for antiviral and antiproliferative activity of IL-
29/interferon-lambda 1: similarities with type I interferon
signaling. J Biol Chem 279:32269–32274

Esaki S, Goshima F, Katsumi S, Watanabe D, Ozaki N, Murakami S,
Nishiyama Y (2010) Apoptosis induction after herpes simplex
virus infection differs according to cell type in vivo. Arch Virol
155:1235–1245

218 J. Neurovirol. (2011) 17:212–219



Fitzner N, Clauberg S, Essmann F, Liebmann J, Kolb-Bachofen V
(2008) Human skin endothelial cells can express all 10 TLR
genes and respond to respective ligands. Clin Vaccine Immunol
15:138–146

Guillemain I, Alonso G, Patey G, Privat A, Chaudieu I (2000) Human
NT2 neurons express a large variety of neurotransmission
phenotypes in vitro. J Comp Neurol 422:380–395

Guo CJ, Douglas SD, Lai JP, Pleasure DE, Li Y, Williams M,
Bannerman P, Song L, Ho WZ (2003) Interleukin-1beta
stimulates macrophage inflammatory protein-1alpha and -1beta
expression in human neuronal cells (NT2-N). J Neurochem
84:997–1005

Hjalmarsson A, Blomqvist P, Skoldenberg B (2007) Herpes simplex
encephalitis in Sweden, 1990–2001: incidence, morbidity, and
mortality. Clin Infect Dis 45:875–880

Honda K, Yanai H, Negishi H, Asagiri M, Sato M, Mizutani T,
Shimada N, Ohba Y, Takaoka A, Yoshida N, Taniguchi T (2005)
IRF-7 is the master regulator of type-I interferon-dependent
immune responses. Nature 434:772–777

Hu Y, Park-Min KH, Yarilina A, Ivashkiv LB (2008) Regulation of
STAT pathways and IRF1 during human dendritic cell maturation
by TNF-alpha and PGE2. J Leukoc Biol 84:1353–1360

Izaguirre A, Barnes BJ, Amrute S, Yeow WS, Megjugorac N, Dai J,
Feng D, Chung E, Pitha PM, Fitzgerald-Bocarsly P (2003)
Comparative analysis of IRF and IFN-alpha expression in human
plasmacytoid and monocyte-derived dendritic cells. J Leukoc
Biol 74:1125–1138

Kotenko SV, Gallagher G, Baurin VV, Lewis-Antes A, Shen M, Shah
NK, Langer JA, Sheikh F, Dickensheets H, Donnelly RP (2003)
IFN-lambdas mediate antiviral protection through a distinct class
II cytokine receptor complex. Nat Immunol 4:69–77

Krug A, Luker GD, Barchet W, Leib DA, Akira S, Colonna M (2004)
Herpes simplex virus type 1 activates murine natural interferon-
producing cells through Toll-like receptor 9. Blood 103:1433–
1437

Lafon M, Megret F, Lafage M, Prehaud C (2006) The innate immune
facet of brain: human neurons express TLR-3 and sense viral
dsRNA. J Mol Neurosci 29:185–194

Leib DA, Harrison TE, Laslo KM, Machalek MA, Moorman NJ, Virgin
HW (1999) Interferons regulate the phenotype of wild-type and
mutant herpes simplex viruses in vivo. J Exp Med 189:663–672

Liu S, Gallo DJ, Green AM, Williams DL, Gong X, Shapiro RA,
Gambotto AA, Humphris EL, Vodovotz Y, Billiar TR (2002)
Role of Toll-like receptors in changes in gene expression and NF-
kappa B activation in mouse hepatocytes stimulated with
lipopolysaccharide. Infect Immun 70:3433–3442

Marcello T, Grakoui A, Barba-Spaeth G, Machlin ES, Kotenko SV,
MacDonald MR, Rice CM (2006) Interferons alpha and lambda
inhibit hepatitis C virus replication with distinct signal transduction
and gene regulation kinetics. Gastroenterology 131:1887–1898

Marques CP, Cheeran MC, Palmquist JM, Hu S, Urban SL,
Lokensgard JR (2008) Prolonged microglial cell activation and
lymphocyte infiltration following experimental herpes encepha-
litis. J Immunol 181:6417–6426

Marsh BJ, Williams-Karnesky RL, Stenzel-Poore MP (2009) Toll-like
receptor signaling in endogenous neuroprotection and stroke.
Neuroscience 158:1007–1020

Melchjorsen J, Siren J, Julkunen I, Paludan SR, Matikainen S (2006)
Induction of cytokine expression by herpes simplex virus in
human monocyte-derived macrophages and dendritic cells is
dependent on virus replication and is counteracted by ICP27
targeting NF-kappaB and IRF-3. J Gen Virol 87:1099–1108

Noppert SJ, Fitzgerald KA, Hertzog PJ (2007) The role of type I
interferons in TLR responses. Immunol Cell Biol 85:446–457

Pestka S, Krause CD, Walter MR (2004) Interferons, interferon-like
cytokines, and their receptors. Immunol Rev 202:8–32

Rasmussen SB, Sorensen LN, Malmgaard L, Ank N, Baines JD, Chen
ZJ, Paludan SR (2007) Type I interferon production during
herpes simplex virus infection is controlled by cell-type-specific
viral recognition through Toll-like receptor 9, the mitochondrial
antiviral signaling protein pathway, and novel recognition
systems. J Virol 81:13315–13324

Schreiner B, Voss J, Wischhusen J, Dombrowski Y, Steinle A,
Lochmuller H, Dalakas M, Melms A, Wiendl H (2006)
Expression of Toll-like receptors by human muscle cells in vitro
and in vivo: TLR3 is highly expressed in inflammatory and HIV
myopathies, mediates IL-8 release and up-regulation of NKG2D-
ligands. FASEB J 20:118–120

Sheppard P, Kindsvogel W, Xu W, Henderson K, Schlutsmeyer S,
Whitmore TE, Kuestner R, Garrigues U, Birks C, Roraback J,
Ostrander C, Dong D, Shin J, Presnell S, Fox B, Haldeman B,
Cooper E, Taft D, Gilbert T, Grant FJ, Tackett M, Krivan W,
McKnight G, Clegg C, Foster D, Klucher KM (2003) IL-28, IL-
29 and their class II cytokine receptor IL-28R. Nat Immunol
4:63–68

Shimeld C, Efstathiou S, Hill T (2001) Tracking the spread of a lacZ-
tagged herpes simplex virus type 1 between the eye and the
nervous system of the mouse: comparison of primary and
recurrent infection. J Virol 75:5252–5262

Siren J, Pirhonen J, Julkunen I, Matikainen S (2005) IFN-alpha
regulates TLR-dependent gene expression of IFN-alpha, IFN-
beta, IL-28, and IL-29. J Immunol 174:1932–1937

Tsutsumi H, Takeuchi R, Ohsaki M, Seki K, Chiba S (1999)
Respiratory syncytial virus infection of human respiratory
epithelial cells enhances inducible nitric oxide synthase gene
expression. J Leukoc Biol 66:99–104

Wan Q, Wang X, Wang YJ, Song L, Wang SH, Ho WZ (2008)
Morphine suppresses intracellular interferon-alpha expression in
neuronal cells. J Neuroimmunol 199:1–9

Ye L, Wang X, Wang S, Wang Y, Song L, Hou W, Zhou L, Li H, Ho
W (2009) CD56+ T cells inhibit hepatitis C virus replication in
human hepatocytes. Hepatology 49:753–762

Younkin DP, Tang CM, Hardy M, Reddy UR, Shi QY, Pleasure SJ,
Lee VM, Pleasure D (1993) Inducible expression of neuronal
glutamate receptor channels in the NT2 human cell line. Proc
Natl Acad Sci USA 90:2174–2178

Zhou L, Wang X, Wang YJ, Zhou Y, Hu S, Ye L, Hou W, Li H, Ho
WZ (2009a) Activation of Toll-like receptor-3 induces interferon-
lambda expression in human neuronal cells. Neuroscience
159:629–637

Zhou Y, Ye L, Wan Q, Zhou L, Wang X, Li J, Hu S, Zhou D, Ho W
(2009b) Activation of Toll-like receptors inhibits herpes simplex
virus-1 infection of human neuronal cells. J Neurosci Res
87:2916–2925

J. Neurovirol. (2011) 17:212–219 219


	IL-29/IL-28A suppress HSV-1 infection of human NT2-N neurons
	Abstract
	Introduction
	Materials and methods
	Reagents
	Human neuronal cell culture
	Virus propagation and infection
	Real-time PCR
	Neutralizing antibody treatment
	Immunocytochemical analysis
	Data analysis

	Results
	NT2-N neurons and CHP212 cells were susceptible to HSV-1 infection
	IL-29 or IL-28A inhibits HSV-1 infection
	Involvement of IL-10Rβ in anti-HSV-1 effect of IL-29 or IL-28A
	IL-29 or IL-28A activates TLR-mediated antiviral pathway

	Discussion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


