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The toll-like receptor (TLR)-7 has been shown to sense the retroviral infection. However, a surrogate sen-
sor has been implicated. We examined whether retrovirus serves as a TLR3 ligand in human cells by uti-
lizing cell lines LNCaP and PC-3 lacking TLR7, and the xenotropic murine leukemia virus-relamoted virus
(XMRV) insensitive to human tripartite motif-containing (TRIM) 5, a newly characterized pattern recog-
nition receptor (PRR). A dominant-negative TLR3 or a chemical inhibitor of TLR3 attenuated the XMRV-
induced IP-10/CXCL10 expression, a marker of TLR3 response. These data clearly indicated that retroviral
infection exemplified by XMRV activates the TLR3 signal in human cells.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction of cellular genes. The accumulation levels of viral transcript in the
The pattern recognition receptor (PRR) plays a key role in the
innate immune response to microbial infection [1,2]. Viral RNA
can serve as a ligand for the PRR system. Such RNA sensors are
present in both endosomes (for example, toll-like receptor (TLR)-
3 and -7, double and single-stranded RNA sensors, respectively)
and cytoplasm (for example, retinoic acid-inducible gene-I, RIG-I;
melanoma differentiation associated gene-5, MDA5). TLR3 is also
known to be expressed on the cell surface of epithelial origin [3].
The use of RNA sensors in host defense against retroviral infection
remains controversial.

Retroviruses are enveloped viruses with single-stranded RNA
genomes. Retroviruses replicate using a unique strategy to protect
the viral genomic RNA from being recognized by host RNA sensors.
In the production phase of the retroviral life cycle, transcription
from proviral DNA integrated into the host chromosome occurs
via a mechanism that is essentially identical to that of transcription
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infected cells are modest relative to other RNA viruses encoding
their own RNA polymerases to amplify viral RNA. In this sense,
the mRNA of proviral DNA is barely distinguishable from mRNA
transcribed from cellular genes unless the viral RNA has some se-
quences that evoke anti-viral responses [4,5], which does not apply
to all the retroviral species. No evidence has been reported
whether the TLR3/7-mediated signal is activated by retroviral
RNA transcribed from the provirus. The retroviral genome is not
exposed to the surface of virion. Thus, the recognition of retroviral
genomic RNA at the cell surface appears unlikely. In the entry
phase, the viral genome released into the cytoplasm after the
virus-cell membrane fusion is packed in the core. The reverse tran-
scription of viral genome takes place in the cytoplasm and the re-
verse-transcribed viral DNA is mostly covered with proteins
forming the preintegration complex (PIC) [6]. Thus, the exposure
of viral genome to the cytoplasmic viral RNA sensor appears lim-
ited. Thus, the reverse-transcribed viral DNA may not serve as an
efficient ligand for cytoplasmic DNA sensors, such as the DNA-
dependent activator of interferon regulatory factor (DAI).

A fraction of retroviral particles, either infectious or non-infec-
tious, are actively endocytosed and degraded in the endosome/
lysosome, providing the viral genome as a ligand for RNA sensors,
namely a single-stranded RNA sensor TLR7 [7–11]. This model has
been tested directly in dendritic cell/human immunodeficiency
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virus type 1 (HIV-1) systems [7]. Human T-cell luekemia virus type
1 (HTLV-1) has been also shown to activate TLR7-mediated signal
[12]. Not only TLR7, TLR8 and TLR9 have been involved in the rec-
ognition of retroviruses [7,9]. Interestingly, the retroviral infection
still evokes some host immune response in the absence of TLR7,
suggesting a surrogate sensor of retroviral infection [7,9,10]. It
has been reported that HIV-based lentiviral vectors evoke signals
from TLR3 as well as TLR7 in mouse cells [1]. However, the involve-
ment of TLR3 in the recognition of infecting retroviral genomes re-
mains to be clarified in human cells.

The retroviral genome is predicted to dimerize and form an
extensive secondary structure [13–15]. In these processes, it is
likely that double-stranded RNA, a ligand of TLR3, is formed. We
hypothesized that retroviruses can potentially activate TLR3 dur-
ing the viral entry phase. In this study, we demonstrated defini-
tively that TLR3 is a sensor of retroviral genome in human cells
through a genetic and a chemical biology approaches.
2. Materials and methods

2.1. Tissue culture

Cells were maintained in RPMI 1640 medium (Sigma, St. Louis,
MO) supplemented with 10% fetal bovine serum (Japan Bioserum,
Tokyo, Japan), 50 U/ml penicillin and 50 lg/ml streptomycin
(Invitrogen, Tokyo, Japan) at 37 �C in a humidified 5% CO2 atmo-
sphere. 22RV-1 and LNCaP (clone FGC) were obtained from Dainip-
pon Sumitomo Pharma Biomedical (Osaka, Japan), while PC-3 and
DU145 were obtained from the National Institute of Radiological
Sciences. AZT was obtained from the NIH AIDS Research and Refer-
ence Reagent Program. The TLR3 ligand, poly(I:C12U), was used at
a concentration of 25 lg/ml (Hemispherx Biopharma, Philadelphia,
PA). Imiquimod (Sigma) was used at a concentration of 40 lM. The
TLR3 inhibitor 4a has been described previously [16].

2.2. Cytokine measurement

The levels of IP-10/CXCL10 were measured using Quantikine IP-
10 ELISA kit for the most of the data (R&D Systems, Minneapolis,
MN), except 23-Plex panel of the Bioplex cytokine assay system
was used for the experiment in Fig. 1D (Bio-Rad Laboratories, Her-
cules, CA).

2.3. Virus

The xenotropic murine leukemia virus-relamoted virus (XMRV)
was prepared from the tissue culture supernatant of 22RV-1 cells.
Tissue culture supernatants of 22RV-1 cells were passed through
nitrocellulose filters (0.45 lm) and the virions were collected by
centrifugation over 20% (w/w) sucrose/PBS (Optima™ L-70 k, SW
55 Ti rotor, 11 k � g for 2 h; Beckman Coulter, Miami, FL). The
pellet was resuspended in tissue culture medium to 1/10–20 the
original volume. Approximately 5% of LNCaP cells were infected
with XMRV at 2 days-postinfection as determined by immunofluo-
rescent assay using anti-R-MuLV p30 (Gag) polyclonal serum
(NCI BCB repository, 81S263). The MuLV vector was produced as
described previously [17]. Replication of XMRV was measured by
assessing RT acitivity using the EnzChek Reverse Transcriptase
Assay kit (Invitrogen).

2.4. Western blotting

Western blotting was performed as described previously [18].
The following probes were used: an anti-hemagglutinin (HA)
monoclonal antibody 6E2 (Cell Signaling Technology, Beverly,
MA); an anti-actin monoclonal antibody 1501R (Millipore); and a
biotin conjugated secondary antibody and streptavidin conjugated
with horseradish peroxidase (HRP, GE Healthcare, Tokyo, Japan).

2.5. RT-PCR

Total RNA from LNCaP cells was isolated using the SV Total RNA
Isolation System (Promega, Madison, WI). RT-PCR was carried out
using the OneStep RT-PCR Kit (Qiagen, Valencia, CA) using the fol-
lowing primers: TLR3, 50-TGG TTG GGC CAC CTA GAA GTA-30 and
50-TCT CCA TTC CTG GCC TGT G-30; TLR7, 50-TTT ACC TGG ATG
GAA ACC AGC TA-30 and 50-TCA AGG CTG AGA AGC TGT AAG
CTA-30; IP-10/CXCL10, 50-TTC AAG GAG TAC CTC TCT CTA G-30

and 50-CTG GAT TCA GAC ATC TCT TCT C-30; GAPDH for Fig. 1A,
50-GTG GAA GGA CTC ATG ACC ACA GTC-30 and 50-CAT GTG GGC
CAT GAG GTC CAC CAC-30; and GAPDH for Fig. 2B, 50-GTC GGA
GTC AAG GAT TTG-30 and 50-TGG TGG AAT CAT ATT GGA A-30.

2.6. Cloning

The cDNA library of human PBMCs was used as a template
(Takara, Otsu, Japan). The following primers were used: forward,
50-AGC GGC CGC ACC ATG AGA CAG ACT TTG CCT TGT ATC TAC
TTT TGG-30 and reverse, 50-AAC CGG TTA GGC GTA GTC TGG CAC
ATC ATA GGG GTA AAA CTG TTC TGT CTG TCT GTC TAT TTC TTT
G-30. The reverse primer contained the HA tag sequence. The PCR
fragment spanning the ectodomain and transmembrane domain
of tlr3 was cloned into NotI-AgeI sites of pQcXIP (Clontech, Palo
Alto, CA). The pQcXIP without an insert was used as a control for
pQcdnTLR3. The LNCaP cells were infected with the MuLV vector
and selected with 1.0 lg/ml puromycin.
3. Results and discussion

To clearly differentiate the TLR3 signal from TLR7 in human
cells, we carefully chose the experimental system. The prostate
cancer cell lines LNCaP and PC-3 have been chosen for cells be-
cause they expressed TLR3 endogenously but not TLR7 [19]. We
verified the lack of TLR7 expression by RT-PCR in these cell lines
in agreement with the previous report (Fig. 1A) [19]. We chose
XMRV because this retrovirus is not restricted by a newly-identi-
fied PRR protein human tripartite motif-containing (TRIM) 5 [20–
22]. The exposure of LNCaP cells to bacteria-derived plasmid
DNA induced the robust production of a PRR-responsive cytokine,
namely interferon gamma-induced protein 10 (IP-10)/CXCL10.
Thus, the viral vectors were not suitable for this study since the
complete removal of plasmids or bacteria-derived contaminants
from the preparation of viral vectors was difficult [23]. The advan-
tage of XMRV is that the plasmid-free viral preparation is achiev-
able using 22RV-1 cells latently infected with XMRV [24]. The
mouse mammary tumor virus (MMTV) activates the signal from
TLR4 that targets non-nucleic acid components [25]. The signals
from TLR7, 8, and 9 have been activated by retroviruses [7–12]. An-
other advantage of using the LNCaP-XMRV system is that LNCaP
cells do not express TLR4, 8 and 9, in addition to TLR7 [19]. Further-
more, RNase L and JAK in LNCaP cells are defective, both are
involved in the interferon (IFN)-mediated anti-viral responses
[26–29]. Thus, the signal we detected was not due to any retroviral
sensors identified thus far that target non-nucleic acid compo-
nents. We chose IP-10/CXCL10, one of the PRR-inducible cytokines,
as a marker to monitor the cellular response toward TLR3 ligand
according to Galli et al. [19] for the induction of IP-10/CXCL10 by
TLR3 ligand was reproducible (Fig. 1B). The replication kinetics of
XMRV were measured in relation to the production of IP-10/
CXCL10. The IP-10/CXCL10 production profile was almost identical



Fig. 1. Expression profiling of TLR3/7 and IP-10/CXCL10 in prostate cancer cell lines. (A) Verification of TLR3 expression in LNCaP, PC-3, and DU-145 cell but not TLR7 by RT-
PCR. Total RNA isolated from peripheral blood mononucler cells (PBMC) was used as a positive control. (B) Production of IP-10/CXCL10 in response to TLR3 and TLR7 ligands.
LNCaP and PC-3 cells were exposed to TLR3 ligand or TLR7 ligand for 5 days, and the tissue culture supernatants were examined by ELISA. The control is solvent only (PBS and
DMSO for TLR3 and TLR7 ligands, respectively). The error bar represents the SD of triplicated wells. Representative data from three independent experiments are shown. UDL,
under the detection limit. (C) Correlation of XMRV replication and IP-10/CXCL10 production kinetics in LNCaP cells. The culture supernatant was subjected to RT assay (left)
and IP10/CXCL10 ELISA (right). For the control, the replication of XMRV was inhibited by 5 lM AZT (filled). Representative data from three independent experiments are
shown. RFU, relative fluorescent units. (D) Induction of IP-10/CXCL10 by XMRV infection in PC-3 cells. Cells were infected with XMRV and maintained in the absence (open
circle) or presence (filled circle) of AZT. The MOCK control was also shown (open rectangle).
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to the replication profile of XMRV (Fig. 1C). The production of IP-
10/CXCL10 from LNCaP cells was reduced when XMRV replication
was inhibited by azidothymidine (AZT). Similar results were ob-
tained in PC-3 cells (Fig. 1D). The upregulation of IP-10/CXCL10
was at the transcriptional levels as demonstrated below. These
data indicate that XMRV replication induces the expression of IP-
10/CXCL10 under the TLR7-null conditions. Note that the IP-10/
CXCL10 levels in TLR3 ligand-exposed LNCaP cells were higher
than those in XMRV-infected cells (Fig. 1B v.s. Fig. 1C). This is likely
because almost all the cells were fully activated by the TLR3 ligand,
whereas XMRV infection was limited to a portion of cells.

We then asked whether TLR3 is responsible for these responses.
The specific involvement of TLR3 in the upregulation of IP-10/
CXCL10 by XMRV infection was investigated by both genetic and
chemical approaches. The RNA silencing approach was not em-
ployed because siRNA/shRNA potentially serves as a TLR3 ligand
[3,30]. First, a dominant-negative derivative of TLR3 (dnTLR3)
[31], devoid of cytoplasmic Toll/IL-1 receptor (TIR) domain re-
quired for TLR3 signaling, was transduced into LNCaP cells by a
murine leukemia virus (MuLV) vector. We verified dnTLR3 expres-
sion in LNCaP cells by Western blot analysis where the dnTLR3 was
tagged with a HA epitope tag (Fig. 2A). The baseline of the IP-10/
CXCL10 production levels was increased in puromycin-selected
LNCaP cells. It was assumed that puromycin triggers production
of IP-10/CXCL10 since the removal of puromycin from the culture
medium reduced the IP-10/CXCL10 levels (data not shown). The
control cells responded to both TLR3 ligand and XMRV infection
to produce IP-10/CXCL10 (Fig. 2A). In contrast, both XMRV infec-
tion and the TLR3 ligand did not upregulate the expression of
IP-10/CXCL10 in LNCaP/dnTLR3 cells (Fig. 2A). Second, we treated
LNCaP cells with a TLR3 inhibitor and infected cells with XMRV
[16]. RT-PCR was employed to examine whether the induction of
IP-10/CXCL10 by XMRV infection was at the transcriptional level.
Under the conditions whereby the solvent control did not affect
the induction of IP-10/CXCL10 by XMRV infection, TLR3 inhibitor
was shown to limit the induction of IP-10/CXCL10 by XMRV infec-
tion from LNCaP cells (Fig. 2B). The inhibition of IP-10/CXCL10
induction by XMRV was dose-dependent (Fig. 2B). These data sug-
gest that the induction of IP-10/CXCL10 by XMRV infection occurs
at the transcriptional level. Taken together, it is suggested that
TLR3 is responsible for the recognition of XMRV to induce produc-
tion of IP-10/CXCL10.

It has been reported that HIV-1 activates TLR7-mediated signals
but the contribution of TLR3, a double-stranded RNA sensor in the
endosome and on the cell surface, in the anti-retroviral response
has remained elusive [7–11]. We demonstrated that not only
TLR7 but also TLR3 is able to recognize the retroviral genome
and evokes an anti-viral response using XMRV as a model. Retrovi-
rus has a single-stranded RNA as a genome. The retroviral RNA is
predicted to form a higher order structure by base-pairing [13–
15]. Thus, a portion of retroviral RNA should be able to serve as a
TLR3 ligand. Although XMRV was employed in this experiment, it
is likely that the recognition of retroviral genome via TLR3 applies
to retroviruses in general, including HIV-1. We favor the model
that XMRV activates TLR3 signaling at the endosomes given that
a similar mechanism has been implicated in the recognition of
HIV-1 and HTLV-1 by TLR7 [8,9,11,12]. XMRV has been shown to
enter cells via endocytosis [32]. However, some viruses may fail



Fig. 2. Specific contribution of TLR3 to XMRV-induced IP-10/CXCL10. (A) Inhibition
of IP-10/CXCL10 production by a dominant-negative derivative of TLR3 (dnTLR3).
The dnTLR3 was transduced into LNCaP cells by MuLV vector and the cells were
selected with puromycin. The constitutive expression of dnTLR3 in LNCaP cells was
verified by Western blot analysis (upper panel). Actin was used as the internal
control. The TLR3 ligand and XMRV infection failed to upregulate production of IP-
10/CXCL10 by cells expressing dnTLR3 (lower panel). The error bar represents the
SD of triplicated wells. Representative data from three independent experiments
are shown. Statistical significance was detected between ligand-exposed or XMRV-
infected control cells and each of the other groups by two-tailed Student’s t-test
(asterisk, P < 0.01). (B) Inhibition of XMRV-induced IP-10/CXCL10 production by a
TLR3 inhibitor. The RNA isolated from LNCaP cells infected with XMRV in the
presence or absence of the TLR3 inhibitor 4a (10 and 25 lM) was subjected to RT-
PCR designed to detect IP-10/CXCL10 mRNA. GAPDH was used as the internal
control. Representative data from three independent experiments are shown.
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to infect cells because retroviruses are intrinsically unstable due to
the loss of Env function [33]. Such defective viruses should be de-
graded in the endosome where the genomic RNA from these viral
particles could be exposed to the host RNA sensors, including
TLR3. The ‘‘endosome model’’ can be tested by using endosomal
acidification inhibitors as reported by Beignon et al. [1]. However,
this experimental approach was not possible in our experimental
setting because IP-10/CXCL10 production was attenuated by such
inhibitors, including Chloroquine or Bafilomycin A1. Retrovirus is
an enveloped virus. Thus, the genomic RNA of XMRV should not
be exposed to the surface of the virion. It appears unlikely, there-
fore, that the recognition of viral genomic RNA by TLR3 takes place
at the cell surface unless TLR3 recognizes non-nucleic acid compo-
nent on the surface of XMRV particle.

The historical studies on recognition of retroviruses by TLRs did
not assess the involvement of a newly-identified PRR, TRIM5 [22].
In our experimental system, this potential caveat is clarified be-
cause human TRIM5 does not restrict XMRV entry [21,22]. The con-
tribution of TLR3 to the recognition of retroviruses could have been
difficult to detect partly because the expression levels of TLR7
might be higher than those of TLR3 in that experimental system,
or that the TLR3-induced signal might not have been robust
enough to detect. Thus, the failure of TLR3 signal detection does
not necessarily mean that retroviruses do not activate the TLR3 sig-
nal. In the study by Breckpot et al. [34], activation of the TLR signal
depended on reverse transcription of the viral genome using a rep-
lication-defective HIV-1-based lentiviral vector in mouse-derived
dendritic cells. The reverse transcription of retroviral genome is
considered to take place in the cell cytoplasm. Thus, the molecular
sensor that recognizes the reverse-transcribed nucleic acid should
be present in the cytoplasm, not in the endosomal compartment.
The activation of anti-viral signal reported by Breckpot et al. should
be, therefore, TLR3-independent. More recently, Kane et al. re-
ported that MMTV and MuLV activate humoral responses via the
TLR7 signal in mouse [10]. This, again, does not necessarily prove
that TLR3 is not activated by these retroviruses, for it was noted
that some immune responses were evoked by retroviral infection
in a TLR7-independent manner. Although TLR7 serves as a front
line, the TLR3 may be the second line PRR-mediated host defense
against retroviruses. The in vivo relevance of TLR3 activation by
retroviruses remains to be clarified in future studies.
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