
A critical function of toll-like receptor-3 in the induction of
anti-human immunodeficiency virus activities in macrophages

Introduction

Innate immunity plays an important role in the control

of viral infections including those with human immuno-

deficiency virus (HIV).1 Macrophages, one of the major

components in the innate immune system, have the abili-

ties to activate both innate and adaptive immune

responses. The importance of macrophage in the patho-

genesis of HIV infection is highlighted by its dual roles in

HIV infection, where macrophages on the one hand par-

ticipate in the host anti-HIV immune response, and on

the other hand, macrophages are the target for HIV. The

HIV can persist in macrophages, and therefore, it is

believed that macrophages are an important virus reser-

voir and contribute to viral latency. The biology of mac-

rophages and their anti-viral activity have been intensively

studied, showing that macrophages mount broad anti-

viral responses through producing chemokines and cyto-

kines, including macrophage inflammatory proteins

(MIPs) and type I interferons (IFNs), and thus are able

to inhibit HIV infection at multiple levels.2,3 It has been

shown that exposure of macrophages to IFNs results in

the restriction of HIV-1 replication at several steps of a

viral replication cycle.4,5 However, the precise mechanism

of IFN-mediated intracellular antiviral response in macro-

phages remains to be determined.

As HIV latency is the major obstacle in preventing the

eradication of HIV, it is important to identify innate

immune factors that suppress and eliminate HIV in its

reservoir, such as monocytes/macrophages. Induction of

the anti-viral innate immune response depends on a fam-

ily of innate immune receptors, Toll-like receptors

(TLRs). These are a family of pattern recognition recep-

tors expressed by immune cells, including macrophages.6–8

Engagement of TLRs activates signalling cascades that

culminate in inflammatory and immune defence

responses.9,10 Among the 11 identified human TLRs,11,12

TLR-3 has been recognized as a major receptor in virus-

mediated innate immune responses.13,14 The TLR-3 spe-

cifically senses double-stranded RNA (dsRNA), an almost

universal viral intermediate generated during most viral

replications. A synthetic ligand, poly I:C, can also mediate

immune responses through activation of TLR-3. The
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Summary

Toll-like receptor-3 (TLR-3) recognizes double-stranded RNA and induces

multiple intracellular events responsible for innate anti-viral immunity

against a number of viral infections. Activation of TLR-3 inhibits human

immunodeficiency virus (HIV) replication, but the mechanism(s) underly-

ing the action of TLR-3 activation on HIV are largely unknown. Here we

demonstrate that treatment of monocyte-derived macrophages with

poly I:C, a synthetic ligand for TLR-3, significantly inhibited HIV infec-

tion and replication. Investigation of the mechanisms showed that TLR-3

activation resulted in the induction of type I interferon inducible antiviral

factors, including APOBEC3G and tetherin, the newly identified anti-HIV

cellular proteins. In addition, poly I:C-treated macrophages expressed

increased levels of CC chemokines, the ligands for CCR5. Furthermore,

TLR-3 activation in macrophages induced the expression of cellular

microRNAs (miRNA-28, -125b, -150, -223 and -382), the newly identified

intracellular HIV restriction factors. These findings indicate that TLR-3-

mediated induction of multiple anti-HIV factors should be beneficial for

the treatment of HIV disease where innate immune responses are com-

promised by the virus.
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responses, including production of IFN-a/b and up-regu-

lation of the anti-HIV cellular factor APOBEC3G.15–17

Activation of TLR-3 has been shown to inhibit a number

of viral infections, including those involving herpes sim-

plex virus-1,18 West Nile virus,19 hepatitis C virus20 and

influenza virus.21 However, it is still unclear about the

role of TLR-3 activation in protecting macrophages from

HIV infection. The present study was undertaken to

determine whether the treatment of macrophage with the

TLR-3 ligand, poly I:C, can inhibit HIV infection of mac-

rophages. We also examined the mechanisms involved in

TLR-3-mediated anti-HIV activity in macrophages.

Materials and methods

Macrophage preparation

Purified human monocytes obtained from Human Immu-

nology Core at the University of Pennsylvania were plated

in 96-well plates (5 · 105 cells/well) in complete Dul-

becco’s modified Eagle’s medium (DMEM) with 10%

fetal calf serum. Monocytes differentiated into macro-

phages during in vitro cultures (5–7 days).

Poly I:C treatment and HIV infection

Cultured macrophages were incubated with or without

poly I:C (0�5 or 1 lg/ml) for 4 or 12 hr before HIV infec-

tion. The cells were then infected with an equal amount

(p24 protein content) of cell-free HIV strains (Bal or

Jago) for 2 hr at 37� in the presence or absence of

poly I:C. The cells were washed three times with DMEM

to remove input viruses, and fresh medium without

poly I:C was added to the cultures. The final wash was

tested for reverse transcriptase activity and shown to be

free of residual viruses. The cells were incubated for

12 days, and culture supernatants were harvested for HIV

reverse transcriptase activity assay.

HIV strains and reverse transcriptase assay

Based on the differential usage of co-receptors (CCR5

and CXCR4), HIV isolates have been referred to as R5,

X4 or dual strains.22 The HIV R5 strains (Bal and Jago)

were obtained from the AIDS Research and Reference

Program (National Institutes of Health, Bethesda, MD).

The HIV reverse transcriptase activity was determined

based on the technique of Willey et al.23 with modifica-

tions. In brief, 10 ll of culture supernatants was added to

a cocktail containing poly A, oligo-dT and (32P) dTTP

and incubated for 20 hr at 37�. Then, 20 ll of the cock-

tail was spotted onto DE81 paper, dried, and washed five

times with 2· saline-sodium citrate buffer and once with

95% ethanol. The filter paper was then air-dried. Radio-

activity was counted in a liquid scintillation counter.

Real-time reverse transcription–polymerase chain
reaction

Total cellular RNA was extracted from cells using Tri-

Reagent (Molecular Research Center, Cincinnati, OH) as

described previously.24 Total RNA (1 lg) was subjected to

the reverse transcription using reagents obtained from Pro-

mega (Madison, WI). The real-time reverse transcription–

polymerase chain reaction (RT-PCR) for the quantification

of messenger RNAs (mRNAs) for IFN-a, IFN-b, APO-

BEC3G (A3G), myxovirus resistance protein A (MxA), the

interferon-stimulated gene 56 (ISG56), obstructive sleep

apnoea-1 (OSA-1), protein kinase R (PKR), MIP-a,

MIP1-b, IFN regulatory factor-1 (IRF-1), IRF-3, IRF-5,

IRF-7, IRF-9, TLR-1, TLR-2, TLR-3, TLR-4, TLR-5,

TLR-6, TLR-7, TLR-8, TLR-9, TLR-10 and glyceraldehyde

3-phosphate dehydrogenase (GAPDH) were performed

with the iQ SYBR Green Supermix (Bio-Rad Laboratories,

Hercules, CA) as described previously.24 The levels of

GAPDH mRNA were used as an endogenous reference to

normalize the quantities of target mRNA. To conduct

micro RNA (miRNA) detection, total cellular RNA, includ-

ing miRNA, was extracted from cells using a miRNeasy

Mini Kit from Qiagen (Valencia, CA). Total RNA (1 lg)

was reverse-transcribed with a miScript Reverse Transcrip-

tion Kit from Qiagen. The real-time RT-PCR for the quan-

tification of a subset of miRNAs (miRNA-28, miRNA-

125b, miRNA-150, miRNA-223 and miRNA-382) was car-

ried out as described elsewhere,24 with miScript Primer

Assays and miScript SYBR Green PCR Kit from Qiagen.

The special oligonucleotide primers used in this study are

listed in Table 1. The oligonucleotide primers were synthe-

sized by Integrated DNA Technologies Inc. (Coralville, IA).

Flow cytometric analysis

Cultured macrophages (5 · 105 cells/well in 48-well

plates) were incubated with or without poly I:C (1 lg/ml)

for 12 hr. Cells were then harvested, washed twice with

phosphate-buffered saline containing 1% fetal bovine

serum, incubated with Alexo-Fluoro-488-conjugated anti-

human tetherin (CD317; eBiosciences, San Diego, CA) on

ice for 30 min. Unstained or isotype-matched mouse

immunoglobulin G-stained cells were included as a nega-

tive control. Stained cells were acquired by fluorescence-

activated cell sorting (FACSCalibur; BD Bioscience, San

Jose, CA) and analysed using FLOW-JO software (Tree Star

InC, Ashland, OR).

Enzyme-linked immunosorbent assay for IFN-a/b and
CC chemokines

Enzyme-linked immunosorbent assays (ELISA) for analy-

sis of IFN-a and IFN-b proteins were performed as

described in the protocol provided by the manufacturers
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(PBL Biomedical Laboratories, Piscataway, NJ; Fujirebio

Inc., Tokyo, Japan). Both MIP-1a and MIP-1b proteins

were analysed by ELISA with the specific kits produced

by R&D Systems Inc. (Minneapolis, MN). The plate was

read on a microplate reader (ELX800; Bio-Tek Instru-

ments, Inc., Winooski, VT).

Table 1. Primer sets for real-time reverse tran-

scription–polymerase chain reactionPrimer Accession no. Orientation Sequences

GAPDH NM_002046 Sense: 50-GGTGGTCTCCTCTGACTTCAACA-30

Antisense: 50-GTTGCTGTAGCCAAATTCGTTGT-30

IFN-a NM_002175 Sense: 50-TTTCTCCTGCCTGAAGGACAG-30

Antisense: 50-GCTCATGATTTCTGCTCTGACA-30

IFN-b NM_002176 Sense: 50-GCCGCATTGACCATCTATGAGA-30

Antisense: 50-GAGATCTTCAGTTTCGGAGGTAAC-30

IRF-1 NM_002198 Sense: 50-TGAAGCTACAACAGATGAGG-30

Antisense: 50-AGTAGGTACCCCTTCCCATC-30

IRF-3 NM_001571 Sense: 50-ACCAGCCGTGGACCAAGAG-30

Antisense: 50-TACCAAGGCCCTGAGGCAC-30

IRF-5 NM_001098631 Sense: 50-AAGCCGATCCGGCCAA-30

Antisense: 50-GGAAGTCCCGGCTCTTGTTAA-30

IRF-7 NM_001572 Sense: 50-TGGTCCTGGTGAAGCTGGAA-30

Antisense: 50-GATGTCGTCATAGAGGCTGTTGG-30

IRF-9 NM_006084 Sense: 50-GCATCAGGCAGGGCACGCTGCACC-30

Antisense: 50-GCCTGCATGTTTCCAGGGAATCCG-30

TLR-1 NM_003263 Sense: 50-GCCTATATGCAAAGAGTTTGGC-30

Antisense: 50-CTCTCCTAAGACCAGCAAGACC-30

TLR-2 NM_003264 Sense: 50-GGCTTCTCTGTCTTGTGACC-30

Antisense: 50-GGGCTTGAACCAGGAAGACG-30

TLR-3 NM_003265 Sense: 50-AGCCACCTGAAGTTGACTCAGG-30

Antisense: 50-CAGTCAAATTCGTGCAGAAGGC-30

TLR-4 NM_138554 Sense: 50-CAGAGTTTCCTGCAATGGATCA-30

Antisense: 50-GCTTATCTGAAGGTGTTGCACAT-30

TLR-5 NM_003268 Sense: 50-AGCCATCTGACTGCATTAAGG-30

Antisense: 50-GACTTCCTCTTCATCACAACC-30

TLR-6 NM_006068 Sense: 50-ATTGAAAGCATTCGTGAAGAAG-30

Antisense: 50-ACGGTGTACAAAGCTGTCTGTG-30

TLR-7 NM_016562 Sense: 50-AAAATGGTGTTTCCAATGTGG-30

Antisense: 50-GGCAGAGTTTTAGGAAACCATC-30

TLR-8 NM_138636 Sense: 50-TTATGTGTTCCAGGAACTCAGAGAA-30

Antisense: 50-TAATACCCAAGTTGATAGTCGATAAGTTTG-30

TLR-9 NM_017442 Sense: 50-TACCAACATCCTGATGCTAGACTC-30

Antisense: 50-TAGGACAACAGCAGATACTCCAGG-30

TLR-10 NM_001017388 Sense: 50-GGCCAGAAACTGTGGTCAAT-30

Antisense: 50-AAATGACTGCATCCAGGGAG-30

MIP1-a NM_002983 Sense: 50-GCTGACTACTTTGAGACGAGC-30

Antisense: 50-CCAGTCCATAGAAGAGGTAGC-30

MIP1-b NM_002984 Sense: 50-CCAAACCAAAAGAAGCAAGC-30

Antisense: 50-AGAAACAGTGACAGTGGACC-30

A3G NM_021822 Sense: 50-TCAGAGGACGGCATGAGACTTAC-30

Antisense: 50-AGCAGGACCCAGGTGTCATTG-30

MxA M_30817 Sense: 50-GCCGGCTGTGGATATGCTA-30

Antisense: 50-TTTATCGAAACATCTGTGAAAGCAA-30

ISG56 X_03557 Sense: 50-TTCGGAGAAAGGCATTAGA-30

Antisense: 50-TCCAGGGCTTCATTCATAT-30

OSA-1 NM_016816 Sense: 50-AGAAGGCAGCTCACGAAACC-30

Antisense: 50-CCACCACCCAAGTTTCCTGTA-30

PKR NM_003690 Sense: 50-AGAGTAACCGTTGGTGACATAACCT-30

Antisense: 50-GCAGCCTCTGCAGCTCTATGTT-30

Tetherin BC_033873 Sense: 50-AAGAAAGTGGAGGAGCTTGAGG-30

Antisense: 50-CCTGGTTTTCTCTTCTCAGTCG-30
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Statistical analysis

Where appropriate, data were expressed as mean ± SD of

triplicate cultures. For comparison of the mean of two

groups (treated versus untreated), statistical significance

was assessed by Student’s t-test. If there were more than

two groups, one-way repeated measures of analysis of var-

iance were used. Statistical analyses were performed with

GRAPHPAD INSTAT STATISTICAL SOFTWARE (GraphPad Software

Inc., San Diego, CA). Statistical significance was defined

as P < 0�05.

Results

TLR expression and regulation in macrophages

Toll-like receptors recognize pathogen-associated molecu-

lar patterns (PAMPs) and are expressed on immune cells

including macrophages.11 Among the 11 identified human

TLRs, TLR-1 to -10 have been well established function-

ally.11,12 In addition, the ligands for these TLRs have been

identified.25 We showed that macrophages expressed all

TLR-1 to TLR-10 at mRNA levels (Fig. 1a). We next

investigated whether TLRs expressed by macrophages

were biologically functional. We were particularly inter-

ested in TLR-3, because the ligand (poly I:C) for TLR-3

mimics a viral replication intermediate, dsRNA. Analysis

by RT-PCR of poly I:C-treated macrophages showed an

up-regulation of TLR-1, TLR-2, TLR-3 and TLR-7 by

three-, four-, seven- and two-fold, respectively (Fig. 1b).

TLR-3 activation inhibits HIV-1 infection of
macrophages

To evaluate the effect of TLR-3 activation on HIV repli-

cation in macrophages, macrophages derived from mono-

cytes of the healthy donors were treated with/without

poly I:C before or after infection with different strains

(Bal and Jago) of HIV. As shown in Fig. 2, a single

pre-treatment of macrophages with poly I:C for 12 hr

completely protected cells from infection with both Bal

(Fig. 2a) and Jago (Fig. 2b) HIV strains. The duration of

this protective effect on macrophages was up to 12 days

(Fig. 2). We next examined whether the treatment with

poly I:C after HIV infection could inhibit the virus repli-

cated in macrophages. As shown in Fig. 2, macrophages

infected first with Bal or Jago HIV strains and then trea-

ted with poly I:C once (12 hr) showed a significant

decrease (70–80%) in HIV reverse transcriptase activity

at day 12 post-infection (Fig. 2). Morphologically, HIV-1

Bal-infected macrophage cultures without poly I:C pre-

treatment demonstrated characteristic giant syncytium
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Figure 1. Toll-like receptor (TLR) expression and regulation in macrophages. (a) TLR expressions in macrophages. Total RNA extracted from

blood monocyte-derived macrophages (7 day-cultured macrophages) was subjected to the reverse transcription–polymerase chain reaction

(RT-PCR) using the primers specific for human TLR-1 to TLR-10. Amplified PCR products were displayed on 2% agarose gel. Sizes were estimated

from the DNA ladder (100-base-pair fragments) co-electrophoresed with gyceraldehyde 3-phosphate dehydrogenase (GAPDH). (b) Effect of TLR-3

activation on TLR expression. Seven-day-cultured macrophages were treated with or without poly I:C at the indicated concentrations for 12 hr.

Total RNA extracted from cells were then subjected to the real-time RT-PCR for the messenger RNA (mRNA) levels of TLR-1 to TLR-10 and GAP-

DH. The data are expressed as mRNA levels for TLR-1 to TLR-10 relative (fold) to the control (without poly I:C treatment, which is defined as 1).
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formation (Fig. 2c), whereas poly I:C-treated macro-

phages failed to develop HIV-induced giant syncytia

(Fig. 2c).

TLR-3 activation induces type I IFN expression

Since TLR-3 activation triggers intracellular signalling,

resulting in the production of chemokines and antiviral

cytokines, including type I IFNs,9,26 we next examined

whether endogenous IFN-a/b expression was induced in

macrophages. We showed that poly I:C treatment induced

the expression of IFN-a/b at both mRNA (Fig. 3a) and

protein (Fig. 3b) levels in macrophages. This effect was

dose dependent (Fig. 3). To determine the mechanism for

the effect of TLR-3 activation on IFN-a/b expression, we

then examined whether the TLR-3 activation could

induce the expression of IRFs. We showed that poly I:C

treatment selectively enhanced the expression of IRF-1,

-5, -7 and -9 in macrophages (Fig. 3c).

TLR-3 activation induces the expression of IFN-
signalling responsive antiviral elements

To provide information on the molecular mechanism(s)

by which TLR-3 activation can inhibit HIV infection of

macrophages, we examined the expression of several viral

restriction factors in macrophages. These cellular restric-

tion factors, including A3G, OSA-1, PKR, MxA and ISG-

56, serving as IFN signalling responsive elements, have

been reported to be able to inhibit viral replication as

part of the cellular innate antiviral machinery. More

importantly, these factors have been shown to be regu-

lated by type I IFNs.15,27,28 It is therefore important to

determine whether poly I:C treatment of macrophages

can induce the expression of these factors. We observed

that poly I:C treatment selectively enhanced the expres-

sion of A3G, MXA and ISG-56 in macrophages in a dose-

dependent manner (Fig. 4a). In addition to these cellular

restriction factors, we also examined whether TLR-3
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Figure 2. Toll-like receptor-3 (TLR-3) activation suppresses human immunodeficiency virus (HIV) infection of macrophages. (a and b) Effect of

poly I:C treatment on HIV Bal (a) or Jago (b) infection of macrophages. Seven-day-cultured macrophages were treated with or without poly I:C at

the indicated doses, either 12 hr before or 72 hr after HIV infection for 12 hr. Culture supernatants collected at day 12 after HIV infection were

subjected to reverse transcriptase assay. (c) Effect of poly I:C treatment on HIV-induced syncytium formation in macrophages. The morphology of

untreated and uninfected, untreated and HIV-infected (Bal strain), and poly I:C-pretreated (1 lg/ml) and HIV-infected macrophages was observed

and photographed under a light microscope (magnification, ·200) at day 8 post-infection. The arrows indicate giant syncytium formation.
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activation in macrophages could induce the expression of

the antiviral miRNAs. Five anti-HIV miRNAs (miR-28, -

125b, -150, -223 and -382) have been identified to be able

to inhibit HIV replication in human CD4+ T cells29 and

monocytes/macrophages.30 We demonstrated that

poly I:C treatment, in a dose-dependent and time-depen-

dent fashion, induced the expression of all five anti-HIV

miRNAs in macrophages by two- to four-fold (Fig. 4b).

In addition, we showed that both IFN-a and IFN-b could

induce the expression of the anti-HIV miRNAs in macro-

phages (Fig. 4c).

TLR-3 activation induces CC chemokine expression

Both MIP1-a and MIP1-b, the natural ligands for CCR5

co-receptor, have been reported to be the HIV suppres-

sive factors for virus entry.31 We therefore investigated

whether TLR-3 activation had an impact on MIP1-a and

MIP1-b expression in macrophages. As demonstrated in

Fig. 5, poly I:C treatment of macrophages significantly

increased the mRNA levels of both MIP1-a and MIP1-b
(Fig. 5a). In addition, poly I:C-treated macrophages pro-

duced significantly higher levels of MIP1-a/b proteins

than untreated cells (Fig. 5b).

TLR-3 activation induces tetherin expression

Tetherin has been recently identified as an important

IFN-a inducible cellular restriction factor that inhibits

HIV infection of host cells by preventing release of virus

from an infected cell.32,33 We therefore examined whether

poly I:C treatment modulated tetherin expression in mac-

rophages. Compared with untreated cells, poly I:C-treated

macrophages expressed significantly higher levels (more

than four-fold) of tetherin mRNA (Fig. 6a). In addition,

poly I:C treatment up-regulated the tetherin protein
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Figure 3. Toll-like receptor-3 (TLR-3) activa-

tion induces interferon-a/b (IFN-a/b) and

interferon regulation factor (IRF) expressions.

(a) IFN-a/b messenger RNA (mRNA) expres-

sion. Seven-day-cultured macrophages were

treated with or without poly I:C at the indi-

cated concentrations for 12 hr. Total RNA

extracted from cells was then subjected to the

real-time reverse transcription–polymerase

chain reaction (RT-PCR) for the mRNA levels

of IFN-a/b and glyceraldehyde 3-phosphate

dehydrogenase (GAPDH). The data are

expressed as IFN mRNA levels relative (fold)

to the control (without poly I:C treatment,

which is defined as 1). (b) IFN-a/b protein

expression. Seven day-cultured macrophages

were treated with or without poly I:C at the

indicated concentrations for 24 hr. Superna-

tants collected from cultures were then assayed

by enzyme-linked immunosorbent assay to

measure the IFN-a/b proteins. (c) IRF mRNA

expression. Seven-day-cultured macrophages

were treated with or without poly I:C at the

indicated concentrations for 12 hr. Total RNA

extracted from cells was then subjected to the

real-time RT-PCR for the mRNA levels of IRF-

1, IRF-3, IRF-5, IRF-7, IRF-9 and GAPDH.

The data are expressed as IRF mRNA levels

relative (fold) to the control. The results

shown are the mean ± SD of triplicate wells,

representing three independent experiments

(**P < 0.01; *P < 0.05).
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expression in macrophages as demonstrated by flow

cytometry analysis (Fig. 6b,c).

Discussion

Toll-like receptors are crucial in the innate immune

response to pathogens because they recognize and

respond to PAMPs, which leads to activation of intracel-

lular signalling pathways. Immune cells, including macro-

phages, mount anti-microbial responses by the

recognition of PAMPs by diverse TLRs.6 Among the 11

identified human TLRs, TLR-3 plays a crucial role in

virus-mediated innate immune responses, because TLR-3

specifically recognizes dsRNA (a universal viral molecular

pattern) and initiates anti-viral signalling pathways in

macrophages.25,34 It is known that dsRNA is formed in

the HIV replication cycle,35,36 which raises the question

whether activation of TLR-3 is able to inhibit HIV repli-

cation in macrophages. In this study, we have provided

the experimental evidence that TLR-3 activation by a

dsRNA analogue, poly I:C, resulted in the inhibition of

HIV infection of macrophages. This poly I:C action is

TLR-3-mediated, as treatment with the ligands

(Pam3CSK4 and HKLM) to TLR-1 and TLR-2 could not

inhibit HIV infection of macrophages (data not shown).

This poly I:C-mediated antiviral effect is highly effective

and durable. When macrophages were pretreated once

with poly I:C for 12 hr, a nearly complete inhibition of

HIV infection of macrophages was observed (Fig. 2). This

inhibitory effect of poly I:C treatment was seen even after

HIV infection had been initiated in macrophages (Fig. 2).

The anti-HIV activity of poly I:C treatment has also been

documented in other cell types.15,37 A recent study using

human astrocytes showed that HIV replication was inhib-

ited by poly I:C treatment.37 More recently, Trapp et al.15

reported that poly I:C inhibits HIV in dendritic cells.

Taken together, these findings suggest that TLR-3 activa-

tion-induced HIV inhibition is a natural and innate

immune response possessed by various cell types.

Activation of TLR-3 triggers potent antiviral activity

against HIV through multiple mechanisms at both cellu-

lar and molecular levels. We first investigated whether

TLR-3 activation results in the production of type I IFNs.

Type I IFNs (IFN-a/b) have been recognized as the first

line of the TLR-3 activation-mediated antiviral response.6

Interferon-a/b has the ability to inhibit HIV infection
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Figure 4. Toll-like receptor (TLR) activation

modulates interferon (IFN) -signalling respon-

sive antiviral elements. (a) Anti-viral factors

expression. Seven-day-cultured macrophages

were treated with poly I:C at the indicated

doses for 12 hr. Total RNA extracted from cells

was then subjected to the real-time reverse

transcription–polymerase chain reaction (RT-

PCR) for the messenger RNA (mRNA) levels

of A3G, MxA, ISG-56, OAS-1, PKR and glycer-

aldehyde 3-phosphate dehydrogenase (GAP-

DH). The data are expressed as A3G, MxA,

ISG-56, OAS-1 or PKR mRNA levels relative

(fold) to the control (without poly I:C treat-

ment, which is defined as 1). (b) Anti-human

immunodeficiency virus (HIV) microRNA

(miRNA) expression. Total RNA extracted

from cells was then subjected to the real-time

RT-PCR for cellular miRNA28, miRNA125b,

miRNA150, miRNA223, miRNA382 and GAP-

DH mRNA quantification. (c) IFN-a/b induces

anti-HIV miRNAs in macrophages. Seven-day-

cultured macrophages were cultured in the

presence or absence of IFN-a/b (100 lg/ml)

for 6 hr. Cells were collected and subjected to

RNA extraction for miRNA expression by real-

time RT-PCR. The data are expressed as the

miRNA levels relative (fold) to the control

(without IFN-a/b treatment, which is defined

as 1). The results shown are the mean ± SD of

triplicate wells, representing three independent

experiments (**P < 0.01; *P < 0.05).
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and replication in macrophages. Our data showed that

following poly I:C treatment, IFN-a/b expression was

remarkably up-regulated in macrophages. In contrast, the

treatment with the ligands to TLR-1 or TLR-2 had little

impact on IFN expression (data not shown), suggesting

that TLR-1 and TLR-2 that could be induced by poly I:C
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Figure 5. Toll-like receptor-3 (TLR-3) activa-

tion up-regulates macrophage inflammatory

protein 1-a/b (MIP-1a/b) expression. (a) MIP1-

a/b messenger RNA (mRNA) expression.

Seven-day-cultured macrophages were treated

with or without poly I:C at the indicated con-

centrations for 12 hr. Total RNA extracted

from cells was then subjected to the real-time

polymerase chain reaction for the mRNA levels

of MIP1-a, MIP1-b and glyceraldehyde 3-phos-

phate dehydrogenase (GAPDH). The data are

expressed as MIP1-a or MIP1-b mRNA levels

relative (fold) to the control (without poly I:C

treatment, which is defined as 1). (b) MIP1-

a/b protein expression. Seven day-cultured

macrophages were treated with or without

poly I:C at the indicated concentrations for

24 hr. Supernatants were then collected from

cell cultures for the protein levels of MIP1-a/b.

The results shown are the mean ± SD of tripli-

cate wells, representing three independent

experiments (**P < 0.01; *P < 0.05).
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Figure 6. Toll-like receptor-3 (TLR-3) activation up-regulates tetherin expression. (a) Tetherin messenger RNA (mRNA) expression. Seven-day-

cultured macrophages were treated with or without poly I:C at the indicated concentrations for 4 or 12 hr. Total RNA extracted from cells was

then subjected to the real-time reverse transcription–polymerase chain reaction (RT-PCR) for the mRNA levels of tetherin and glyceraldehyde 3-

phosphate dehydrogenase (GAPDH). The data are expressed as tetherin mRNA levels relative (fold) to the control (without poly I:C treatment,

which is defined as 1). The results shown are the mean ± SD of triplicate wells, representing three independent experiments (**P < 0.01;

*P < 0.05). (b and c) Tetherin protein expression. Seven day-cultured macrophages were treated with (c) or without (b) poly I:C (1 lg/ml) for

12 hr. Cells were stained with fluorescence-conjugated anti-human tetherin (CD317) antibody and analysed for tetherin expression by flow

cytometry. Shaded histogram, control staining with isotope-matched antibody (immunoglobulin G2b); open histogram, tetherin staining with

monoclonal antibody CD317. A representative histogram graph was shown.
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are not involved in poly I:C-mediated action on IFN-a/b.

This induction of IFN-a/b was the result of TLR-3 acti-

vation-mediated IRF expression in macrophages. It has

been documented that IRFs such as IRF7 have a key role

in activating type I IFN expression. We showed that sev-

eral IRFs, particularly IRF7, were induced in macrophag-

es by poly I:C treatment (Fig. 3c), which provides a

sound mechanism for the induction of IFN-a/b by

poly I:C. A strong type I IFN response to TLR-3 activa-

tion is critical for the production of down-stream antivi-

ral mediators, because IFN-a/b induced by poly I:C

treatment can be released from macrophages, and bind

to IFN receptors on the cell membrane, triggering a sec-

ondary response: activating the JAK/STAT pathway,

which results in the induction of the expression of IFN-

inducible genes such as MxA and ISG56 (Fig. 4a). We

also demonstrated that APOBEC3G (A3G), a specific

anti-HIV cellular factor, was induced in macrophages

treated with poly I:C (Fig. 4a). This finding is in agree-

ment with the recent report that poly I:C, through type I

IFN-mediated activation of APOBEC3G, inhibits HIV

amplification in dendritic cells.15 A3G is a cytidine deami-

nase that has the ability to induce c to u mutation in the

negative strand of HIV DNA, resulting in inhibition of

HIV replication in both CD4+ T cells and macrophages.38

A3G can either edit the newly synthesized viral DNA or

have an inhibitory effect at another site(s) of the HIV life

cycle.39,40 In addition, tetherin, which has also been identi-

fied as an IFN-a inducible cellular factor,32 was induced in

macrophages treated with poly I:C. Tetherin is a trans-

membrane protein that specifically inhibits HIV infection

by preventing its release from infected cells.33 Further-

more, we demonstrated that poly I:C treatment enhanced

CC chemokine (MIP-1a/b) expression by macrophages.

The CC chemokines block the entry of HIV strains that

use CCR5 co-receptor by competitive inhibition.

In addition to cellular restriction proteins against viral

infection, there is increasing interest in the role of miR-

NA in regulating HIV replication. Several lines of evi-

dence support the regulatory role of cellular miRNAs in

viral infections.41 Bioinformatic analyses indicate that

several human miRNAs can target several viruses,42,43

including HIV.44 Huang et al.29 reported that five human

miRNAs (miR-28, -125b, -150, -223 and -382) can target

the 30-untranslated region of HIV-1 transcript and so be

responsible for viral latency in resting CD4+ T cells. Our

recent study30 showed that these anti-HIV miRNAs also

play a crucial role in control of HIV replication in

monocytes and macrophages. Therefore, we investigated

whether TLR-3 activation could modulate the expression

of the anti-HIV miRNAs in macrophages. We demon-

strated that poly I:C treatment induced the expression of

all five anti-HIV miRNAs in macrophages (Fig. 4c). This

effect appeared to be TLR-3-specific, as the ligands to

TLR-1 and TLR-2 had little impact on miRNA expres-

sion (data not shown). These data provide an additional

mechanism involved in TLR-3 activation-induced anti-

HIV action in macrophages. This poly I:C treatment-

mediated induction of the anti-HIV miRNA could be

the result of the activation of IFNs, as both IFN-a and

IFN-b up-regulated the expression of anti-HIV miRNAs

(Fig. 4c). This finding supports the study by others

showing that type I IFNs modulate cellular miRNAs as

an antiviral mechanism.45

Taken together, our study provides compelling experi-

mental evidence that TLR-3 activation by poly I:C in

macrophages significantly suppresses HIV infection and

replication through multiple antiviral mechanisms at

both cellular and molecular levels. Although additional

mechanism(s) might also be involved, the induction of

type I IFNs and IFN-dependent antiviral mechanisms

accounts for much of the TLR-3-mediated anti-HIV

activity. There are at least two distinct components

involved in type I IFN-dependent anti-HIV activities: the

induction of extracellular factors, CC chemokines that

block HIV entry into macrophages; the activation of

intracellular viral restriction factors such as A3G, MxA,

ISG, miRNAs and tetherin. Each of these antiviral factors

plays an important role in restriction of HIV replication,

as they directly inhibit HIV at different steps of the viral

replication cycle. These findings are clinically important,

as the activation of the TLR-3 signalling pathway may

represent a promising novel strategy for treatment of

people with HIV infection. Because this approach acti-

vates the intracellular innate immune system, leading to

enhance and/or restore type I IFN production as well as

multiple IFN-inducible antiviral gene expression in HIV-

infected host cells, it is less likely for HIV to develop

resistance. Currently, the therapeutic TLR agonists are

being developed for the treatment of cancer allergies and

viral infections. Agonists for TLRs, particularly TLR-3,

TLR-7 and TLR-9, have been shown to have promise as

treatment for infectious diseases, especially viral infec-

tions including HIV.46,47 A number of TLR agonists are

now in clinical or preclinical trails such as the anti-HIV

TLR-3 agonist (poly I:C 12U).46,47 Obviously, the find-

ings of this study support the notion for further devel-

oping a TLR-3 agonist-based therapy for HIV disease in

which host cell innate immune responses are significantly

compromised by the virus. It is hopeful that ongoing

and future studies will yield promising data that TLR-3

agonists will be therapeutically useful for the treatment

of people infected with HIV.
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