
ORIGINAL ARTICLE

Activation of Toll-like receptor 3 inhibits Marek’s disease virus
infection in chicken embryo fibroblast cells
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Abstract Toll-like receptor 3 (TLR3) is a critical com-

ponent of the innate immune system against viral infection

and controls the activation of adaptive immunity. The role

of TLR3 in Marek’s disease virus (MDV) infection is not

clear. In this study, we found that the abundance of TLR3

mRNA was significantly higher in chicken embryo

fibroblast cells (CEF) infected with MDV than in a control

group. Activated TLR3 signaling via TLR3 ligand stimu-

lation inhibited replication of the RB1B strain of MDV in

CEF cells. In contrast, CEF cells transfected with TLR3

siRNA promoted RB1B infection and replication. How-

ever, treatment with other TLR ligands, whether stimula-

tory (LPS, imiquimod and CpG) or inhibitory (TLR2/4

inhibitor and/or MyD88 inhibitor), had little effect on

RB1B infection and replication. In addition, we found that

the expression trend of TLR3 mRNA in RB1B-infected

CEF cells was similar to that of mdv1-mir-M4-5p (a

functional ortholog of oncogenic miR-155 encoded by

MDV). Inconsistent with this, the TLR3 protein level was

sharply reduced in RB1B-infected CEF cells at 96 hpi,

while there was an at least 200-fold increase in miR-M4-5p

at the same time point. Additionally, CEF cells transfected

with an mdv1-mir-M4-5p mimic promoted RB1B infection

and replication, while an mdv1-mir-M4-5p inhibitor

inhibited RB1B infection and replication. Similar results

were observed in CEF cells transfected with a gga-miR-

155 mimic or inhibitor. These findings suggest that TLR3

and MDV-encoded miRNAs might be involved in MDV

infection.

Introduction

Toll-like receptor 3 (TLR3) is a critical component of the

innate immune system against viral infections that controls

the activation of adaptive immunity [3, 27]. TLR3 strongly

enhances antigen-specific CD8? T-cell responses and

promotes antigen cross-priming against virus-infected cells

[5, 28, 32]. TLR3 innate immunity is involved in immunity

to several herpesviruses, including Kaposi’s sarcoma-as-

sociated herpesvirus (KSHV) [35], herpes simplex virus

(HSV) [5] and Marek’s disease virus (MDV) [11]. The

TLR3 pathway is upregulated by KSHV during primary

infection [35]. Moreover, activation of the TLR3-TRIF

pathway enhances KSHV replication and transcription

activator (RTA) protein expression, and in turn, KSHV

RTA degrades TRIF, thus blocking innate immunity [2,

21]. TLR3 is required for the generation of CD8 T-cell

immunity to HSV-1, and intrinsic immunity to HSV-1 has

been shown to be impaired in human iPSC-derived TLR3-

deficient CNS cells [5, 17]. Recent evidence suggests a role

for TLR3 in MDV infection, and MDV may interfere with

T-cell immunity by TLR3 signaling [11]. TLR3 has been

shown to be upregulated in chicken lungs infected with

MDV [1]. In response to MDV infection, TLR3 expression

was enhanced in chicken spleens at 5 dpi [8]. Another

study revealed that a TLR3 ligand enhanced the efficacy of
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the HVT vaccine, improved protection against MDV, and

hindered tumor development in chickens [25].

MDV is an oncogenic alphaherpesvirus that provides a

natural model for lymphomas, particularly with respect to

the pathogenesis and immune control of virus-induced

lymphoma [24]. To date, 26 MDV-1 miRNAs have been

identified [9], and they are located in the oncogene MEQ

cluster and the latency-associated transcript (LAT) cluster.

Some of these miRNAs have been reported to contribute to

viral latency and oncogenesis. One MDV-encoded miRNA,

miR-M3, was shown to suppress apoptosis by targeting

Smad2 in the transforming growth factor beta (TGFb)

signaling pathway [36], and another MDV-encoded

miRNA, mdv1-miR-M7-5p, was implicated in the estab-

lishment and maintenance of latency by targeting the

immediate-early genes ICP4 and ICP27 [31]. In particular,

mdv1-miR-M4, a functional ortholog of oncogenic miR-

155, was shown to have an essential role in the induction of

MD lymphomas [41]. Expression analysis of miR-M4

confirmed its high expression in MD tumors, and an miR-

M4 null mutant RB1B MDV-1 virus was unable to trans-

form infected T-cells. Another report showed that miR-M4

is an important potential regulator but is not essential for

the development of lymphomas induced by highly virulent

MDV [38]. These facts suggest that MDV-encoded miR-

NAs are likely to be critical regulators of pathways asso-

ciated with the lytic/latent switch and viral transformation.

In a previous study, we found that miR-155 can directly

bind to the coding region of TLR3 and negatively regulate

TLR3 expression [12]. Moreover, mdv1-miR-M4 can

inhibit TLR3 expression. It was confirmed that miR-M4

has an essential role in the induction of MD lymphomas

and that it has a high level of expression in MD tumors

[41]. The miR-M4 null mutant RB1B MDV-1 cannot

transform infected T cells. TLR3 is expressed in T cells,

and this has implications for antiviral defense and tumor

suppression. Thus, we infer that TLR3 may be involved in

MDV infection. Here, we investigated the influence of

TLR3 on RB1B infection and replication.

Materials and methods

Reagents

The TLR2 ligand ultrapure E. coli 0111:B4 peptidoglycan

(PGN-EB), the TLR3 ligand synthetic analogue of dsRNA

poly (I:C) with a high molecular weight, the TLR4 ligand

ultrapure E. coli 0111:B4 lipopolysaccharide (LPS-EB),

and the TLR7 ligand small synthetic antiviral molecule

imiquimod (R837) were all from InvivoGen (California,

USA). Lipofectamine RNAiMax transfection reagent was

from Invitrogen (Life Technologies, MD, USA).

The gga-mir-155 and mdv1-mir-M4-5p mimics, inhibitors

and controls were synthesized by Ribobio (Guangzhou Ribo-

Bio Co., Ltd, Guangzhou, China). Small interfering RNA

(siRNA) and Lipofectamine RNAiMax transfection reagent

were purchased from Invitrogen (Life Technologies, MD,

USA). Stealth RNAiTM siRNAs specific for chicken TLR3 and

negative control Stealth RNAiTM siRNA were designed and

synthesized by Invitrogen (Life Technologies, MD, USA). The

sequences of the Stealth siRNAs as follows: Chicken

TLR3_Stealth_218, 50-CCGAGUACAGCAAUCUGAUUU

ACUU-30 and 50-AAGUAAAUCAGAUUGCUGUACUC

GG-30; Chicken TLR3_stealth_482, 50-CAGCAAAUUUAG

GAUUGCAGCAACA-30 and 50-UGUUGCUGCAAUCCUA

AAUUUGCUG-30; Chicken TLR3_stealth_2507, 50-GAGAC

UCCAUCAUACUGAUCUUUCU-30 and 50-AGAAAGAUC

AGUAUGAUGGAGUCUC-30.

Cells and virus

Primary chicken embryo fibroblast cells (CEF) were pre-

pared from 10-day-old specific-pathogen-free (SPF)

embryos obtained from Merial Vital (Laboratory Animal

Technology CO., Ltd., Beijing, China), and secondary CEF

cells were used for virus infection or other experiments.

RB1B strains of highly virulent MDV were maintained in

the laboratory.

Virus infection

Secondary CEF cells were seeded in 6-well plates in

Dulbecco’s modified Eagle’s medium (DMEM; Life

Technologies/GIBCO, MD, USA) supplemented with 5 %

fetal bovine serum (FBS) at 37 �C (5 % CO2 and 95 %

humidity). After 24 hours, the cells were infected with

strain RB1B at a multiplicity of infection (MOI) of 0.1.

Each virus was placed into three wells and collected at 8,

24, 72, 96 and 120 hours postinfection (hpi).

TLR stimulation and inhibition

Secondary CEF cells were seeded in 6-well plates in

Dulbecco’s modified Eagle’s medium (DMEM; Life

Technologies/GIBCO, MD, USA) supplemented with 5 %

fetal bovine serum (FBS) at 37 �C (5 % CO2 and 95 %

humidity) and incubated for 16-24 h in medium containing

select TLR ligands or inhibitors. After incubation, the

supernatants were collected, clarified and stored, and the

cells were washed and used for infection or additional tests.

Oligonucleotide transfection

Oligonucleotide transfection was performed with Lipofec-

tamine RNAiMax transfection reagent according to the
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manufacturer’s instructions. siRNAs were diluted 10 times

to a final concentration of 200 nM.

RNA extraction and quantitative real-time PCR

Total RNA was extracted using an miRNeasy Mini Kit

(QIAGEN, Hilden, Germany), and mature miRNAs were

reverse transcribed using a miScript II RT Kit (QIAGEN,

Hilden, Germany) and amplified using a miScript SYBR

Green PCR Kit (QIAGEN, Hilden, Germany). miScript

Primer Assays (QIAGEN, Hilden, Germany) were used for

gga-mir-155 (assay ID: MSC0003997), mdv1-mir-M4

(assay ID: MSC0003997), and gga-mir-21 (assay ID:

MSC0003998) in 96-well plates (Life Technologies, MD,

USA) on an ABI 7500 real-time PCR system (Life Tech-

nologies, MD, USA). Gene expression was calculated rel-

ative to small ncRNAU6 levels. Real-time PCR was

performed on the MDV and other host genes (the primer

sequences are provided in Table 1) as reported previously

[10, 11], and gene expression levels were normalized to

chicken 18S.

Immunoblot analysis

Cells (5 9 105 to 10 9 105) were lysed in Cell Lysis

Buffer (10X) (9803, Cell Signaling Technologies, MA,

USA) with protease inhibitors added. The immunoblot

experiment was performed as described previously [12].

The samples were loaded with 59 denaturing sample

buffer and separated by 12 % SDS-PAGE. The proteins

were transferred to polyvinylidene difluoride membranes

using standard techniques and were subsequently analyzed

by immunoblotting with relevant antibodies. The blots

were developed using chemiluminescence (protein simple,

Fluorchem E FE0605). The monoclonal antibody used to

detect b-actin was from Santa Cruz Biotechnology (sc-

47778, Dallas, USA), and the polyclonal antibody against

TLR3 was from Novus Biologicals (NBP2-24565, Little-

ton, USA).

Statistical analysis

Statistical analysis was performed with either the Statistical

Package for the Social Sciences (SPSS version 16.0) or

Excel GraphPad (Prism 5) software. P-values were deter-

mined by paired Student’s t-tests or unpaired tests for

normal distributions of at least three independent

experiments.

Results

High expression of TLR3 induced by RB1B infection

in CEF cells

We investigated the dynamic expression patterns of Toll-

like receptors (2, 3, 4, 7, 15 and 21) in RB1B-infected CEF

cells at 8, 24, 72, 96 and 120 hours postinfection. In

infected CEF cells, we found that only TLR3 mRNA

expression was abnormally higher than in the uninfected

control group, whereas TLR2, TLR4, TLR7, TLR15 and

TLR21 showed no change (Fig. 1). The most significant

Table 1 Primers used for real-

time PCR
Gene Nucleotide sequence Product size (bp) Accession number

TLR2 F 50-GCAACTGGAAAATGTGGGC-30 140 NM_001161650.1

R 50-CGGGCGAATGAAGTCCAAAC-30

TLR3 F 50-GCACCTGTGAAAGCATTG-30 99 NM_001011691.3

R 50-TAGGCGGGGTGTTACAAATG-30

TLR4 F 50-TGACCTACCCATCGGACACT-30 171 NM_001030693.1

R 50-CTCAGGGCATCAAGGTCTCC-30

TLR7 F 50-CACACATTCAACTGGGGCAA-30 84 NM_001011688.1

R 50-GGGAACGGTAGTCAGAAGGT-30

TLR15 F 50-AGTTTTGGACCTTTCTCAC-30 122 NM_001037835.1

R 50-CACGACCAGATACCAGAAG-30

TLR21 F 50-TCTATCTCTTTGCTGGGACT-30 200 NM_001030558.1

R 50-CTACAGCCAACTTTCATCAG-30

Meq F 50-GTCCCCCCTCGATCTTTCTC-30 184 NC_002229.3

R 50-CGTCTGCTTCCTGCGTCTTC-30

gB F 50-ACCCCATTCGGTGGCTTTTC-30 122 NC_002229.3

R 50-GCGTCCAGTTGTCTGAGG-30

18S F 50-TCAGATACCGTCGTAGTTCC-30 154 AF173612

R 50-TTCCGTCAATTCCTTTAAGTT-30
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change in TLR3 mRNA expression was observed at 96 hpi

(at least a 40-fold change).

Influence of TLR3 on RB1B infection

We found that stimulation of CEF cells with poly(I:C)

consistently inhibited MDV infection and replication

(Fig. 2A and B), while CEF cells treated with LPS, Imi-

quimod and CpG behaved similarly to the unstimulated

groups. Similar results were observed in plaque assays

(Fig. 2C). Next, treatment with inhibitors of other TLR

pathways except for TLR3 (TLR2/4 inhibitor and/or

MyD88 inhibitor) had little effect on RB1B infection and

replication (Fig. 2D). In contrast, we found that, based on

viral gene expression (gB and Meq), infection and repli-

cation of RB1B virus was enhanced 24 h after MDV

infection when CEF cells were transfected with TLR3

siRNA compared to control siRNA (Fig. 2E-G).

mdv1-miR-M4-5p is involved in regulation of TLR3

expression

We observed the expression kinetics of mdv1-miR-M4-

5p and TLR3 during RB1B infection. Infection with

RB1B resulted in the production of IFN-b and increased

expression of gga-miR-155 from 8 hpi to 120 hpi, but it

did not affect the expression of gga-miR-21 (a control

miRNA). However, mdv1-miR-M4-5p showed a different

expression trend in MDV-infected CEF cells; mdv1-miR-

M4-5p was sharply downregulated from 96 hpi to

120 hpi, while the virus level continued to increase

(Fig. 3A-F). Notably, TLR3 mRNA levels were also

lower from 96 hpi to 120 hpi, similar to those of mdv1-

mir-M4-5p. Inconsistent with the change in TLR3

mRNA levels, we found that the expression of TLR3

gene at the protein level was sharply reduced in RB1B-

infected CEF cells at 96 hpi (Fig. 3G). In addition, we

also observed that the TLR3 protein level was clearly

increased at 72 hpi, following the change in TLR3

mRNA levels.

Next, we transfected CEF cells with an mdv1-mir-M4-

5p mimic or mimic control and then infected CEF cells

with RB1B 48 hours after transfection. This treatment

enhanced the expression levels of gB and Meq (indicating

virus replication) 24 and 48 hours after infection (Fig. 3H

and I). In contrast, this effect was impaired in CEF cells

transfected with an mdv1-mir-M4-5p inhibitor, which sig-

nificantly suppressed replication of the virus (Fig. 3J and

K). Similar results were observed in CEF cells transfected

with a gga-miR-155 mimic or inhibitor (Fig. 3H-3K).

Discussion

In a previous study, we showed that MDV miR-M4-5p

targeted the TLR3 coding region, which resulted in the

downregulation of the TLR3 protein [12]. In the present

study, we found that only TLR3 mRNA expression was

abnormally higher than in the control group; activation of

TLR3 with poly(I:C) consistently suppressed RB1B

infection and replication, but inhibition of TLR3 enhanced

infection. It has demonstrated that TLR3 is upregulated

upon infection in CEF cells and that TLR3 stimulation

inhibits MDV replication. Although CEFs are not the nat-

ural target cells of MDV in vivo, the effects observed in

MDV-infected CEF might reflect the host response to

virulent MDV infection. However, this should be investi-

gated for B and T cells infected with MDV in the future.

TLR3 is critical for establishing an immune response to

viral infection. TLR3 deficiency in human CNS cells

affects intrinsic immunity and the generation of CD8 T-cell

immunity to HSV-1 infection [39]. Recent evidence

revealed a role for TLR3 in MDV infection. In response to

MDV infection, the expression of TLR3 was enhanced in

the chicken lung [1], spleen [8] and thymus [11] during

early virus infection. A TLR3 ligand enhanced the efficacy

of the HVT vaccine, improved protection against MDV,

and hindered tumor development in chickens [25]. We

confirmed that the activation of TLR3 inhibits replication

and infection by MDV. On the basis of published studies

and the findings of this study, we conclude that TLR3

immunity interferes with MDV viral replication and

infection.

In addition to its involvement in antiviral immunity,

TLR3 plays a key role in tumor suppression [16]. Several

studies have indicated that the tumor suppressor p53 pos-

itively regulates TLR3 transcription by binding to the p53

site in the TLR3 promoter, and TLR3 induction is p53

dependent in several tumor cell lines [26, 29, 33, 34].

Obviously, p53 is an obstacle to the induction of MD

tumors that must be overcome. A study showed that the

Fig. 1 Relative expression of Toll-like receptors in RB1B-infected

CEF cells. Expression of TLR2A, TLR3, TLR4, TLR7, TLR15 and

TLR21 genes in CEF cells at 8, 24, 72, 96 and 120 hours after

infection with strain RB1B
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oncogenic MEQ protein can directly inhibit the expression

and transcriptional activity of p53 [6]. MEQ could suppress

the host anti-tumor immune responses by inhibiting p53

and thus interfere with TLR3 transcription. In fact, deletion

of the Meq gene significantly decreased MDV-mediated

immune suppression in chickens [18]. Therefore, we infer

Fig. 2 Influence of TLR3 on MDV infection and replication. A:

Expression of gB in CEF cells stimulated with TLR ligands at 24, 72,

96 and 120 hours after infection with strain RB1B. B: Expression of

Meq in CEF cells stimulated with TLR ligands at 24, 72, 96 and

120 hours after infection with strain RB1B. C: Plaque-forming units

of RB1B in unstimulated CEF cells. D: Plaque-forming units of

RB1B in CEF cells stimulated with TLR ligands. E: Plaque-forming

units of RB1B in CEF cells stimulated with TLR ligands. F: Relative

expression of viral genes (gB and Meq) in CEF cells treated with an

inhibitor. G: Expression of TLR3 in CEF cells transfected with TLR3

siRNA or control siRNA. H: Expression of viral genes (gB and Meq)

in CEF cells transfected with TLR3 siRNA or control siRNA. I:

Plaque-forming units of RB1B in CEF cells transfected with TLR3

siRNA or control siRNA
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that the expression of TLR3 can hinder MDV-induced

T-cell lymphoma transformation and could regulate sur-

vival of the virus. This hypothesis was supported by a

report [15] that the function of TLR3 in lymphoid tissues

was impaired when the infection entered the tumor trans-

formation phase.

In this study, we found that TLR3 inhibition by RNA

interference technology promoted MDV infection and

replication. Inhibition of the TLR3 pathway was observed

in the MDV-infected chicken thymus at 21 dpi; moreover,

there was a positive correlation between the downregula-

tion of CD4, CD8 and TLR3 signals in response to MDV

infection [11]. Avoiding the host immune response is

particularly important if MDV is to establish a lifelong

latent infection, and a sufficient number of latently infected

cells must be generated to reliably induce lymphoma [24].

UL49.5 is involved in the downregulation of MHC class I

molecules in MDV-infected cells, while deletion of the

Meq gene significantly decreases MDV-mediated immune

suppression in chickens [13, 18]. Viral miRNAs are not

immunogenic and thus might offer a better option for

attenuating the antiviral immune responses [4, 23]. Seed

sites for mdv1-miR-M4, mdv1-miR-M8 and mdv1-miR-

M11 were found in the TLR3 coding region, suggesting

that MDV has at least three miRNA-based mechanisms to

regulate TLR3 expression. Among these miRNAs, mdv1-

miR-M4 was highly expressed in MDV-induced tumors,

which suggests that it is an important potential regulator

that could affect the occurrence of MD tumors [38] and

TLR3 expression.

In a previous study, we demonstrated that mdv-miR-M4

can suppress TLR3 immunity by targeting the coding

region of the TLR3 gene [12]. In this study, we also found

that the expression of TLR3 gene at the protein level was

Fig. 3 Control of TLR3 by MDV encoding miR-155. Relative

expression of gB (A), Meq (B), mdv1-miR-M4-5p (C), gga-miR-155

(D), IFN-b (E) or TLR3 (F) in CEF cells at 8, 24, 72, 96 and

120 hours after infection with strain RB1B. G: Expression level of

TLR3 protein in CEF cells at 72 and 96 hours after infection with

strain RB1B. H-I: Expression of gB and Meq in CEF cells stimulated

with gga-miR-155 or a mdv1-miR-M4-5p mimic at 24 or 48 hours

after infection with strain RB1B. J-K: Expression of gB and Meq in

CEF cells stimulated with gga-miR-155 or mdv1-miR-M4-5p

inhibitor at 24 or 48 hours after infection with strain RB1B
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sharply reduced in infected CEF cells at 96 hpi. In contrast,

miR-M4-5p was increased at least 200-fold at this time

point. MDV-miR-M4 is a functional homolog of oncogenic

miR-155, which has been reported to rescue the oncogenic

function in a miR-M4-deleted virus [41]. This viral miRNA

dominates the expression profile in tumor samples (72 % of

MDV1 miRNAs are mdv1-miR-M4). Interestingly, over-

expression of miR-155 was found in most tumors, while

downregulation of miR-155 was seen in MDV-transformed

cell lines and MD tumors [22, 37]. The downregulation of

miR-155 in MDV-transformed tumor cell lines was not

permanent, as these cells could be induced to express miR-

155 [41]. Downregulation of miR-155 was also found in

KSHV-transformed tumors that express high levels of miR-

K12-11, the functional miR-155 ortholog encoded by

KSHV [30]. In contrast, EBV induced miR-155 expression

in transformed cell lines and tumors but did not encode an

miR-155 ortholog [14, 19, 20]. These observations suggest

that different oncogenic herpesviruses have evolved alter-

native strategies that either supply miR-155-like activities

by encoding functional orthologs of miR-155 or induce the

expression of cellular miR-155 for viral tumorigenesis [7,

20, 40]. The high expression level of mdv1-miR-M4 leads

us to conclude that it can act in the role of gga-miR-155. In

this study, we observed that an mdv1-mir-M4-5p mimic

promoted the infection and replication of MDV in CEF

cells, while the cells were suppressed by an mdv1-mir-M4-

5p inhibitor. The same results were observed in CEF cells

transfected with a gga-miR-155 mimic or inhibitor. In view

of these observations, we suggest that mdv-miR-M4 is

primarily responsible for the suppression of TLR3

immunity.

In conclusion, our study shows that activation of TLR3

can inhibit MDV infection and replication, while TLR3

knockdown by RNAi promotes infection and replication.

We also observed that mdv1-miR-M4 has a specific effect

on TLR3 expression and MDV infection and replication.

Overexpression of mdv1-miR-M4 promotes MDV infec-

tion and replication, while MDV infection is inhibited by

an mdv1-miR-M4 inhibitor. Although we do not yet

understand how MDV controls miR-155 expression, it is

most likely associated with a feedback regulatory mecha-

nism of TLR3 immunity that will require further research.
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