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ABSTRACT Marek’s disease virus (MDV), which causes T cell lymphomas in chickens, is
economically important and has contributed to knowledge of herpesvirus-associated on-
cogenicity. The DNA-sensing pathway induces innate immune responses against DNA vi-
rus infection, and nuclear factor �B (NF-�B) signaling is critical for the establishment of
innate immunity. Here, we report that RLORF4, an MDV-specific protein directly involved
in viral attenuation, is an inhibitor of the DNA-sensing pathway. The results showed
that ectopically expressed RLORF4 blocked beta interferon (IFN-�) promoter activa-
tion induced by cyclic GMP-AMP synthase (cGAS) and stimulator of interferon genes
(STING). RLORF4 selectively inhibited the activation of NF-�B but not IFN-regulatory
factor 7. RLORF4 was found to bind the endogenous NF-�B subunits p65 and p50,
and it also bound to the Rel homology domains of these subunits. Furthermore,
RLORF4 suppressed the nuclear translocation of p65 and p50 mediated by tumor
necrosis factor alpha and interferon-stimulatory DNA. Finally, deletion of RLORF4
from the MDV genome promoted IFN-� and interleukin-6 (IL-6) production in vitro
and in vivo. In the absence of RLORF4, the host cellular immunity was significantly
increased, and reduced viral titers were observed during infection of chickens. Our
results suggest that the RLORF4-mediated suppression of the host antiviral innate
immunity might play an important role in MDV pathogenesis.

IMPORTANCE Marek’s disease virus (MDV) RLORF4 has been shown to be directly invo-
lved in the attenuation of MDV upon serial passages in vitro; however, the exact
function of this protein during viral infection was not well characterized. This study
demonstrated that RLORF4 significantly inhibits cGAS-STING-mediated NF-�B activa-
tion by binding to the Rel homology domains of the NF-�B subunits p65 and p50,
interrupting their translocation to the nuclei and thereby inhibiting IFN-� produc-
tion. Furthermore, RLORF4 deficiency promoted the induction of IFN-� and down-
stream IFN-stimulated genes during MDV infection in chickens. Our results suggest
that the contribution of RLORF4 to MDV virulence may stem from its inhibition of vi-
ral DNA-triggered IFN-� responses.
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The innate immune response to microbial invasion involves the activation of pattern
recognition receptors (PRRs), which recognize the conserved pathogen-associated

molecular patterns (PAMPs) of microorganisms to trigger the production of proinflam-
matory cytokines and type I interferons (IFNs) (1, 2). Viral components such as viral
nucleic acids exposed in the cytoplasm are signs of foreign invasion and can be detected
by many host cell PRRs. A number of cytosolic DNA sensors recognizing microbial pathogen
DNA have been identified (3–6). The recognition of double-stranded DNA (dsDNA) by DNA
sensors is a central host cellular defense against DNA virus infection. Among these DNA
sensors, cyclic GMP-AMP synthase (cGAS) has been found to be the predominant cytosolic
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DNA sensor recognizing a variety of DNA ligands in different cell types (6–8). Upon binding
to DNA fragments, cGAS utilizes ATP and GTP to synthesize the second messenger cyclic
GMP-AMP (cGAMP) (9) to activate stimulator of interferon genes (STING). Activated STING
then recruits TANK-binding kinase 1 (TBK1) to phosphorylate nuclear factor �B (NF-�B) and
IFN-regulatory factor 3 (IRF3) (10, 11). Consequently, NF-�B and IRF3 translocate to the
nuclei to induce IFN-� production (12, 13).

The NF-�B pathway is composed of the I�B kinase (IKK) complex and NF-�B essential
modulators (14, 15). The IKK complex, which comprises IKK� and IKK�, is activated by
upstream signals, which results in the phosphorylation, K48-linked polyubiquitination,
and ultimately proteasomal degradation of I�Bs (16–18). Subsequently, NF-�B essential
modulators, including p65/RelA, RelB, p50/NF-�B1, p52/NF-�B2, and c-Rel, which share
a structurally conserved N-terminal Rel homology domain (RHD) that is important for
protein dimerization, are released from cytoplasmic sequestration and translocate
to the nuclei to initiate NF-�B-dependent gene transcription and regulate the innate
immune responses (19, 20).

Herpesviruses are formidable pathogens that have evolved a variety of strategies to
survive in a hostile cellular environment. One such strategy is to encode proteins that
mimic the function of cellular proteins, interact with cellular pathways, and alter the
host environment to facilitate their propagation (21). Such molecular mimicry can allow
viruses to modulate cellular pathways, resulting in immunosuppression and oncogenic
transformation (22). Marek’s disease virus (MDV), a member of the Alphaherpesvirinae
subfamily of the Herpesviridae family (23), is one such virus. Infection with MDV results
in the induction of T cell lymphomas in chickens as early as 3 to 4 weeks after infection
(24). In addition to being an economically important disease affecting the health and
welfare of poultry (25), Marek’s disease (MD) has great significance for the understand-
ing of herpesvirus-associated oncogenicity. MD lymphoma neoplasia has many biolog-
ical characteristics similar to those of lymphoid tissue infection by Epstein-Barr virus
(EBV) (26). The genome of MDV shares close functional and structural similarities to
those of the mammalian herpesviruses such as herpes simplex virus (HSV) (27). Whereas
the innate immune response has been shown to be of paramount importance against
human herpesviruses, little is known regarding the role of innate immunity in the
control of MDV in chickens. Thus, it is necessary to investigate the host-virus interac-
tions and host immunity against MDV.

RLORF4, as a single transcript encoding a 142-amino-acid protein in wild-type strains,
was shown to be directly involved in the attenuation of MDV upon serial passages in vitro,
and the deletion of RLORF4 from virulent MDV markedly reduced viral pathogenicity in
vivo (28–30). However, the exact function of this protein during viral infection was not
well characterized. We thus aimed to clarify the mechanism through which RLORF4
mediates host-virus interaction. In the present study, we found that overexpression of
RLORF4 specifically inhibits the viral DNA-triggered IFN-� response. In contrast, RLORF4
deficiency resulted in enhanced induction of IFN-� and downstream IFN-stimulated
genes (ISGs). Furthermore, we found that RLORF4 interacts with p65 and p50, inter-
rupting their translocation to the nuclei and thereby inhibiting their transcriptional
activity. Our findings suggest that MDV RLORF4 blocks dsDNA-triggered activation of
the NF-�B promoter and dampens activation of the cellular DNA-sensing pathway and
subsequent IFN-� production.

RESULTS
RLORF4 inhibits cGAS-STING-mediated IFN-� production. DF-1, a chicken fibro-

blast cell line, is known to respond to foreign DNA such as interferon-stimulatory DNA
(ISD) and poly(dA·dT) (31). The IFN-� promoter was highly activated by cotransfecting
the same amounts of cGAS and STING expression plasmids in DF-1 cells (32). With this
model, we screened MDV proteins that could antagonize IFN-� production mediated
by cGAS-STING and identified RLORF4 as one candidate. To verify the role of RLORF4 in
the regulation of IFN-� production, we transfected DF-1 cells with an RLORF4-
expressing plasmid or empty vector (EV) and different exogenous DNA-sensing stimuli,
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including ISD and poly(dA·dT), along with an IFN-�-luc promoter reporter plasmid and
then used dual-luciferase reporter (DLR) assays to detect IFN-� promoter activity. As
shown in Fig. 1A, the ectopic expression of RLORF4 markedly inhibited the DNA-
triggered activation of the IFN-� promoter. Further, the mRNA and protein levels of

FIG 1 RLORF4 inhibits cGAS-STING-mediated IFN-� production and promotes herpesvirus of turkey (HVT) replication. (A) The IFN-�-luc reporter was cotransfected with
ISD or poly(dA·dT), as well as an RLORF4 expression plasmid or empty vector, into DF-1 cells, and 24 h later, cells were harvested and subjected to a dual-luciferase
reporter assay. (B) DF-1 cells were transfected with an empty vector or RLORF4 expression plasmid for 24 h and transfected with ISD or poly(dA·dT) for another 8 h,
and IFN-� mRNA levels were measured by qPCR. (C) DF-1 cells were transfected as for panel B and stimulated with ISD and poly(dA·dT) for another 24 h, and IFN-�
protein levels were measured by ELISA. (D) cGAS and STING expression plasmids were cotransfected with RLORF4-Flag plasmid or an empty vector, with the IFN-�-luc
reporter, into DF-1 cells, and IFN-� promoter luciferase activity was measured at 24 h posttransfection. (E and F) The cGAS and STING expression plasmids were
cotransfected with RLORF4-Flag or an empty vector into DF-1 cells, and IFN-� mRNA and protein levels were measured by qPCR and ELISA at 24 h posttransfection.
(G and H) DF-1 cells were transduced with an empty vector or RLORF4-expressing lentivirus and then left uninfected or infected with HVT (multiplicity of infection
[MOI] � 0.1). IFN-� mRNA levels in these cells were measured by qPCR at 12 h postinfection, and IFN-� protein was measured by ELISA at 24 h postinfection. (I)
Transduced DF-1 cells were infected with HVT (MOI � 0.01). At 24 or 48 h postinfection (hpi), the HVT viral titer was tested by plaque assays. The relative amount of
IFN-� mRNA was normalized to actin mRNA levels in each sample, and the fold differences between the treated samples and the mock controls were calculated. Data
are presented as means � SDs from at least three independent experiments. Statistical analysis was performed with Student’s t test (**, P � 0.01).
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IFN-� in cells transfected with these fragments were measured by real-time quantitative
PCR (qPCR) and enzyme-linked immunosorbent assay (ELISA). IFN-� mRNA and protein
levels were significantly increased in the EV-transfected cells in response to DNA
stimuli, which was attenuated in RLORF4-expressing DF-1 cells (Fig. 1B and C), sug-
gesting that RLORF4 inhibits the cytosolic DNA-induced IFN-� pathway.

To determine whether RLORF4 could inhibit the cGAS-STING-mediated IFN-� pro-
duction, the RLORF4 expression plasmid was transfected into DF-1 cells along with
cGAS and STING expression plasmids and an IFN-� promoter reporter plasmid, and cells
were subjected to DLR assays. As shown in Fig. 1D, the ectopic expression of RLORF4
significantly inhibited cGAS-STING-mediated activation of IFN-�. Furthermore, IFN-�
transcription and protein levels were also significantly reduced in RLORF4-expressing
DF-1 cells compared to those in the EV-transfected cells (Fig. 1E and F). These results
indicated that RLORF4 inhibits the cGAS-STING-mediated DNA sensing pathway.

We then tested whether IFN-� induction, triggered by DNA virus infection, was
blocked in RLORF4-expressing DF-1 cells. We infected RLORF4- and EV-expressing DF-1
cells with herpesvirus of turkey (HVT) and found that RLORF4 expression led to a
diminished IFN-� response to this virus, compared to that observed in control cells, at
both the mRNA (Fig. 1G) and protein (Fig. 1H) levels. Concordantly, the HVT titer in the
infected RLORF4-expressing cells was much higher than that in EV-expressing cells (Fig.
1I). These data suggest that RLORF4 is an inhibitor of cGAS-STING-mediated signaling.

RLORF4 inhibits IFN-� production by targeting p65 and p50. The innate immune
system in chickens differs from that in mammals. Chickens are IRF3 deficient; however,
the presence of functional IRF7 is considered to compensate for the IRF3 deficiency
(33). IRF7 and NF-�B are the most important transcriptional activators that induce
the expression of type I IFNs and other cytokines in chicken cells (33). To determine
whether RLORF4 could suppress the cGAS-STING-mediated activation of IRF7 and
NF-�B, we constructed the luciferase reporters pchIRF7-luc and pchNF-�B-luc, as pre-
viously described (31, 34), and then DLR assays were performed to analyze the effect of
RLORF4 on IRF7 and NF-�B regulation. The results showed that RLORF4 negatively
regulated the cGAS-STING-mediated IFN-� activation by targeting NF-�B but not IRF7
(Fig. 2A and B). Moreover, RLORF4 also inhibited the activation of NF-�B promoter
activity mediated by tumor necrosis factor alpha (TNF-�), a key cytokine stimulating
the NF-�B pathway (Fig. 2C). To further clarify the pathway components targeted by
RLORF4 during NF-�B activation, DF-1 cells were cotransfected with an RLORF4 expres-
sion or vector plasmid, NF-�B-luc reporter plasmid, and expression plasmids encoding
NF-�B signaling pathway components, including IKK�, IKK�, p65, and p50. All NF-�B
adaptor proteins resulted in an approximately 10- to 80-fold induction of NF-�B-luc
reporter activity (Fig. 2D to G). However, NF-�B activation mediated by all NF-�B
signaling pathway components was inhibited by RLORF4 (Fig. 2D to G). These findings
indicate that RLORF4 probably suppresses cGAS-STING-mediated NF-�B signaling at or
downstream of p65 and p50.

RLORF4 inhibits the nuclear translocation of p65 and p50. The initiation of IFN-�
transcription requires the migration of NF-�B subunits to the nuclei and their binding
to the IFN-� promoter region. To determine whether RLORF4 abrogates the trafficking
of these NF-�B subunits, DF-1 cells were transfected with an RLORF4-Flag expression
plasmid or an empty vector, and the TNF-�- or ISD-stimulated nuclear trafficking of
endogenous p65 and p50 was monitored. As shown in Fig. 3A and B, stimulation with
TNF-� led to increased levels of p65 and p50 in the nuclei. However, ectopic expression
of RLORF4 reduced TNF-�-induced nuclear trafficking of p65 and p50. Furthermore,
RLORF4 also inhibited ISD-induced nuclear trafficking of p65 and p50 (Fig. 3C and D).
These results suggest that RLORF4 inhibited IFN-� response by targeting p65 and p50.

RLORF4 interacts with p65 and p50. To elucidate the molecular mechanisms
through which RLORF4 suppresses NF-�B activation, RLORF4-Flag or a nonrelevant
viral protein UL51-Flag expression plasmid were cotransfected with either p65-
hemagglutinin (p65-HA) or p50-HA into HEK293T cells, and coimmunoprecipitation
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(co-IP) analysis was performed with anti-Flag antibodies. As shown in Fig. 4A, both p65
and p50 were efficiently coimmunoprecipitated with RLORF4 but not with UL51. We
further investigated the interactions between RLORF4 and endogenous p65 and
p50. An RLORF4-Flag expression plasmid was transfected into DF-1 cells, and at 36 h
posttransfection, both endogenous p65 and p50 proteins were efficiently coimmuno-
precipitated with RLORF4 using anti-Flag antibodies (Fig. 4B). In vitro glutathione
S-transferase (GST) pulldown assays further confirmed that RLORF4 interacted directly
with p65 and p50 (Fig. 4C). In addition, confocal microscopy confirmed that RLORF4
colocalized with p65 (Fig. 4D) and p50 (Fig. 4E).

Both p65 and p50 contain an RHD, which is critical for protein dimerization, DNA
binding, interactions with I�B, and nuclear translocation. To determine whether RLORF4
binds to the RHD of p65 or p50, HEK293T cells were cotransfected with RLORF4-Flag
and either p65RHD-HA or p50RHD-HA expression plasmids. The results showed that
p65RHD-HA and p50RHD-HA were efficiently coimmunoprecipitated by RLORF4
(Fig. 4F). These results suggest that RLORF4 inhibits the nuclear accumulation of p65
and p50 by binding to their RHDs.

RLORF4 plays an important role in MDV immune evasion. To further investigate
whether RLORF4 acts as an IFN-� inhibitor in the context of MDV infection, we

FIG 2 RLORF4 inhibits IFN-� activation via p65 and p50. (A and B) cGAS and STING expression plasmids was cotransfected with the IRF7-luc (A) or NF-�B-luc
(B) reporters, as well as the RLORF4-Flag plasmid or an empty vector, into DF-1 cells; 24 h later, cells were harvested and subjected to the dual-luciferase reporter
assay. (C) DF-1 cells were transfected with the NF-�B-luc reporter, together with the RLORF4-Flag plasmid or empty vector. At 24 h posttransfection, cells were
treated with or without 10 ng/ml chicken TNF-� and incubated for an additional 6 h, followed by cell lysis and dual-luciferase reporter assay. (D to G) The
NF-�B-luc reporter was transfected with plasmids expressing IKK� (D), IKK� (E), p65 (F), or p50 (G) together with the RLORF4-Flag plasmid or an empty vector.
Dual-luciferase reporter assays were performed at 24 h posttransfection. All cells were transfected with pRL-TK as an internal control to normalize transfection
efficiency. Data are presented as means � SDs from three independent experiments. Statistical analysis was performed with Student’s t test (**, P � 0.01; ns,
no significant difference).
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generated RLORF4-deficient MDV (GAdRLORF4) by using overlapping fosmid clones of
the virulent MDV strain GA (Fig. 5A). The GAdRLORF4 virus yielded plaques similar to
those resulting from the wild-type GA (wtGA) virus (Fig. 1A). The deletion of the RLORF4
gene from the MDV genome was confirmed by PCR analyses (Fig. 5B). Pulsed-field gel
electrophoresis analysis of the GAdRLORF4 and wtGA virus DNA digested with BamHI
further confirmed the successful deletion of RLORF4 from the MDV genome (Fig. 5C).
The mRNA transcription of MDV RLORF4 and glycoprotein I (gI) at 4 days postinfection
(p.i.) in infected chicken embryo fibroblast (CEF) cultures is shown in Fig. 5D. Deletion
of the RLORF4 sequence completely abolished RLORF4 mRNA transcription, while gI
transcription was not affected.

We next examined the expression of IFN-�, the IFN-stimulated gene products, and
the NF-�B-regulated cytokine interleukin-6 (IL-6) in cells infected with wild-type or
RLORF4-deficient MDV. The results indicated that mRNA levels of IFN-�, IFN-stimulated
gene products ZAP and IFN-inducible transmembrane protein 3 (IFITM3), and IL-6
induced by GAdRLORF4 were notably higher than those induced by wild-type MDV in
CEFs (Fig. 5E to G). Consistently, GAdRLORF4 also induced significantly higher levels of
IFN-�, ZAP, and IL-6 in chickens after 21 and 28 days of MDV infection (Fig. 5H to J).

To determine the effects of RLORF4 on viral replication in vitro and in vivo, we first
determined the replication curves of GAdRLORF4 and wtGA in cell cultures. As shown
in Fig. 6A, the replication ability of GAdRLORF4 was decreased in comparison with that
of wtGA in CEFs. The viral DNA loads in the spleen (Fig. 6B) and thymus (Fig. 6C) were
then analyzed by qPCR during MDV infection in chickens. MDV infection in the
lymphoid organs is known to switch from an early cytolytic phase to a latent phase at
7 to 8 days p.i. (25, 26). Thus, the viral titers detected beyond 7 to 8 days p.i. are likely
due to the reactivation of virus from latency. As shown in Fig. 6B and C, the GAdRLORF4
virus replicated at the parental wtGA level during early cytolytic infection on day 3 p.i.;

FIG 3 RLORF4 blocks p65 and p50 nuclear translocation. DF-1 cells were transfected with the RLORF4-Flag plasmid or an
empty vector. At 24 h posttransfection, cells were treated with TNF-� (10 ng/ml) for 30 min or with ISD (2 �g/ml) for 12 h as
indicated. Cells were stained with mouse anti-Flag monoclonal antibody and rabbit anti-p65 (A and C) or anti-p50 (B and D)
polyclonal antibody. Alexa 488-conjugated goat anti-rabbit (green) and Alexa 546-conjugated goat anti-mouse (red) were used
as the secondary antibodies.
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however, GAdRLORF4 replication measured at 7, 10, and 14 days after infection was
reduced 119-, 26-, and 18-fold in spleen, and 14-, 128-, and 62-fold in thymus,
respectively, compared with parental wtGA levels. These results indicate that RLORF4 is
dispensable for early cytolytic infection; however, it might play a role in latency and
reactivation. Therefore, we speculated that the effect of RLORF4 on viral replication may

FIG 4 RLORF4 interacts with p65 and p50. (A) HEK293T cells were cotransfected with RLORF4-Flag or a negative-control plasmid expressing Flag-tagged
nonrelevant protein (UL51-Flag), as well as p65-HA or p50-HA plasmids, for 36 h, which was followed by a coimmunoprecipitation assay using an anti-Flag
antibody. Western blotting was then performed with the indicated antibodies. (B) DF-1 cells were transfected with the RLORF4-Flag plasmid or a negative-
control plasmid (UL51-Flag), and at 36 h posttransfection, coimmunoprecipitation assays were performed with an anti-Flag antibody. Western blotting was then
performed with the indicated antibodies. (C) Purified GST or GST-RLORF4 was used to pull down transiently expressed p65-HA and p50-HA as indicated. (D and
E) DF-1 cells were transfected with RLORF4-Flag and/or p65-HA (D) or p50-HA (E) expression plasmids for 24 h and then fixed and processed for dual labeling.
Cell nuclei were counterstained with DAPI (blue). RLORF4 (red) and p65 (green) or p50 (green) proteins were visualized by immunostaining with anti-Flag and
anti-HA antibodies, respectively. (F) HEK293T cells were cotransfected with RLORF4-Flag and p65RHD-HA or p50RHD-HA plasmids. At 36 h posttransfection, cells
were harvested and lysed, which was followed by coimmunoprecipitation assays using anti-Flag antibody. Western blotting was performed with the indicated
antibodies.

MDV RLORF4 Inhibits NF-�B Activation Journal of Virology

September 2019 Volume 93 Issue 18 e01037-19 jvi.asm.org 7

https://jvi.asm.org


involve its ability to inhibit the host immune response, which resulted in enhanced viral
replication in vivo.

Type I IFNs have multiple effects on infected cells and have the ability to link innate
and adaptive immune responses (35). Recent studies revealed a link between type I IFN
profiles and the CD8� T cell response against tumor-associated antigens in vivo (36).
Since RLORF4 deficiency significantly diminishes viral tumorigenic potential (28), we
suspect that the inhibitory effect of RLORF4 on IFN-� induction might affect host
antitumor immunity. To address this hypothesis, T cell subsets in the infected chickens

FIG 5 RLORF4 deficiency enhances MDV-triggered IFN-� production in vitro and in vivo. (A) Schematic diagram of the recombinant fosmids for constructing
recombinant MDVs (top) and the cytopathic effects induced by wtGA and GAdRLORF4 in DEFs (bottom). Bar length, 400 �m. (B) PCR analyses of the
RLORF4-deficient MDV. (C) Pulsed-field gel electrophoresis analysis of the wtGA and GAdRLORF4 virus DNAs digested with BamHI. (D) Reverse transcription-PCR
(RT-PCR) for RLORF4, gI, and �-actin mRNA expression was performed using total RNA collected from wtGA- or GAdRLORF4-infected cells. (E to G) CEFs were
infected with wtGA or GAdRLORF4 (MOI � 0.1) for 12 h before the analysis of IFN-� (E), ZAP and IFITM3 (F), and IL-6 (G) mRNA levels. (H to J) Chickens were
infected with 2,000 PFU of wtGA or GAdRLORF4. IFN-� (H), ZAP (I), and IL-6 (J) production in chickens was measured by qPCR at the indicated time points after
MDV infection. Statistical analysis was performed with Student’s t test (*, P � 0.05, **, P � 0.01; ns, no significant difference).
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were analyzed by flow cytometry. As shown in Fig. 6D and E, the percentage of CD8�

T cells was drastically reduced in wtGA-infected chickens in comparison to that in
chickens infected with GAdRLORF4. These results suggested that RLORF4 affects the
host CD8� T cell response by inhibiting the innate antiviral response. Taken together,
these data revealed that RLORF4 plays an important role in MDV immune evasion and
contributes to the viral replication.

DISCUSSION

During viral infection, viral nucleic acids are released into the host nucleus or
cytoplasm, depending on the cell type (3). In the cytoplasm, RNA viruses are detected
by RIG-I-like receptors (37), whereas DNA viruses are recognized by various DNA
sensors, including cGAS (7), absent in melanoma 2 (AIM2) (38), gamma interferon-
inducible protein 16 (IFI16) (39), RNA polymerase III (40), and DNA-dependent activator
of IFN regulatory factors (DAI) (41). Among these sensors, cGAS has been demonstrated
to be a major cytosolic DNA sensor that is activated in response to DNA virus infection
in various mammalian cell lines (7, 42). It has been reported that herpesvirus DNA
activates the cGAS-STING DNA-sensing pathway in the cytoplasm, resulting in the

FIG 6 RLORF4 deficiency facilitates CD8� T cell response and attenuates viral replication. (A) Growth properties of wtGA and GAdRLORF4 in CEF cell cultures.
(B to E) Chickens were infected with 2,000 PFU of wtGA or GAdRLORF4. (B and C) Virus genome copy numbers in spleen (B) and thymus (C) were monitored
at the indicated time points. (D and E) Chicken peripheral blood lymphocytes were obtained to analyze the percentage of CD8� T cells at the indicated time
points postinoculation. Statistical analysis was performed with Student’s t test (*, P � 0.05, **, P � 0.01, ***, P � 0.001).
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production of IFNs and inflammatory chemokines and mediating the repression of viral
replication (10). However, many anti-IFN response inhibitors encoded by herpesviruses
have been identified, including HSV-1 VP16 (43), US3 (44), VP24 (45), ICP27 (46), VP22
(47), VP11/12 (48), UL24 (49), ICP0 (50), UL41 (51), UL42 (52), and UL36 (53), in addition
to viral proteins encoded by human cytomegalovirus (54, 55), Kaposi’s sarcoma-
associated herpesvirus (56–58), EBV (59), murine gammaherpesvirus 68 (60), and feline
herpesvirus 1 (61). Compared to the case for mammalian viruses, strategies used by
chicken DNA viruses to block the cGAS-STING pathway were not well understood. The
strategies were suggested to be especially important for MDV, because periodic
lytic replication and de novo infection occur naturally and are required for long-term
persistence and pathogenesis in its hosts. We recently reported that the cGAS-STING
pathway mediates the IFN-� responses to MDV in chicken fibroblasts and macrophages,
and the VP23 protein encoded by MDV inhibited this pathway by suppressing IRF7
activation (32). In the present study, based on a screen of MDV open reading frames
(ORFs), we identified MDV RLORF4 as a novel efficient inhibitor of IFN-� induction. By
interacting with chicken p65 and p50 of the NF-�B pathway, RLORF4 suppresses their
nuclear translocation, which eventually inhibits the IFN-� response during MDV infec-
tion.

NF-�B is a critical regulator of innate immunity and inflammation in response to
pathogens (62). Manipulation of the NF-�B pathway is a common principle used by
viruses to inhibit the host innate immune system. This intervention can occur at various
levels, ranging from the interaction with cellular receptors to the modulation of
downstream enzyme activities. For example, the HSV-1 kinase US3 interacts with p65
and blocks its nuclear translocation through hyperphosphorylation (63). Moreover, the
HSV-1 immediate early protein ICP0 was previously shown to degrade p50 through its
E3 ubiquitin ligase activity (50). In the present study, our results revealed for the first
time that MDV RLORF4 markedly suppresses NF-�B activation induced by cGAS-STING.
Mechanistically, RLORF4 interacts with the Rel homology domains of p65 and p50,
inhibits their translocation to the nuclei, and consequently suppresses the production
of IFN-�. RLORF4 might thus be one regulator that maintains a balance between viral
infection and the antiviral responses.

RLORF4 is an MDV-specific gene that is located in the repeat long regions of the
genome and is directly involved in viral attenuation (28, 64). In this study, deletion of
RLORF4 from the MDV genome resulted in improved type I IFN responses in vitro and
in vivo. Furthermore, the improved type I IFN responses in RLORF4-deficient MDV-
infected chickens led to a marked reduction in viral growth, highlighting the indis-
pensable role of RLORF4 in the relationship between the type I IFN response and viral
growth in vivo. In addition, we observed that MDV lacking RLORF4 was severely
attenuated with respect to lytic virus replication at 7 to 14 days postinfection. These
results suggest that the involvement of RLORF4 in the viral pathogenesis might occur
primarily during the latency and reactivation phases.

Some studies have shown that IFN-� induction is a pivotal component of the growing
tumor recognition by the innate immune system and have determined a link between type
I IFN activity and the CD8� T cell response against tumor-associated antigens in vivo
(65). Self-DNA from dying tumor cells has been suggested to be an important danger
signal that triggers the cGAS-STING pathway to induce interferons, which in turn
facilitates antigen presentation by major histocompatibility complex class I molecules
and the activation of CD8� T cells (66, 67). Therefore, the cGAS-STING pathway is
important for the recognition of tumors by the innate immune system and has a critical
role in intrinsic antitumor immunity. A previous analysis of T cell subsets in chickens
showed that chickens infected with MDV exhibited downregulation of CD8� T cell
numbers; however, the deletion of MDV oncogenic gene meq restored the numbers of
CD8� T cells to the healthy-control level (68). In this study, the percentage of CD8� T
cells in GAdRLORF4-infected chickens was significantly higher than that in the wtGA
group. Thus, it is reasonable to speculate that MDV oncogenes might not only directly
interact with tumor suppressor proteins to induce tumors in the host but also affect
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host antitumor immunity by inhibiting the type I IFN response. Our findings could shed
new light on the long-standing question of why MDV can rapidly cause cancer in
chickens.

In summary, a new role of MDV RLORF4 in inhibition of IFN-� production through
selectively targeting NF-�B signaling has been reported here. The identification of the
MDV-encoded IFN antagonists will expand our knowledge on the pathogenesis of MDV,
which may facilitate the development of more-effective vaccines against MDV infection.

MATERIALS AND METHODS
Cells, viruses, and antibodies. DF-1 and HEK293T cells were cultured in Dulbecco’s modified Eagle’s

medium (DMEM) (Gibco-BRL) supplemented with 10% fetal bovine serum (FBS) and antibiotics (100 U/ml
penicillin and 100 g/ml streptomycin). CEFs and duck embryo fibroblasts (DEFs) were prepared from
10-day-old specific-pathogen-free (SPF) embryos by standard methods and maintained in DMEM sup-
plemented with 5% FBS and antibiotics. The virulent MDV strain GA (GenBank accession no. AF147806)
and HVT strain FC126 (GenBank no. AF291866) were propagated in CEFs or DF-1 cells and titrated as
described previously (69). Commercially available antibodies were used, including rabbit anti-HA, mouse
anti-Flag, and mouse antiactin (Sigma-Aldrich, St. Louis, MO, USA). Anti-p65 antibodies were prepared in
our laboratory, and anti-p50 antibodies were purchased from Abcam (Cambridge, UK). ISD and
poly(dA·dT) were purchased from InvivoGen (San Diego, CA, USA), and chicken TNF-� was purchased
from USCN Life Science (Wuhan, China).

Plasmid construction. The chicken IFN-� promoter luciferase reporter plasmid (pchIFN-�-luc) was
constructed by inserting the fragment from position �158 to �14 of the chicken IFN-� promoter into
the pGL3-basic vector, as described previously (31, 34). The pIRF7-luc reporter contained four copies of
the IRF7-binding positive regulatory domain (GCA AAT AGA AAGC), and the pNF-�B-luc reporter
contained four copies of the NF-�B-binding positive regulatory domain (GGG AAT TCT C). A pRL-TK
plasmid (Promega) expressing Renilla luciferase was used as a control. The RLORF4 gene was amplified
from the MDV genome and cloned into the pCAGGS vector with a Flag tag fused to its 3= end to yield
RLORF4-Flag. Plasmids encoding chicken cGAS (GenBank no. XM_419881), STING (GenBank no.
KP893157), IKK� (GenBank no. NM_001012904), IKK� (GenBank no. NM_001031397), p65 (GenBank no.
NM_205129), or p50 (GenBank no. D13719) were constructed by cloning the synthesized sequences into
pCAGGS with Flag or HA tags fused to the 3= ends.

RNA isolation and real-time qPCR. Total RNA was extracted using the RNAiso Plus reagent (TaKaRa,
Otsu, Japan). The cDNA was obtained using the ReverTra Ace qPCR RT kit (Toyobo, Osaka, Japan) and was
used as a template for quantitative PCR (qPCR). The qPCR primers for IFN-�, IL-6, chicken ISGs ZAP,
IFITM3, and �-actin were synthesized by Invitrogen (Shanghai, China). To determine the MDV viral DNA
copy numbers, total DNA was extracted using the AxyPrep BodyFluid viral DNA/RNA miniprep kit
(Corning Life Sciences, Shanghai, China) and tested by real-time qPCR by measuring copy numbers of the
MDV meq gene as the MDV genome target and the chicken ovotransferrin gene as a reference, as
described previously (70). All controls and treated samples were examined in triplicate in the same plate.

ELISA. Secreted IFN-� in cell cultures was analyzed using the chicken IFN-� enzyme-linked immu-
nosorbent assay (ELISA) kit (USCN Life Science, Wuhan, China) according to the manufacturer’s instruc-
tions.

Transfection and DLR assays. DF-1 cells were cotransfected with a firefly luciferase reporter plasmid
at 0.2 �g/well (IFN-�-luc, IRF7-luc, or NF-�B-luc) and the Renilla luciferase reporter pRL-TK at 0.02 �g/well,
with or without expression plasmids as indicated, using the TransIT-X2 dynamic delivery system (Mirus,
Madison, WI, USA). At 24 h posttransfection, cells were lysed, and samples were assayed for firefly and
Renilla luciferase activities with the dual-luciferase reporter (DLR) assay system (Promega, Madison, WI,
USA) as described previously (31). The reporter assays were repeated at least three times.

Co-IP assays and Western blot analysis. The expression plasmids harboring Flag or HA tags were
transfected into HEK293T cells with the TransIT-X2 dynamic delivery system (Mirus). At 36 h posttrans-
fection, cells were lysed in ice-cold Pierce immunoprecipitation (IP) buffer (Thermo Fisher Scientific,
Waltham, MA, USA) containing 1 mM phenylmethylsulfonyl fluoride (PMSF). The lysates were obtained by
centrifugation and incubated with the indicated antibodies at 4°C overnight. Protein G-Sepharose beads
(Roche) were added, and samples were incubated for another 6 h. The beads were washed six times with
phosphate-buffered saline (PBS) and boiled in 5� SDS loading buffer before analysis by Western blotting
with the indicated antibodies. The images were collected with the Odyssey infrared imaging system
(Li-Cor Biosciences, USA).

GST pulldown assay. GST-RLORF4 was bound to glutathione-agarose beads and incubated for 4 h
with lysates from HEK293T cells transiently expressing p65-HA or p50-HA at 4°C. The beads were washed
five times with NP-40 lysis buffer (Beyotime Biotechnology, Shanghai, China), mixed with 5� SDS loading
buffer, and boiled for 10 min. The input/elutes were resolved by SDS-PAGE and analyzed by Coomassie
blue staining and/or immunoblot analysis.

Subcellular localization. DF-1 cells grown in 35-mm culture dishes were transfected with the
plasmids using the TransIT-X2 dynamic delivery system, and 24 h later, they were treated with 10 ng/ml
of TNF-� for 30 min or with 2 �g/ml of ISD for 12 h. For confocal imaging, cells were first fixed with 4%
paraformaldehyde for 30 min and permeabilized with 0.1% Triton X-100 in PBS for 15 min, which was
followed by blocking with 5% bovine serum albumin in PBS for 1 h. The cells were then incubated with
rabbit anti-p65 and anti-p50 and mouse anti-Flag antibodies. The cells were washed five times with PBS
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and incubated with Alexa 488 –anti-rabbit and Alexa 546 –anti-mouse secondary antibodies (Abcam).
Finally, nuclei were stained with 4=,6-diamidino-2-phenylindole (DAPI) (Sigma-Aldrich). After washing
five times with PBS, the cells were examined using a confocal microscope system (LSM880; Zeiss,
Oberkochen, Germany).

Generation of RLORF4-deleted recombinant MDV. Six fosmid clones, GA1 to GA6, containing
sequences encompassing the entire genome of the virulent MDV strain GA were constructed in our
preliminary studies and were used here for the generation of recombinant GA viruses lacking the RLORF4
gene (Fig. 5A). Fosmids GA1 and GA5, containing a copy of the coding sequence of RLORF4, were used
for the deletion of this gene using the Counter-Selection BAC modification kit (Gene Bridges). GA1 and
GA5 fosmid clones in which the RLORF4 gene had been deleted, namely, GA1dRLORF4 and GA5dRLORF4,
respectively, were identified by PCR analyses and sequencing. To rescue the RLORF4-deleted recombi-
nant virus, GAdRLORF4, 2 �g of each NotI-digested and purified fosmid DNA (GA1dRLORF4, GA2, GA3,
GA4, GA5dRLORF4, and GA6) was used to transfect primary DEFs in 60-mm dishes. Five days after
transfection, cells were trypsinized, seeded onto a 100-mm dish, and monitored for cytopathic effects.
The viral stocks were subsequently made in DEFs for further analysis.

Animal studies. In total, 90 1-day-old SPF chickens were randomly divided into three groups, with
30 chickens in each group. Two groups were inoculated subcutaneously on the back of the neck with
2000 PFU of wtGA or GAdRLORF4, and the third group was mock injected with DMEM. On days 3, 7, 10,
14, 21, and 28, five birds from each group were humanely euthanized. The spleen and thymus were
collected for the analysis of IFN-� and chicken ISG expression and viral DNA copy numbers, and the
anticoagulant blood samples were collected to obtain peripheral blood lymphocytes using a chicken
peripheral blood lymphocyte separation fluid kit (TBD, Tianjin, China). The cell suspensions were stained
with a fluorescein isothiocyanate (FITC)-conjugated anti-chicken CD4 monoclonal antibody (MAb), an
R-phycoerythrin (R-PE)-conjugated anti-chicken CD8a MAb, and an R-PE/cyanine 5 (SPRD)-conjugated
anti-chicken CD3 MAb (Southern Biotechnology Associates, Birmingham, AL, USA) for 30 min at 4°C. After
cells were washed with PBS, the relative immunofluorescence of cells was analyzed using a flow
cytometer (Cytomics TM FC 500; Beckman Coulter, USA). The protocol of the animal study was approved
by the Committee on the Ethics of Animal Experiments of the Harbin Veterinary Research Institute,
Chinese Academy of Agricultural Sciences (approval number SYXK [Heilongjiang] 2011-022).

Statistical analysis. The data are presented as the means � standard deviations (SDs). Statistical
significance between groups was determined by performing a Student t test with GraphPad Prism 7.0
software. A P value of �0.05 was considered significant.
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