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Finding a fairy in the forest: ELF4, a novel and critical
element of type | interferon responses
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T ype interferon (IFN) production is
a key event during innate immune
responses. This early and prompt mech-
anism is mediated by multiple factors that
involve various pattern recognition recep-
tors (PRRs), adaptor proteins, kinases
and transcription factors. Stimulator of
IFN genes (STING) is an important trans-
membrane adaptor protein that plays a
role in the activation of downstream tran-
scription factors, such as IFN regulatory
factor 3 (IRF3) and signal transducer and
activator of transcription 6, via TANK-
binding kinase 1 (TBK1), which has been
considered the main innate immune
defense weaponry against viruses and
intracellular pathogens. In a current issue
of Nature Immunology, You et al. showed
that, after viral infection, the ETS-related
transcription factor ELF4 (previously
known as MEF) interacts with STING
and is consequently activated by TBKI.
This process leads to the nuclear trans-
location of ELF4 and its binding to IFN
promoters (Figure 1). The group also
demonstrated that ELF4 acts as an IFN
transcription factor, as it has the potential
to increase the binding affinity of IRF3
and IRF7 through cooperative binding
to newly identified enhancer elements
(EICE) in the IFN promoters." These
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new findings not only extend our know-
ledge about the details of the fine-tuning
of the innate IFN responses, but also rep-
resent a new milestone by describing the
role of EICE elements in this process.
Innate immune responses are initiated
by invading pathogens through the
detection of their evolutionally conserved
pathogen-associated molecular patterns.
Detection of viral pathogen-associated
molecular patterns is carried out by
intracellular Toll-like receptors (TLRs),
RIG-I-like receptors (RLRs) and several
other nucleic acid sensors, such as AIM2-
like receptors.” As a result of pathogen-
associated molecular pattern-induced
activation, PRRs trigger NF-xB-depen-
dent inflammatory cytokine and chemo-
kine responses and the production of
type I IFNs through the activation of
IRF3 and IRF7.” Type I IFNs are critical
components in the establishment of the
antiviral state and the resistance of host
cells to viral replication. PRRs use differ-
ent adaptor proteins to link the down-
stream signals to the NF-xB and IRF
transcription factors. A crucial element
in these pathways is mitochondrial
MAVS (also known as VISA, Cardif or
IPS-1), which is an ancient adaptor pro-
tein that couples RLRs to NF-«kB and
promotes TBK1 and IRF3 signaling
(Figure 1). Previous studies have revealed
that the ETS family transcription factor
ELF4 takes part in various cellular pro-
cesses, such as tumorigenesis,4 the DNA
damage response’ and cell cycle regu-
lation.® Despite the growing body of
research in this field, the exact physio-
logical role of ELF4 remained unknown.

In their article, You et al. demonstrate
that ELF4 is a critical factor in the regu-
lation of type I IFN responses and plays a
significant role in the antiviral host
defense. ELF4 was shown to interact with
STING, as demonstrated by coimmuno-
precipitation analysis in HeLa cells. The
type I IFN-inducing effect of ELF4 was
also tested at both the mRNA and pro-
tein levels, and it was shown that the
overexpression of this ETS protein was
able to induce type I IFN secretion in
293T cells. Using another reporter assay,
the group also showed that the ability of
ELF4 to induce type I IEN production
depended on the C-terminal region of
the protein, which is responsible for its
interaction with STING. Owing to the
ability of ELF4 to induce IFN responses,
the group then examined the response of
ELF4 to viral challenges. These results
showed that the expression of the Elf4
gene was increased by both viral chal-
lenge (SeV or VSV) and IFN-B stimu-
lation. Furthermore, overexpression of
the ELF4 protein led to the inhibition
of viral replication, as was shown by
immunoblot and plaque-forming assays.
These results confirmed that the ETS
domain of ELF4 was essential in the
establishment of this antiviral activity.
To demonstrate the in vivo significance
of ELF4 in the antiviral host defense, the
sensitivity of EIf4”'~ mice to lethal WNV
infection was compared to that of wild-
type mice. The results showed that the
ELF4-deficient mice were significantly
more susceptible to virus exposure than
their wild-type counterparts. The type I
IEN production of macrophages isolated
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Figure 1 The role of ELF4 in type | IFN signaling. Cellular signals induced by the specific
activation of TLRs or RLRs are transmitted through the MAVS/STING pathway to NF-xB and
TBK1. The subsequent phosphorylation of NF-«xB leads to its nuclear translocation and the
expressional control of inflammatory and chemokine genes. TBK1 is an essential cytoplasmic
kinase, which upon PRR activation phosphorylates the transcription factors IRF3 and IRF7.
Activated IRFs move to the nucleus and induce type | IFN production. The PRR-induced inter-
action of ELF4 with STING results in its phosphorylation by TBK1. Activated ELF4 is then trans-
located to the nucleus where itincreases the binding affinity of IRF3, IRF7 and the NF-xB subunit
p65 to type | IFN promoters through binding of IRF3/7 to the EICE elements. IFN, interferon; IRF,
interferon regulatory factor; PRR, pattern recognition receptor; RLR, RIG-I-like receptor; STING,
stimulator of interferon gene; TBK, TANK-binding kinase; TLR, Toll-like receptors.

from Elf47/7 mice was also impaired,
showing that ELF4 was involved in the
induction of IFN production and anti-
viral immunity against WNV. These
findings are consistent with previous
reports that showed the importance of
ELF4 in antiviral cellular immune res-
ponses.>” Interestingly, the group also
found that ELF4 controls viral replica-
tion in vivo by directly regulating the type
I IFN response, not through the contri-
bution of natural killer and natural killer
T cells or cytotoxic T lymphocytes.

One of the most interesting aspects
of this study is the demonstration that
ELF4 also participates in TLR, RLR
and dsDNA receptor-mediated signaling.
Using various human and mouse cell
types and a wide range of experimental
approaches, You et al. showed that ELF4
is essential for TLR3/4/7/9- and RLR-
induced signal transduction and acts
downstream of MyD88, TRIF, STING
and MAVS. Furthermore, using an
elegant experimental set-up, they also
demonstrated that, upon activation,
ELF4 becomes phosphorylated by TBK1
and is translocated into the nucleus in a

STING- and MAVS-dependent manner.
When the two main downstream path-
ways of PRR activation were investigated,
the group found that ELF4 is crucial for
the efficient binding of NF-xB, IRF3 and
IRF7 to the various IFN promoters
(Figure 1). The chromatin immunopre-
cipitation and quantitative PCR results
showed that the VSV-induced transloca-
tion of IRF3 and p65 to the Ifnbl gene
and the translocation of IRF7 to the Ifna4
promoters were dramatically reduced in
the EIf4”'~ macrophages. The EICE ele-
ment in the Ifnbl promoter appeared to
be a critical component that supported
the cooperative interaction of ELF4,
IRF3 and p65. Thus, this group demon-
strated the importance of ELF4 in the
binding of the downstream elements
IRF3, IRF7 and p65 to the IFN promoters
(Figure 1). Similar to IRF7, the baseline
expression of ELF4 was shown to be low
in many tissues, which may be a built-in
mode in resting cells to prevent unwanted
inflammatory reactions in the absence of
viral stimuli.

Identifying ELF4 as a key element of
the intracellular nucleic acid sensing

PRR-mediated signaling pathways may
open up novel ways to manipulate the
antiviral and innate immune responses.
Consistent with its primary role in the
rapid upregulation of type I IEN secre-
tion upon viral infection, which results in
the effective clearance of intracellular
pathogens along with the induction of
IFN-stimulated genes, the manipulation
of IFN responses through ELF4 may
open up new avenues in the treatment
of infectious diseases. These avenues
involve the targeted stimulation of
innate immune receptors and/or type I
IFN-producing immune cell subsets.®
However, misguided IFN responses tar-
geting the host tissues may cause severe
symptoms and subsequently lead to the
development of adaptive immune res-
ponses against self structures.” In con-
trast, the targeted inhibition of ELF4
may result in type I IFN-dependent
immune suppression, which may present
new strategies for drug design against
autoimmune diseases. Because type I
IFNs have recently emerged as potent
anticancer agents,'® these findings might
also be of particular importance in future
anticancer therapies. It has been observed
that some cancer patients exhibit adap-
tive immune responses against the tumor
tissues, and these responses are mediated
by activated and infiltrating effector T
cells, as well as by the production of can-
cer-specific antibodies, which exhibit an
extreme prognostic value at the early
stages of the disease. Recent studies also
demonstrated that immune responses
elicited against certain types of tumors
exhibited a characteristic type I IFN sig-
nature, which has been shown to support
the development of host CTL responses
against the tumor tissue (reviewed by
Gajewski et al).'' The requirement of
dendritic cells in the production of type
I IEN and in the initiation of this anti-
cancer response suggests the existence of
a PRR-based innate immune mechanism
that may involve ELF4 activity. ELF4 may
also play an important role in various
autoimmune pathologies. In multiple
sclerosis and rheumatoid arthritis, local
IFNP secretion induces the IFN-stimu-
lated genes, as well as IL-10 and IL-1P
secretion, which result in the suppression
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of autoimmunity. In contrast, the in-
creased levels of IFN-o that are observed
in systemic lupus erythematosus result
in inflammation and autoimmunity,
and mice deficient in type I IFN do not
develop lupus. In conclusion, the orches-
tration of the IFN responses by ELF4
offers new means for controlling antiviral
and anticancer states, as well as control-
ling the outcome of IFN-induced auto-

immune disorders.
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