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Cytokine-Independent Upregulation of MDAS in Viral Infection
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The RNA helicases RIG-I and MDAS detect virus infection of dendritic cells (DCs) leading to cytokine
induction. Maximal sensitivity for virus detection by these helicases is obtained after their upregulation, which
is thought to occur primarily through type I interferon (IFN) signaling. Here we demonstrate that in response
to paramyxovirus infection, RIG-I upregulation requires type I IFN whereas MDAS expression is increased by
Sendai virus infection independently of signaling mediated by type I IFN, STAT1, tumor necrosis factor alpha,
or NF-kB. This MDAS upregulation is largely lost in IRF3 knockout DCs and is achieved in type I IFN-deficient

cells expressing constitutively active IRF3.

Virus infection of conventional dendritic cells (DCs) can be
detected by cytosolic RNA helicases. Specifically, RIG-I and
MDAS have emerged as primary sensors for viruses belonging
to diverse families such as paramyxoviruses, orthomyxoviruses,
rhabdoviruses, flaviviruses, and picornaviruses, leading to the
production of type I interferons (IFNs) (4, 8, 9, 20). RIG-I has
been shown to detect the majority of these viruses through
recognition of uncapped 5’ triphosphates on viral genomic RNA
(6, 15). MDAS has been shown to be essential for the recog-
nition of encephalomyocarditis virus, a picornavirus that en-
codes a protein that caps the 5’ end of its genome but gener-
ates secondary RNA structures (4, 9). Activation of RIG-I and
MDAS leads to the nuclear translocation of transcription fac-
tors such as IRF3 and NF-«B that are crucial for the transcrip-
tional induction of type I IFNs and other cytokines and che-
mokines (19, 20).

Upregulation of RIG-I and MDAS upon viral infection is
thought to be important in optimizing the sensitivity of virus
detection (17). As these molecules are known to be induced by
type I IFN (7, 20), it is likely that type I IFN feedback signaling
involving STAT1 is required for maximum activation of DCs
through RIG-I and MDAS triggering. Accordingly, viruses en-
coding antagonists of type I IFN signaling are often poorly
detected by infected DCs (9). Likewise, maturation of DCs by
Newcastle disease virus (NDV), which is unable to antagonize
type I IFN signaling in mammalian cells, is lost in DCs lacking
the type I IFN receptor (5, 12). However, our previously pub-
lished data demonstrated that secretion of cytokines induced
by another paramyxovirus, Sendai virus strain Cantell (SeV-C),
was normal in type I IFN receptor knockout DCs but not in
wild-type DCs (10). SeV-C is known to produce unique defec-
tive interfering (DI) genomes responsible for its potent stim-
ulatory activity (18, 21). In an attempt to understand the di-
chotomy in the requirement for IFN signaling in the DC
response to paramyxoviruses such as NDV and SeV-C, we
examined the upregulation of RIG-I and MDAS known to be
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critical for the initiation of conventional DC maturation upon
viral infection.

In order to examine the dependence on type I IFN for RIG-I
and MDAS induction, DCs derived from wild-type and type I
IFN receptor knockout mice (SV129 background; B & K Uni-
versal) prepared as described elsewhere (10, 21) were infected
with SeV-C or NDV at a multiplicity of infection (MOI) of 1.5
and the upregulation of these viral sensors was analyzed at 6 h
postinfection (hpi) by quantitative reverse transcriptase PCR
(qRT-PCR). RIG-I induction was largely dependent on type I
IFN receptor signaling regardless of the virus used (Fig. 1a).
MDAS expression was increased independently of the pres-
ence of type I IFN by SeV-C infection whereas MDAS upregu-
lation by NDV infection was lost in type I IFN receptor knock-
out DCs (Fig. 1a). It has been reported that in some instances,
SeV is able to directly induce the phosphorylation of STAT1
(3), a molecule critical to the type I IFN signaling pathway.
However, we observed that MDAS upregulation by SeV-C
occurred normally in STAT1 knockout DCs (SV129 back-
ground; Taconic Farms) (Fig. 1b) and confirmed the depen-
dence of RIG-I upregulation on the presence of the type I IFN
signaling pathway in response to both SeV-C and NDV infec-
tions (Fig. 1b).

MDAS is known to be weakly induced by tumor necrosis
factor alpha (TNF-o) signaling (7), and SeV-C is known to be
a strong inducer of TNF-a secretion from infected DCs (10, 11,
21). Thus, the type I IFN-independent induction of MDAS by
SeV-C could be explained by the presence of TNF-a signaling.
To address this possibility, DCs were treated for 1 h prior to
infection with 1 pg/ml brefeldin A (Golgi Plug; BD Pharmin-
gen) to disrupt the Golgi apparatus, thereby blocking secretion
of cytokines such as TNF-a and type I IFNs (Fig. 2a). This
inhibition of cytokine secretion was unable to prevent upregu-
lation of MDAS by SeV-C (Fig. 2b). Furthermore, DC2.4 cells
stably transduced with the IkBa dominant-negative inhibitor
of NF-«kB kindly provided by Adrian Ting and Bruno Moltedo
(Mount Sinai School of Medicine, New York, NY) lost their
ability to highly upregulate TNF-a and beta IFN (IFN-B)
whereas MDAS induction was similar to that seen with control
cells expressing glutathione S-transferase (Fig. 2c). Overall,
these data demonstrate that MDAS upregulation by SeV-C
occurs through a previously undescribed mechanism that is
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FIG. 1. MDAS upregulation in response to SeV-C is independent of type I IFN signaling. Type I IFN receptor knockout (KO) DCs (a) and
STAT1 knockout DCs (b) as well as wild-type DCs were infected with SeV-C or NDV at an MOI of 1.5 or were mock infected. RNA was extracted
at 6 hpi and analyzed by qRT-PCR for expression of MDAS and RIG-I. Induction values (n-fold) represent comparisons to the values obtained
for mock-infected cells. Error bars represent the standard deviations of values obtained in triplicate measurements in a representative experiment.

independent of TNF-a and type I IFN signaling as well as
NF-«kB activation.

In order to understand the cytokine-independent induction
of MDAS5 by SeV-C, regions upstream of the transcriptional
start site of both murine and human MDAS were analyzed for
the presence of transcription factor binding sites that might
explain its pattern of induction. Particularly, we searched for
motifs required for the binding of IRF3, as this transcription
factor is known to be activated early in viral infections. Putative
IRF3 binding sites were found in the MDAS promoters (Fig.
3a) that matched consensus IRF3 binding sites in the promot-
ers of genes such as murine IP10 and IFN-a4 (13, 14, 16).
Accordingly, the induction of MDAS by SeV-C was decreased
in IRF3 knockout DCs (Japan CLEA) whereas viral replica-
tion as measured by SeV NP mRNA levels was increased (Fig.
3b). To confirm the existence of IRF3-dependent upregulation
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of MDAS, we transfected K562 cells using an Amaxa nucleo-
fection system and 2.5 pg of pCAGGS empty vector,
pCAGGS-GFP, or pCAGGS-IRF3(5D), kindly provided by
Adolfo Garcia-Sastre and Luis Martinez-Sobrido (Mount Sinai
School of Medicine, New York, NY). The overexpression of
the constitutively active IRF3 mutant (5D) in human K562
cells unable to produce type I IFNs resulted in the upregula-
tion of MDAS as measured by qRT-PCR (Fig. 3c). IP10 served
as a positive control for a gene induced by IRF3, while IRF7
expression served as a negative control (Fig. 3c). Thus, the
cytokine-independent transcriptional upregulation of MDAS
by SeV-C results from the activation of IRF3 by virus infection.

The potent DC stimulus provided by SeV-C has allowed us
to show a direct role for IRF3 signaling in the upregulation of
MDAS, previously thought to be upregulated only by type I
IFN and to a minor extent by TNF-« (7). The initial activation
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FIG. 2. MDAS is upregulated by SeV-C independently of the presence of TNF-q, type I IFN, and NF-kB. (a and b) DCs were pretreated for
1 h with brefeldin (1 pg/ml) or an equal volume of dimethyl sulfoxide (DMSO) prior to infection with SeV-C at an MOI of 1.5 or mock infection
(Ni). (a) Supernatants were analyzed by enzyme-linked immunosorbent assay for TNF-a and IFN-@ secretion 6 hpi. (b) RNA was extracted 6 hpi
for analysis of MDAS expression by qRT-PCR. Induction values (rn-fold) represent comparisons to the values obtained for mock-infected cells. (c)
DC2.4 cells transduced with retroviruses encoding either glutathione S-transferase (GST) or an IkBa dominant-negative inhibitor of NF-xB were
infected with SeV-C at an MOI of 1.5 or mock infected for 6 h, and RNA was extracted for qRT-PCR analysis of TNF-«, IFN-B, and MDAS5
expression. Error bars represent the standard deviations of values obtained in triplicate measurements in representative experiments.



7318 NOTES

mIP10 -225 TTGEGAAAGTGAAALCTT -209
mlIFNa4 -189 AGTG CTGAAARCA -173
mMDAS -65 ATQGAAACAGAAALCG -49
hMDAS -15  ATQG AGAAALCCA +1
b awWT
®IRF3 KO
SeV NP
e e 50000 1
50 - S 40000
: i
5 401 £ 30000
2 30 5 &
= @ 20000
2 207 5
i 10000 -
0 - 0
SevV-C SeV-C
C g)_ 400 HIRF3
2 £ 309 @mipwo %
23 3001 pIRF7
S8 100 @mMDAS
=
(=]
g 04 :
GFP IRF3 50
Transfection

FIG. 3. IRF3-dependent upregulation of MDAS. (a) Known IRF3
binding sites in the murine IP10 and IFN-a4 promoters were com-
pared with putative IRF3 binding sites in the murine and human
MDAS promoter regions. Boxes highlight GAAA motifs required for
IRF3 binding. (b) Wild-type and IRF3 knockout DCs were infected
with SeV-C at an MOI of 1.5 or were mock infected for 6 h. RNA was
extracted and analyzed by qRT-PCR for MDAS expression and pro-
duction of SeV NP mRNA. Induction values (n-fold) represent com-
parisons to the values obtained for mock-infected cells. Relative ex-
pression values indicate induction levels (n-fold) relative to the values
obtained for background levels of the SeV NP PCR in mock-infected
cells. (c) Human K562 cells were transfected with 2.5 wg of empty
pCAGGS, pCAGGS-GFP, or pCAGGS-IRF3(5D) using an Amaxa
Nucleofector kit V. RNA was extracted 18 h after transfection and
analyzed by qRT-PCR for expression of IRF3 (the analysis technique
used also detects transfected IRF3), IP10, IRF7, and MDAS. Induc-
tion values (n-fold) represent comparisons to the values obtained for
cells transfected with empty pCAGGS. Error bars represent the stan-
dard deviations of values obtained in triplicate measurements in rep-
resentative experiments.

of IRF3 during viral infection is likely to occur after viral
detection by RIG-I or MDAS present at low constitutive levels
in immature DCs, as Toll-like receptor signaling has been
shown to be dispensable for the triggering of DC maturation by
SeV-C (11). Recent work demonstrated that RIG-I, but not
MDAS, plays a significant role in the triggering of type I IFN
expression in response to SeV lacking its antagonistic proteins
(9). The relative contributions of RIG-I and MDAS in recog-
nition of the stimulus provided by SeV-C that contains DI
particles and maintains type I IFN signaling antagonism (21)
remain to be studied. Here we show potent transcription of
MDAS in response to SeV-C, while NDV, known to trigger
DC activation through RIG-I (9), was unable to upregulate
MDAS independently of type I IFN signaling. Interestingly, it
was demonstrated that the SeV V protein interacts with
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MDAS and inhibits its activation (1). This interaction and
inhibition of MDAS by the V protein was also demonstrated
for at least 12 other paramyxoviruses (2), suggesting that a
currently unappreciated role exists for MDAS in the antiviral
response to paramyxoviruses. We can hypothesize the involve-
ment of MDAS in the recognition of paramyxovirus replication
byproducts like DI particles, whereas RIG-I detects standard
paramyxovirus genomes (9). The cytokine-independent MDAS
upregulation could explain the ability of SeV-C to mature DCs
independently of the presence of type I IFN (10) and may be
particularly significant in the detection of DI particles that
interfere with viral protein production, including that of the V
protein (18, 21). Overall, this report highlights a previously
unrecognized level of regulation of MDAS through IRF3
activation independently of cytokine signaling and suggests
a role for MDAS in the detection of paramyxovirus replica-
tion products.
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