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Hantavirus GnT Elements Mediate TRAF3 Binding and Inhibit RIG-1/
TBK1-Directed Beta Interferon Transcription by Blocking IRF3
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ABSTRACT

Hantaviruses successfully replicate in primary human endothelial cells by restricting the early induction of beta interferon
(IFN-B) and interferon-stimulated genes (ISGs). Gn proteins from NY-1V, ANDV, and TULV, but not PHV, harbor elements in
their 142-residue cytoplasmic tails (GnTs) that inhibit RIG-I/MAVS/TBK1-TRAF3-directed IFN-f induction. Here, we define
GnT interactions and residues required to inhibit TRAF3-TBK1-directed IFN-f induction and IRF3 phosphorylation. We ob-
served that GnTs bind TRAF3 via residues within the TRAF-N domain (residues 392 to 415) and that binding is independent of
the MAVS-interactive TRAF-C domain (residues 415 to 568). We determined that GnT binding to TRAF3 is mediated by C-ter-
minal degrons within NY-1V or ANDV GnTs and that mutations that add degrons to TULV or PHV GnT's confer TRAF3 bind-
ing. Further analysis of GnT domains revealed that TRAF3 binding is a discrete GnT function, independent of IFN regulation,
and that residues 15 to 42 from the NY-1V GnT C terminus are required for inhibiting TBK1-directed IFN-f transcription. Mu-
tagenesis of the NY-1V GnT revealed that altering tyrosine 627 (Y627A/S/F) abolished GnT regulation of RIG-I/TBK1-directed
IRF3 phosphorylation and transcriptional responses of ISRE, kB, and IFN-3 promoters. Moreover, GnTs from NY-1V, ANDV,
and TULYV, but not PHV, inhibited RIG-I-directed IRF3 phosphorylation. Collectively, these findings suggest a novel role for
GnTs in regulating RIG-I/TBK1 pathway-directed IRF3 phosphorylation and IFN-3 induction and define virulence determi-
nants within GnTs that may permit the attenuation of pathogenic hantaviruses.

IMPORTANCE

These findings provide a mechanism for selected hantavirus GnT interactions to regulate RIG-I/TBK1 signaling responses re-
quired for IFN-@ induction by inhibiting TBK1 phosphorylation of IRF3. These studies culminate in showing that a single GnT
residue, Y627, is required for the NY-1V GnT to inhibit RIG-I/TBK1-directed IRF3 phosphorylation and IFN-f induction. These
findings define a potential virulence determinant within the NY-1V GnT that may permit hantavirus attenuation.

Hantaviruses primarily infect human endothelial cells (ECs)
and nonlytically cause hemorrhagic fever with renal syn-
drome (HFRS) or hantavirus pulmonary syndrome (HPS) (1-7).
HFRS results from infection by Eurasian hantaviruses (Hantaan
virus [HTNV], Dobrava virus [DOBV], and Puumala virus-
[PUUV]) (8-11), while hantaviruses identified throughout the
Americas (i.e., Andes virus [ANDV], Sin Nombre virus [SNV],
and New York 1 virus [NY-1V]) are associated with HPS (1, 4, 5,
12-14). In contrast, Tula virus (TULV) and Prospect Hill virus
(PHV) are hantaviruses that have not been associated with any
human disease (15, 16). TULV and PHV differ from pathogenic
hantaviruses by their use of discrete integrin receptors (17, 18),
and in addition, PHYV fails to regulate early interferon responses or
replicate productively in human endothelial cells (19-21).
Hantaviruses are enveloped viruses with a trisegmented (seg-
ments S, M, and L) negative-sense RNA genome and constitute a
unique genus within the Bunyaviridae family (11). The hantavirus
M segment encodes a polyprotein precursor that is cotranslation-
ally cleaved into two integral membrane surface glycoproteins, Gn
and Geg, that are trafficked to the endoplasmic reticulum (ER)/cis-
Golgi (22). GnGc hetero-oligomers are acquired on the virion’s
surface by viral budding into the lumen of the ER/cis-Golgi (5). Gc
contains a short (<10-residue) cytoplasmic tail, while Gn con-
tains a 142-residue cytoplasmic tail (GnT) with several potential
functionsin the viral life cycle (5). The GnT directs binding of viral
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nucleocapsid complexes, has matrix protein functions that nucle-
ate viral assembly and budding (23), and with the exception of the
PHV GnT, regulates RIG-I-directed beta interferon (IFN-3) in-
duction (19, 20, 24-26).

Type I IEN is induced by the stimulation of innate cellular
sensors that signal the activation of IFN response factors (IRFs) 3,
5, and 7 and NF-«kB through cytoplasmic pathways (27, 28). Rep-
licating RNA viruses generate small amounts of cytoplasmic dou-
ble-stranded RNA (dsRNA), or 5'-triphosphate-containing
RNAs, that are detected by MDAS5 or RIG-I sensors and result in
the mitochondrial assembly of MAVS complexes (28-33). MAVS
binds tumor necrosis factor receptor-associated factor 3 (TRAF3),
which recruits TBK1/IKKe kinases that activate NF-kB and direct
the phosphorylation of constitutively expressed IRF3 (27, 34—40).
Activated IRFs and NF-kB translocate to the nucleus and form
transcriptional complexes with CBP/p300 and ATF2/cJUN on the
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IFN-B enhanceosome that transcriptionally induce IFN-f3 (28, 29,
32,41, 42). IRFs additionally direct transcription from promoters
containing IFN-stimulated responses elements (ISREs). IFN-3
binds in an autocrine or paracrine fashion to type I IFN receptors,
directing the induction of a variety of antiviral interferon-stimu-
lated genes (ISGs) (43).

TRAFS3 is required for IFN induction from virtually all induc-
ers and a central point of regulation of IFN responses (27, 34-39).
TRAF3 is an E3 ligase that normally directs the constitutive deg-
radation of the NF-«kB inducer NIK and forms complexes with
TRAF2-cIAP or ORUD7B that regulate NF-«kB and TBK1/IKKe
activation (27, 34-36, 38, 39, 44). TRAF3 and TBK1 are further
regulated by degradative K48-linked and nondegradative K63-
linked ubiquitination, and deubiquitinating TRAF3 inhibits
IRF3/7-directed IFN-B induction (36, 45, 46).

Hantavirus replication is highly sensitive to IFN pretreatment,
and hantaviruses are grown in IFN locus-defective Vero E6 cells
(19). However, the effects of IFN addition are nearly absent when
IEN is added 1 day postinfection (19), and at late times after in-
fection of human endothelial cells, hantaviruses induce high-level
ISG responses (21). In order to productively replicate in their
human endothelial cell targets, hantaviruses have evolved mech-
anisms for regulating the early production of IFN and antiviral
ISGs (19-21, 24, 25, 47). In fact, PHV rapidly induces IFN-3 and
ISG responses that restrict its replication in human endothelial
cells, and this potentially explains the absence of PHV-associated
human disease (21, 47). These findings suggest that permissive
hantavirus replication in human endothelial cells results from the
selective restriction of early, but not late, IFN responses (11,
19-21).

Hantavirus GnGc and GnT proteins have been shown to reg-
ulate IFN induction in response to the expression of pathway-
specific RIG-I and TBK1 inducers, suggesting a mechanism for
early IFN regulation within hantavirus-infected endothelial cells
(19, 20, 24, 25). Expression of GnGc or GnT proteins from
NY-1V, ANDV, TULV, and HTNV, but not PHV, results in the
regulation of RIG-I/TBK1-directed ISRE, kB, and IFN-f tran-
scriptional responses (19-21). GnTs fail to regulate transcription
directed by constitutively active IRF3-5D, suggesting that GnTs
prevent IRF3 and NF-kB activation by regulating TBK1-TRAF3
complexes (20). This regulatory mechanism is supported by find-
ings indicating that the NY-1V GnT binds TRAF3 and that GnT
expression or NY-1V infection disrupts the formation of TRAF3-
TBK1 complexes (20). Degrons at the C termini of NY-1V,
HTNV, and ANDV GnTs direct ubiquitination and degradation
of GnTs and further suggest a means by which GnTs might regu-
late ubiquitination-sensitive TRAF3-TBK1 complexes (26). How-
ever, the TULV GnT regulates RIG-I/TBK1-directed IFN-B in-
duction yet lacks a degron domain (24, 25). These findings
question whether degrons are required for TRAF3 binding and
whether TBK1 inhibition is a function of discrete elements within
hantavirus GnTs.

Here, we investigate interactive GnT and TRAF3 domains and
demonstrate that degrons within hantavirus GnTs confer TRAF3
binding. We found that the TRAF3 residues required for binding
to MAVS (residues 415 to 568) are dispensable for binding GnTs
but that deleting residues 392 to 415 of TRAF3 abolished GnT
binding to TRAF3. Our studies demonstrate that IFN regulation
by the NY-1V GnT requires a domain 15 to 42 residues from the
GnT C terminus that is upstream of the C-terminal degron. Site-
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directed mutagenesis of GnT residues within this domain resulted
in the discovery of a single tyrosine residue (Y627) in the NY-1V
GnT that abolished regulation of RIG-I- and TBKI-directed
IFN-B transcription and IRF3 phosphorylation. Consistent with
GnT regulation of IRF3 responses, expression of GnTs from
NY-1V, ANDV, and TULV, but not PHV, inhibited RIG-I-di-
rected phosphorylation of IRF3. These findings define potential
virulence determinants within the GnT C terminus that are re-
quired for NY-1V GnT regulation of IFN signaling pathway acti-
vation.

MATERIALS AND METHODS

Cells and antibodies. Cos7 and HEK293T cells (ATCC CRL-1586 and
CRL-1573) were grown in Dulbecco’s modified Eagle medium (DMEM)
containing 10% fetal calf serum (FCS), as previously described (18). An-
tibodies were procured as follows: monoclonal anti-Gal4 (RK5C1, sc-510;
Stratagene); monoclonal anti-myc (9E10; Santa Cruz, Cell Signaling);
anti-actin (A5441; Sigma); monoclonal anti-B-actin (12CA5; Roche);
monoclonal antibody (MAb) and polyclonal anti-Gal4 (sc-510 and sc-
577; Santa Cruz); ANDV Gn MAb (H1808-50; US Biologicals); antibodies
to TBK1 (3504), phospho-TBK1 (Ser172) (5483), IRF3 (4302), phospho-
IRF3 (pSer396; 4947), anti-IKKe (2905) and anti-IRF3, anti-RIG-I, anti-
MAVS, anti-MDAS5, or anti-pIRF3-5396 (all from Cell Signaling); and
monoclonal anti-Flag M2 (Agilent). Antinucleocapsid rabbit polyclonal
serum directed at the NY-1V nucleocapsid protein was used to detect
nucleocapsid protein as previously described (18, 19, 21). Horseradish
peroxidase (HRP)-conjugated anti-mouse and goat anti-rabbit-HRP
conjugates were purchased from GE Healthcare.

Plasmids. Plasmids expressing NY-1V, ANDV, TULV, and PHV
cytoplasmic tail domains (pBIND PHV GnT) were generated by C-termi-
nally fusing the GnT coding region to a Gal4 tag as previously described
(19,48,49). pBIND GnT and pBIND GnT-C42 constructs were generated
by PCR amplification of GnGc coding regions of NY-1V, ANDV, TULV,
and PHV as previously described (19, 20, 24, 26) using PCR primers
containing BamHI and Xbal sites and directionally ligated into pBIND.
Optimized ANDV-GnGc was synthesized by GenScript and cloned
BamHI-Xbal into pcDNA3 (pcDNA3-ANDV-optiGnGe). The following
constructs were purchased from Addgene: human pcDNA3-TBK-1-flag,
human pEF-BOS-MAVS-flag, and human pEF-BOS-MDA5-flag (Add-
gene-27225) (50). RIG-I-flag (RIG-I CARD, residues 1 to 284) expression
plasmid was from Michael Gale (51). pCMVBL-IRF3-T7 (52), pRK-
TRAF3-wt (19, 20), and pRK-TRAF3-N415 or pRK-TRAF3-N392 trun-
cated expression constructs were generously provided, purchased, or gen-
erated by site-directed mutagenesis as previously described (19, 20).

Transcriptional reporter assays. For luciferase assays, transfections
were performed using calcium phosphate or polyethyleneimine (PEL; 1 pg
DNA/3 ng) and 60% confluent HEK293T cells in triplicate with a con-
stant amount of total plasmid DNA as previously described (19, 24, 53).
HEK293T were cotransfected with either ISRE-luciferase, kB-luciferase,
or IFN-B-luciferase promoter constructs (Clontech) as indicated and an
internal control renilla luciferase construct (PRL-null; Promega) as pre-
viously described (19, 20, 24). Cells were cotransfected with a plasmid
expressing myc-tagged TBK1, Flag-N-RIG-I (helicase domain deficient)
(33,51), or Flag-MDA5 as pcDNA3 constructs (0.25 jg) or empty vector
(19). Cells were cotransfected with constant amounts of total DNA using
indicated amounts of NY-1V, ANDV, PHV, or TULV GnTs, GnT-C42, or
deletion/mutated constructs as described or empty pBIND vector. Cells
were lysed 48 h posttransfection with 1X passive lysis buffer (Promega)
for 15 min at room temperature. For poly(I-C) stimulation, cells were
transfected as above, and 1 day posttransfection cells were PEI transfected
(53) with 3 pwg/ml of Poly I-C (Sigma) and assayed 1 day later for luciferase
promoter responses. Luciferase assays were performed using the Dual
Luciferase Assay kit (Promega) according to the manufacturer’s protocol,
and detection was done using a luminometer. Assays were performed in
triplicate at least three times with similar results (33, 46, 54-56). In the
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figures, error bars indicate the standard deviations from negative controls,
with asterisks indicating statistical significance as determined by Student’s
t test (GraphPad Prism software), and P values are indicated in figure
legends (33, 57-59).

Immunoprecipitation and Western blot analysis. For coimmuno-
precipitation experiments, Cos7 or HEK293T cells were transfected with 1
pg of pBIND-GnT constructs and 0.5 ug pRK-TRAF3 N415 using Fugene
6 (Roche) (20). Transfected cells were analyzed 48 h posttransfection in
coimmunoprecipitation lysis buffer (20, 60). Where indicated, MG132
(50 nM) was added 6 h before cell lysis. Lysates were clarified by centrif-
ugation, and the GnTs were immunoprecipitated with anti-Gal4 mono-
clonal antibodies (sc-2003) and protein A/G Plus agarose beads (24). Co-
immunoprecipitated proteins were analyzed by Western blotting as
previously described.

pBIND, pBIND-GnT, pBIND-GnT-C42, pcDNA3-TBK1, and pRK-
TRAF3 or pRK-TRAF3-N415/N392 expression was analyzed by Western
blotting of cotransfected HEK293 cells or Cos7 cells (24). Cells were lysed
in Laemmli buffer 48 h posttransfection and subjected to Western blotting
using anti-Gal4 (GnT) (1:1,000), anti-myc (1:1,000), or anti-Flag M2 (1:
1,000) (20). Blots were washed, incubated with HRP-conjugated second-
ary antibodies, and developed by chemiluminescence with ECL reagent
(Pierce) as previously described (24). Where indicated, blots were treated
with stripping buffer (62.5 mM Tris-HCI [pH 6.8], 20% SDS, 100 mM
B-mercaptoethanol), incubated with monoclonal anti-B-actin (1:5,000),
and developed as described above.

TBK1 and IRF3 analysis. HEK293T cells were lysed in 0.5% SDS lysis
buffer (150 mM NaCl, 40 mM Tris, 2 mM EDTA, 5 mM NaF, 1 mM
Na,P,0,, 1 mM Na;VO,, 0.5% SDS, 1 mM phenylmethylsulfonyl fluo-
ride [PMSF], 1X protease inhibitor) and clarified by centrifugation at
14,000 rpm for 30 min at 4°C. Equivalent amounts of lysate were sepa-
rated on SDS-polyacrylamide gels. Proteins were transferred to nitrocel-
lulose and incubated with a 1:1,000 dilution of antiactin, anti-Gal4, anti-
ANDV Gn, anti-TBK1, anti-pTBK1-S172, anti-IRF3, or anti-pIRF3-5396
followed by horseradish peroxidase-conjugated sheep anti-mouse or goat
anti-rabbit immunoglobulin G (GE Healthcare). Proteins were detected
by fluorography using the Luminata Forte system (Millipore).

RESULTS

Gn regulation of RIG-I- and TBK1-directed transcriptional re-
sponses and IRF3 activation. In contrast to ANDV, NY-1V,
HTNV, and TULV, which transiently restrict the early induction
of IEN, PHYV fails to regulate early interferon induction or repli-
cate within human endothelial cells (19, 20, 24). Previous studies
demonstrated that expressing the cytoplasmic tail of Gn proteins
from hantaviruses other than PHV inhibits RIG-I- and TBK1-
directed activation of IRF3 and NF-kB as well as transcription
from ISRE, kB, and IFN- promoters (19, 20, 24). However, GnTs
fail to inhibit ISRE transcription induced by expression of consti-
tutively active IRF3-5D, and this pathway-specific analysis sug-
gests that regulation occurs at the level of the TBK1 complex (19,
20, 24). Here, we comparatively evaluate roles for the GnT in
regulating IFN-f transcriptional response and IRF3 phosphory-
lation. We expressed NY-1V, ANDV, TULV, and PHV GnTs and
evaluated their ability to inhibit IFN-f3 promoter transcriptional
responses directed by poly(I-C), RIG-I, MDAS5, and TBK1. We
found that GnTs from NY-1V, ANDV, and TULV, but not PHV,
dramatically inhibited IFN-B promoter transcriptional responses
directed by each pathway-specific activator (Fig. 1A to D).

The 1,138-residue hantavirus GnGc polyprotein is synthesized
and cotranslationally processed in the ER to form Gn:Gc het-
erodimers, with a 142-residue GnT providing the only cytoplas-
mic element within Gn. Here, we determined whether the full-
length GnGc regulates IFN transcriptional responses and IRF3
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FIG 1 NY-1V, ANDV, and TULV GnTs inhibit IFN-B transcriptional re-
sponses. HEK293 cells were transfected with an IFN-B enhanceosome (42)-
driven firefly luciferase reporter and a constitutively expressed Renilla lucifer-
ase plasmid in the presence or absence of poly(I-C) (A), RIG-I (B), MDAS5 (C),
or TBK1 (D) expression vectors. Cells were cotransfected with plasmids ex-
pressing NY-1V, ANDV, TULV, or PHV GnTs. Empty vector (pBIND) was
used to maintain constant DNA transfection levels and as a positive control.
Luciferase activity within lysates was determined 48 h posttransfection, nor-
malized to Renilla luciferase activity, and reported as the fold increase com-
pared to that of controls lacking inducer. Assays were performed in triplicate
with similar results in at least 2 separate experiments. Asterisks indicate statis-
tical significance (P < 0.05) as determined by Student’s  test. Cell lysates were
analyzed by Western analysis for Gn protein, RIG-I, MDA5, and TBK1 expres-
sion levels and compared to endogenous B-actin protein controls.

phosphorylation. Similar to GnT, expressing GnGc inhibits RIG-
I-, MDAS5-, and TBK1-directed, but not IRF3-5D-directed, tran-
scription from an ISRE promoter (Fig. 2A) and the IFN-f3 enhan-
ceosome (Fig. 2B). In addition, GnGc expression also inhibited
RIG-I-directed IRF3 phosphorylation (Fig. 2C). Collectively,
these findings demonstrate that NY-1V, ANDV, and TULV GnTs
as well as the GnGc polyprotein inhibit RIG-I-induced transcrip-
tional responses by impacting TBK1 phosphorylation of IRF3.
TRAF-N domains of TRAF3 mediate binding to NY-1V and
ANDYV GnTs. We previously demonstrated that expression of the
NY-1V GnT or NY-1V infection inhibits the formation of TRAF3-
TBK1 complexes and that TRAF3 binds to the NY-1V GnT (20).
TRAFS3 recruits TBKI1 to signaling complexes that are essential for
the induction of type I IFN (38). Interactions that mediate
TRAF3 binding to TBKI1 are regulated by ubiquitination and
impacted by a growing list of factors (34, 36, 40, 45). However,
residues 440 to 442 within the TRAF-C domain of TRAF3 are
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FIG 2 ANDV GnGec inhibits IRF3 phosphorylation and ISRE transcriptional
responses. HEK293T cells were cotransfected with plasmid expressing ANDV
GnGec, ISRE (A), or IEN-B (B) promoter-driven firefly luciferase reporter and
a constitutively expressed Renilla luciferase plasmid in the absence (empty
vector) or presence of RIG-I, MDAS5, TBK1, or IRF3-5D expression plasmids.
After 24 h, cells were harvested and measured for firefly luciferase activity,
which was normalized to Renilla luciferase levels and presented as percent
induction compared to control empty vector. Empty-vector positive-control
induction was standardized to 100% for comparison. Asterisks indicate statis-
tical significance (P < 0.05). Cell lysates were analyzed by Western analysis for
Gn protein and RIG-I, MDA5, TBK1, IRF3-5D, and expression levels were
compared to those of endogenous B-actin protein controls. (C) HEK293T cells
were transfected with IRF3-T7 expression plasmid and empty vector or ANDV
GnGe in the presence (+) or absence (—) of RIG-I expression plasmid (in-
ducer). After 24 h, cells were harvested and analyzed by Western analysis for
RIG-I, pIRF3 (a-pIRF3 $396), total IRF3, and ANDV GnGc (a-Gn) protein
expression and compared to endogenous 3-actin protein controls.
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FIG 3 TRAF3 domains required for binding hantavirus GnTs. (A) Stick figure
delineating TRAF-N and TRAF-C (MAVS binding) elements within the TRAF
domain of full-length TRAF3 or truncated TRAF3 (TRAF3-415 and TRAF3-
391) expression constructs. (B) Cos7 cells were transfected with pBIND empty
vector, pBIND-ANDV GnT, or pBIND-PHV GnT as well as pRK-TRAF3-
N415 as previously described (20). Briefly, 6 h prior to lysis, transfected cells
were treated with MG132 and lysed 48 h posttransfection. Hantavirus GnTs
were immunoprecipitated using anti-GAL4 antibody and protein A/G Plus
agarose beads. Coprecipitated TRAF3-N415 was detected by Western blotting
(WB) using the M2 anti-FLAG antibody (20). Input TRAF3-N415 and Gal4-
GnT proteins were analyzed by anti-FLAG or anti-Gal4 WB as indicated. HC,
IgG heavy chain. (C) Cells were transfected as described for Fig. 1B with
NY1-V, ANDV, or PHV Gal4-GnT constructs and analyzed for their ability to
coprecipitate TRAF3-N415 or TRAF3-N391 as indicated.

required for binding to MAVS and UXT-V1 as well as for the
downstream recruitment of TBKI to MAVS complexes
(Fig. 3A) (36, 45, 61). To investigate GnT regulatory interac-
tions, we analyzed TRAF3 domains required for binding to the
GnT using C-terminal truncations of TRAF3 (Fig. 3A). Immu-
noprecipitation of the ANDV GnT, but not the PHV GnT,
resulted in the coprecipitation of TRAF3-N415, which lacks the
MAVS interactive TRAF-C domain (Fig. 3A and B). The
NY-1V GnT also coprecipitated TRAF3-N415 (Fig. 3C), but
following deletion of an additional 24 residues within the
TRAF-N domain (TRAF3-N391) neither NY-1V nor ANDV
GnTs coprecipitated TRAF3-N391 (Fig. 3C). This indicates
that TRAF3 binding to NY-1V and ANDV GnTs requires resi-
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FIG 4 C-Terminal degron domains determine GnT stability. (A) C-terminal sequences of wt GnT of NY-1V, ANDV, PHV, and TULV proteins are contrasted
with residue changes in GnT—Deg mutants. Residues mutated to add (+Deg) or abolish (—Deg) GnT degron domains are shown, and a summary of protein
stability of the constructs is presented (26). (B, C) Cos7 cells were transfected with Gal4 GnT wt, +Deg, or —Deg constructs from NY-1V, ANDV, PHV, and
TULV (20). Transfected cells were treated with MG132 6 h prior to lysis and lysed 48 h posttransfection (24). Gal4-GnT proteins were detected by anti-Gal4

Western analysis and compared to levels of B-actin (anti- actin).

dues within the TRAF-N domain and that the MAVS-interac-
tive TRAF-C domain of TRAF3 is dispensable for GnT binding.

GnT degron is required for interactions with TRAF3. The
GnTs of NY-1V and ANDV contain a C-terminal degron domain
that directs their ubiquitination and degradation (26), and TRAF3
is an E3 ubiquitin ligase that is required for RIG-I-directed acti-
vation of TBK1 (36, 38). In contrast, both PHV and TULV GnTs
lack degron domains and are stably expressed (26). However, the
TULV GnT regulates TBK1-directed ISRE and IFN transcrip-
tional responses, similar to what is seen with degron-containing
NY-1V and ANDV GnTs (19, 20, 24). These findings suggest that
IEN regulation and TRAF3 binding may be conferred by discrete
elements within specific hantavirus GnTs. To determine the role
of the degron in TRAF3 binding, we mutated 3 to 5 residues within
NY-1V, ANDV, PHV, and TULV GnTs in order to either abolish
or add degron sequences (Fig. 4A). Figure 4A presents a summary
of residue changes made to GnTs that ablate the NY-1V and
ANDYV degrons (—Deg) or add degron (+Deg) domains to TULV
and PHV GnTs. We found that NY-1V or ANDV GnT degron-
deficient mutants (GnT—Deg) are stably expressed (Fig. 4B). In
contrast, wild-type (wt) PHV and TULV GnTs are normally stably
expressed, but addition of degrons to PHV or TULV GnTs
(GnT+Deg) results in their proteasomal degradation (Fig. 4C).
Similar to what is shown in Fig. 3, we analyzed the ability of wt and
mutant GnTs (+Deg and —Deg) to coprecipitate TRAF3 (Fig. 5A
to C). Figure 5A demonstrates that the wt NY-1V GnT binds
TRAF3 while a degron-deficient mutant failed to coprecipitate
TRAF3. In contrast, the wt PHV GnT protein failed to bind TRAF3
while the PHV GnT+Deg mutant coprecipitated TRAF3 (Fig.
5A). Consistent with this, we observed that neither the stably ex-
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pressed wt TULV GnT nor ANDV GnT—Deg mutant coprecipi-
tated TRAF3 (Fig. 5B and C), while both the unstable TULV
GnT+Deg mutant and the wt ANDV GnT coprecipitated TRAF3.
These findings indicate that the presence of degron domains de-
termines the ability of hantavirus GnT proteins to bind TRAF3.

Role of the degron in GnT-regulated TBK1 signaling re-
sponses. Our studies indicate that TRAF3 is recruited by GnT
degrons, but this finding fails to explain GnT regulation of TBK1-
directed ISRE responses by degron-deficient TULV GnTs (19, 20,
24, 26). To evaluate the effect of degrons on IFN pathway activa-
tion, we assayed wt and degron mutant GnT regulation of TBK1-
directed ISRE and IFN-f promoter-directed transcriptional re-
sponses. Surprisingly, we found that deleting the degron from the
NY-1V GnT had no effect on its ability to inhibit TBK1-directed
ISRE transcription (Fig. 6A). Further, adding a degron to the PHV
or TULV GnTs conferred TRAF3 binding to both mutants (Fig.
5A and B) but failed to cause the PHV GnT to inhibit TBK1-
directed ISRE transcription (Fig. 6B). Curiously, degron addition
to the TULV GnT partially reduced the ability of the TULV
GnT+Deg mutant to inhibit TBK1-directed ISRE transcriptional
responses (~50%) (Fig. 6C). However, similar to the stably ex-
pressed NY-1V GnT—Deg mutant (Fig. 6A), the ANDV GnT-
—Deg mutant inhibited TBK1-directed ISRE transcription, simi-
lar to the wt ANDV GnT (Fig. 6D). Comparative analysis of wt and
—Deg mutants of NY-1V and ANDV GnTs demonstrated that
degron-containing and -deficient GnT proteins similarly inhib-
ited TBK1-induced transcription from kB and IFN-8 promoters
(Fig. 6E and F). These findings demonstrate that degrons are not
required for GnTs to inhibit TBK1-directed IFN-f transcriptional
responses.
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FIG 5 Hantavirus GnT degrons direct TRAF3 binding. Cells were transfected
with pRK-TRAF3-N415 and wt Gal4-GnT or GnT+Deg or GnT—Deg mu-
tants (Fig. 2A) of NY1-V or PHV (A), TULV (B), or ANDV (C) and analyzed
for their ability to coimmunoprecipitate TRAF3-N415 (24). Hantavirus GnTs
were immunoprecipitated using an anti-Gal4 antibody and protein A/G Plus
agarose beads. Coprecipitated TRAF3-N415 was detected by Western blotting
(WB) using the anti-FLAG antibody (24). Input TRAF3-N415 and Gal4-GnT
proteins were analyzed by anti-FLAG or anti-Gal4 WB as indicated. HC, IgG
heavy chain.

Residues 15 to 42 from the NY-1V GnT C terminus inhibit
TBKI1 responses. To define elements required for IFN regulation,
we focused on NY-1V GnT domains and residues required for IFN
regulation. We found that deleting 42 C-terminal residues (GnT-
AC42) of the NY-1V GnT abolished TBK1 regulation (Fig. 7A)
while deleting 14 C-terminal residues (GnT-AC14) had little ef-
fect on the ability of the protein to inhibit TBK1 responses (Fig.
7A). In fact, expressing only the C-terminal 42 residues of the
NY-1V GnT inhibited TBK1 transcriptional responses in a con-
centration-dependent manner (Fig. 7B), and the GnT-C42 con-
struct coprecipitated TRAF3 (Fig. 7C). These findings suggested
that TBK1 regulation is primarily mediated by residues 15 to 42
from the GnT C terminus (NY-1V Gn residues 611 to 638).

Mutagenesis of conserved tyrosine residues within the
NY-1V GnT. The potential IFN pathway regulatory domain (res-
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idues 611 to 638) of the NY-1V GnT contains 3 conserved tyrosine
residues (Y619, Y627, and Y632) (Fig. 8A). We mutated tyrosines
to phenylalanine individually or in groups within wt GnT or GnT-
AC14 constructs and evaluated their effect on TBK1 regulation. A
summary of mutants and TBK1-regulated findings resulting in
>60% TBK1-directed ISRE transcriptional inhibition (+) is pro-
vided in Fig. 8A. We found that only mutants containing the
Y627F mutation were able to regulate TBK1-directed ISRE tran-
scription (Fig. 8A and B). We further generated and analyzed the
GnT Y627F mutation within a wt or degron mutant background
(Fig. 4A) as presented in Fig. 8C and D. Within wt or degron-
mutant NY-1V GnTs, the Y627F mutation prevented GnT regu-
lation of TBK1-directed IFN-B and kB transcriptional responses
(Fig. 8C and D). These findings indicate that the C-terminal de-
gron and Y619F or Y632F mutations are irrelevant to the regula-
tion of TBK1 responses (Fig. 8B) and suggest the importance of
Y627 in NY-1V GnT regulation.

Tyrosine 627 is required for NY-1V GnT inhibition of RIG-
I/TBK1-directed signaling. Alanine scanning mutagenesis was
used to further evaluate residues required for IFN regulation
within the NY-1V GnT. We changed 15 residues within the
NY-1V GnT 611-t0-638 domain, including 7 residues that differ
from PHV GnTs (indicated by asterisks in Fig. 9A). Only muta-
tions in tyrosine 627 (Y627 A/S) altered the ability of the NY-1V
GnT to inhibit TBKI-directed ISRE transcriptional responses
(>75%) (indicated by plus signs in Fig. 9A). Figure 9B provides
representative GnT findings demonstrating that mutagenesis of
conserved residues adjacent to residue 627 (S629A and S630A) in
the NY-1V GnT failed to alter TBK1-directed ISRE transcriptional
responses. In contrast, mutagenesis of Y627 to alanine (Y627A) or
serine (Y627S) abrogated inhibitory effects of the NY-1V GnT on
TBK1-directed ISRE transcription (Fig. 9C). Consistent with dis-
crete NY-1V GnT domains mediating TRAF3 binding and IFN
regulation, the GnT-Y627A mutant still coprecipitated TRAF3-
N415 (Fig. 9D) but lacked the ability to regulate TBK1-directed
transcriptional responses (Fig. 8C and D and 9C). These results
suggest that TRAF3 binding and IFN regulation require discrete
elements within the GnT and demonstrate that tyrosine 627 is
required to direct NY-1V GnT regulation of TBKI1 signaling re-
sponses.

RIG-I senses dsRNA, activating a signaling pathway that di-
rects TBK1 phosphorylation of IRF3 and IFN-B induction (27—
29). Here, we compared the ability of the NY-1V GnT Y627A
mutant to alter TBK1 and IRF3 phosphorylation. We observed no
difference in the total resulting TBK1 or phospho-TBK1 levels
between wt and Y627A mutant NY-1V GnTs (Fig. 10A). In con-
trast, following activation of the RIG-I pathway, we observed that
wt GnT, but not the GnT-Y627A mutant, dramatically reduced
IRF3 phosphorylation (Fig. 10B and D). This finding suggests that
the NY-1V GnT inhibits IRF3 phosphorylation via a Y627-requir-
ing mechanism.

To determine whether IRF3 phosphorylation is commonly in-
hibited by hantavirus GnTs, we comparatively evaluated RIG-I-
induced phospho-IRF3 levels in cells expressing NY-1V, PHV,
TULV, and ANDV GnT proteins. HEK293T cells were transfected
with identical amounts of plasmids expressing RIG-I and IRF3 in
the presence of cotransfected empty vector or GnT expression
plasmids. We found that while PHV failed to reduce phospho-
IRF3 levels in response to RIG-I, expression of wt NY-1V, ANDV,
and TULV GnT proteins inhibited IRF3 phosphorylation
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FIG 6 Role of degrons in GnT regulation of TBK1 signaling. HEK293 cells were transfected with an ISRE (A to D), IFN-3 promoter (E), or NF-kB promoter-driven
firefly luciferase reporter and a constitutively expressed Renilla luciferase plasmid in the presence or absence of a TBK1 expression vector. Cells were cotransfected
with plasmids expressing GnT wt or +Deg or —Deg mutants of NY-1V (A to C, E, and F), PHV (A and B), TULV (C), or ANDV (D to F) or with control pBIND
empty vector to maintain constant DNA transfection levels. Luciferase activity within lysates was determined 48 h posttransfection, normalized to Renilla
luciferase activity, and reported as the fold increase compared to that of controls lacking TBK1. Asterisks indicate statistical significance (P < 0.05). Cell lysates
were analyzed for TBK1 levels by Western blotting and compared to endogenous (3-actin protein controls. Gal4-GnT protein expression levels were determined
by anti-Gal4 Western analysis of MG132-treated cells prior to lysis. Assays were performed in triplicate with similar results in at least 2 separate experiments.
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FIG 7 C-terminal GnT deletions regulate TBK1 and bind TRAF3. (A) Plas-
mids expressing full-length NY-1V GnT or GnT with C-terminal 42- or 14-
residue deletions (GnT-AC42, GnT-AC14) were transfected into HEK293 cells
along with ISRE-luciferase (ISRE-Luc) reporter and TBK1 expression plas-
mids as described for Fig. 6. Luciferase activity within lysates was determined
48 h posttransfection, normalized to Renilla luciferase activity, and reported as
the fold increase compared to that of controls lacking TBK1 (19, 24). Protein
expression levels were analyzed as indicated for Fig. 1. (B) Increasing concen-
trations of NY-1V GnTs (0.5 to 1 pg) expressing only the C-terminal 42 resi-
dues (GnT-C42) were assayed for their ability to regulate TBK1-directed ISRE
transcription shown in panel A and compared to wt PHV GnT responses.
Luciferase activity within lysates was determined 48 h posttransfection, nor-
malized to Renillaluciferase activity, and reported as in panel A (19, 24). Assays
were performed in triplicate with similar results in at least 2 separate experi-
ments. Asterisks indicate statistical significance (P < 0.05). (C) The ability of
NY-1V GnT-C42 and PHV GnT-C42 proteins to coimmunoprecipitate
TRAF3-N415 was analyzed as described for Fig. 3.
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(Fig. 10C and D). These findings demonstrate that wt NY-1V,
ANDV, and TULV GnT proteins inhibit IRF3 phosphorylation
and suggest a common mechanism for GnTs to inhibit RIG-1/
MDAS5 induction of IFN-f3.

DISCUSSION

The successful replication of hantaviruses within human endothe-
lial cells is at least in part due to their ability to regulate the induc-
tion of IFN-3 (6, 19, 21, 47). Previous studies demonstrate that
human endothelial cells elicit a biphasic IFN response following
hantavirus infection as a result of hantavirus regulation of early,
but notlate, IFN and ISG responses (21). Hantaviruses express few
proteins with the potential to regulate cytoplasmic RIG-1 or TBK1
signaling effectors that are activated intracellularly by RNA vi-
ruses. The hantavirus nucleocapsid (N) protein is highly ex-
pressed during infection, although expressing the NY-1V N pro-
tein, including potentially encoded NSs ORF, fails to regulate
RIG-I- or TBK1-directed transcriptional responses (19, 20, 24). In
contrast, expressing the complete GnGc or the GnT proteins from
NY-1V, ANDV, and TULV regulates RIG-I- and TBK1-directed
ISRE, NF-kB, or IEN-f transcription (19, 20, 24). GnTs fail to
inhibit constitutively active IRF3-5D, indicating that regulation
occurs at the level of the MAVS-TRAF3-TBK1 complex (19,
20, 24).

GnTs of pathogenic NY-1V, ANDV, and HTNV contain de-
gron domains that direct GnT ubiquitination and degradation
(26, 48). Consistent with this, the NY-1V GnT binds the E3 ubiq-
uitin ligase TRAF3 and disrupts TBK1-TRAF3 interactions re-
quired for TBK1 activation (20). However, degrons are absent
from TULV and PHV GnTs, yet the TULV GnT inhibits RIG-I-,
MDAS5-, and TBK1-directed ISRE, kB, and IFN- transcriptional
responses (Fig. 1 and 6) (24). As aresult, discrete GnTs are likely to
block TBK1-directed IRF3 and NF-kB activation by virus-specific
mechanisms.

TRAF3 is required for IFN induction from nearly all stimuli,
and TRAF3 forms complexes with TBK1 and MAVS that are reg-
ulated by ubiquitination and deubiquitination (36, 38). Here we
evaluated the role of GnT degrons, TRAF3 binding domains, and
specific GnT residues for their role in IEN regulation. We found
that the TRAF-N domain of TRAF3 was required to bind the
NY-1V GnT (Fig. 3). This distinguishes GnT-TRAF3 complexes
from TRAF-C domains required for TRAF3 recruitment of
MAVS/UXT-V1 proteins (36) (Fig. 3A) and suggests that the GnT
does not regulate IFN signaling responses by dissociating TRAF3
from MAVS.

The roles of the degrons and TRAF3 binding in IFN regulation
remain to be defined. We mutated residues within C-terminal
degrons of NY-1V and ANDV GnTs to disrupt degrons or add
degrons to TULV and PHV GnTs by mutating residues to mimic
NY-1V GnTs (Fig. 4A). Mutating 3 to 5 residues within the C-ter-
minal degrons of the NY-1V and ANDV GnTs stabilized the pro-
teins, while adding degrons to PHV and TULV GnTs resulted in
their degradation in the absence of proteasomal inhibitors (Fig. 4B
and C). Interestingly, we observed that only GnTs containing de-
grons coprecipitated TRAF3 (Fig. 5), suggesting that the degron
mediates GnT binding to TRAF3 complexes.

However, the wt TULV GnT lacks a degron and still inhibits
RIG-I/TBK1-directed ISRE/IFN-f transcriptional responses (Fig.
1) (24). Similarly, when we evaluated NY-1V and ANDV GnT—Deg
mutants, we found that they still inhibited TBK1-directed ISRE,
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FIG 8 Role of NY-1V GnT tyrosines in TBK1 regulation. (A) A summary of Y-to-F mutations made in 3 tyrosine residues within the NY-1V GnT-AC14 construct and
the ability of the GnT-mutants to regulate TBK1 signaling responses is presented. (B to D) HEK293 cells were transfected with TBK1 expression plasmid or empty vector,
ISRE (B), IFN-B (C), or NF-kB (D) transcriptional reporters and NY-1V GnT-AC14 constructs with or without mutations in Y627F, Y619F, or Y632F (+Deg or —Deg)
asindicated. GnT effects on TBK1-directed ISRE responses were evaluated as described for Fig. 6, normalized to Renilla luciferase levels, and evaluated for comparable
protein expression levels by Western analysis using antibodies to Gal4 and B-actin as in Fig. 1. Asterisks indicate statistical significance (P < 0.05).

kB, and IFN-{ transcription responses like wt GnTs (Fig. 6A, D, E,
and F). In contrast, adding a degron to PHV or TULV GnTs failed
to confer TBK1 regulation by the PHV GnT+Deg mutant (Fig.
6B), while partially reducing TBK1 inhibition by the TULV
GnT+Deg mutant. Overall, these findings indicate that degron
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binding to TRAF3 is not required for IEN regulation by hantavirus
GnT proteins. However, we cannot exclude the possibility that
TRAF3 binding facilitates GnT regulation of TBK1, IRF3, or ubiqui-
tin ligases or alternatively TRAF3 heterotrimer formation with addi-
tional TRAF2/5 adapter proteins (36, 40, 58, 62).
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FIG 9 Residues required for NY-1V GnT-directed TBK1 regulation. (A) A summary of mutagenesis of NY-1V GnT residues (26) and their effects on
TBK1-directed ISRE responses is presented. Representative NY-1V GnT residue changes at Y627, $629, and R630 are presented and evaluated in panels Band C
for effects on TBK1-directed ISRE transcription as in Fig. 6. Asterisks (*) denote NY-1V residues that were changed to PHV residues and resulted in no change
in the ability of Gn'T mutants to regulate TBK1-directed ISRE transcriptional responses. (B) Analysis of TBK1-directed ISRE transcriptional responses directed
by GnT-R630A or GnT-S629A in comparison to wt NY-1V GnT regulation as described above. (C) Comparison of NY-1V wt, GnT-Y627A, and GnT-Y627S
mutants (0.5 or 1 ng) for regulation of TBK1-directed ISRE responses was performed as described for Fig. 7. Lysates were evaluated for comparable protein
expression levels by Western analysis using antibodies to TBK1, Gal4, and 3-actin as in Fig. 1. *, statistical significance (P < 0.05). (D) Cells were transfected with
NY-1V GnT wt or GnT-Y627A mutant and assayed for the ability of the mutant to coimmunoprecipitate TRAF3-N415 as described for Fig. 3.

Analysis of the NY-1V GnT establishes that residues 15 to 42
from the C terminus are required for TBK1 regulation (Fig. 7 and
8). Mutagenesis of residues within this NY-1V GnT (residues 15 to
42) domain resulted in only 1 change, Y627 to A, S, or F, that
prevented GnT regulation of TBK1-directed ISRE, kB, or IFN-3
transcriptional responses (Fig. 8 and 9). In contrast, mutating
NY-1V GnT-Y619F, -Y632F, -S629A, or -R630A had no effect on
TBK1-directed transcriptional responses (Fig. 8 and 9). Mutating
Y627F within the stably expressed NY-1V GnT —Deg mutant or
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degron-containing wt NY-1V GnT prevented regulation of IFN-3
transcription but was degron independent (Fig. 8C and D). More-
over, the Y627 residue was required for the NY-1V GnT to inhibit
RIG-I-directed IRF3 phosphorylation (Fig. 10). These findings
define a single tyrosine residue within the NY-1V GnT (Y627)
required for regulating RIG-I-directed IRF3 activation and ISRE,
kB, and IFN- transcriptional responses.

It remains to be determined whether GnT residues critical for
IFN pathway regulation in NY-1V are conserved across hantavi-
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FIG 10 GnTs regulate total and phosphorylated IRF3 levels. (A, B) HEK293T
cells were cotransfected with plasmid expressing empty vector, Gal4-NY-1V
GnT, or Gal4-NY-1V GnT Y627A and IRF3-T7 or TBK1-Flag expression vec-
tors as indicated. After 24 h, cells were harvested and analyzed by Western
blotting for pTBK1 (a-pTBK1-S172), total TBK1, pIRF3 (a-pIRF3-5396), to-
tal IRF3, RIG-I, B-actin, and GnT protein expression (a-Gal4) as indicated.
(C) HEK293T cells were cotransfected as in panel A to express wt Gal4-GnTs
from NY-1V, ANDV, PHV, or TULV and IRF3-T7. Cells were harvested and
analyzed by Western blotting as in panel A and Fig. 1. (D) RIG-I-directed
phospho-IRF3 levels in panels B and C were quantitated using NIH image and
standardized to endogenous B-actin protein controls.

ruses. Y627 is conserved in ANDV and TULV but also present in
the PHV GnT, which fails to regulate RIG-I/TBK1-directed re-
sponses. However, the PHV GnT uniquely contains F632 instead
of Y632, lacks a degron motif like TULV, and has 15/42 residue
differences from the NY-1V GnT. The residue changes required
for the PHV GnT to gain IFN regulating function as well as residue
requirements for ANDV and TULV GnT function remain to be
determined. Collectively, these findings indicate that unique han-
tavirus GnT configurations determine their function in regulating
human IFN responses.

In addition to regulating RIG-I-directed transcriptional re-
sponses, the Fig. 10C data demonstrate that GnTs from NY-1V,
ANDV, and TULV inhibit IRF3 phosphorylation. The absence of
direct coprecipitation of GnT-TBK1 complexes suggests several
ancillary mechanisms for regulating IRF3 phosphorylation. How-
ever, the list of potential GnT targets that regulate MAVS-TRAF3-
TBKI1 signaling responses and impact IRF3/7 and NF-kB activa-
tion is large and includes OTUD7B, Fox01, TRIAD3a, CYLD,
UXT-VI, RNF11/125, Mindbomb1/2, NLRX1, SOCS1, TRIM21/
23/28/38, 1SG56, optineurin, OTUB1/2, MIP-T3, TRAF2, NIK,
NLRP4, RAUL, TRIP, NLRC5, DUBA, NAP1, SINTBAD, ITCH,
A20, TAX1BP, AIBIN1 and NEMO (36, 39, 40, 44, 45, 54, 59,
61-63). Many of these inhibitors are E3 ligases or deubiquitinases
that regulate TFN-B induction by altering K**- or K®-linked
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polyubiquitination of MAVS, TBK1, TRAF3, or IRF3 (27, 40, 58,
62—64). Interestingly, tyrosine phosphorylation of the E3 ubiqui-
tin ligase TRIM21 regulates IRF3 activity and demonstrates a role
for phosphotyrosine regulation of serine-phosphorylated IRF3
(62). The observation that a GnT tyrosine is critical for TBK1
regulation suggests a potential role for tyrosine regulation of IRF3
activation, although Y627 is reportedly not phosphorylated (48,
49). However, RAUL, OTUD7B, Fox01, and E3 ligase regulators
may be impacted by GnTs and alter the ubiquitination of TBK1,
NEMO, TRAF3, IRF3/7, or NF-kB required for IFN-f3 induction
(34, 40, 44, 45, 54, 58, 61, 62, 65, 66). These factors provide an
array of potential GnT targets IFN regulation; however, the mech-
anism by which GnTs inhibit TBK1-directed IRF3 and NF-kB
activation remains to be revealed.

Depending on the proteins, cells, and IFN assays used to eval-
uate regulation, several hantavirus proteins or complexes have
been suggested to regulate IFN induction (19, 20, 24, 25, 47, 67,
68). Reports demonstrate that the NY-1V, TULV, or SNV GnGc
proteins or GnTs inhibit IFN induction and that inhibition is
blocked downstream of RIG-I and upstream of constitutively ac-
tivated IRF3, at the level of the TBK1 complex (19, 20, 24, 25).
Using pathway-specific inducers, ANDV GnGc and GnT proteins
also inhibit RIG-I- and TBK1-directed ISRE, kB, and IFN-f3 tran-
scription and IRF3 phosphorylation (Fig. 1, 2, and 10), while N
proteins from NY-1V and PHV have no effect on RIG-I-induced
ISRE or IFN induction (19, 20, 24, 25). One study indicates that
the ANDV GnGc as well as SNV and ANDV N proteins fail to
regulate Sendai virus (SeV)-induced IFN responses (68), but
when coexpressed, the ANDV N and GnGc were partially inhibi-
tory (68). However, SeV-induced IFN responses complicate anal-
ysis of hantavirus protein regulation since hantavirus proteins
may interfere with SeV infection rather than IFN signaling re-
sponses. Further, it is unclear whether the slow transcription and
transient IFN regulation following hantavirus infection is suffi-
cient to, or needs to, regulate the robust induction of IFN by a
rapid SeV transcriptional process.

Interestingly, human endothelial cells infected with HFRS- or
HPS-causing hantaviruses elicit high-level ISG responses at late
times postinfection, and hantavirus replication is sensitive to the
effects of IFN at early times postinfection only (19, 21). In contrast
to responses evaluated in human endothelial cells, a complete
blockade of early and late IFN responses is suggested by one study
(68), but this report uses A549 epithelial cells, which are poorly
infected by hantaviruses and result in little or no viral RNA tran-
scription (69). The combination of the multiplicity of infection
(MOI) used (0.03) with a >100-fold reduction in hantavirus in-
fection of A549 cells (68, 69) suggests that responses observed may
result from limited infection of A549 cells rather than a late ISG
blockade. Late ISG induction in hantavirus-infected endothelial
cells (21, 47) also contrasts with findings suggesting that hantavi-
ruses inhibit STAT signaling in response to type I IFN (47). Stud-
ies showed that hantavirus-infected endothelial cells elicit high-
level IFN-directed ISG responses at late times postinfection (21),
which may actually be an inherent plan for hantaviruses to estab-
lish persistence within host endothelial cells (70, 71). Although
persistence is not accomplished in humans, IFN uniquely directs
the proliferation, rather than apoptosis, of endothelial cells, and
this may limit vascular damage during infection of the endothe-
lium (72, 73).

Our studies demonstrate that unique hantavirus GnTs regulate
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RIG-I/MDAS signaling pathways but leave open the specific reg-
ulatory mechanism by which GnTs inhibit TBK1-directed re-
sponses. Studies of additional regulatory or activating factors
mentioned above have yet to be analyzed for their interactions
with GnT proteins or used to assess components of GnT com-
plexes that regulate IFN induction. Nonetheless, defining a resi-
due within the GnT that abolishes RIG-I-TBK1 regulation and is
required to inhibit IRF3 phosphorylation suggests a potential vir-
ulence determinant within NY-1V that may be used for viral at-
tenuation. Collectively, our findings define GnT interactions that
inhibit IFN-f transcriptional induction by regulating the activa-
tion of IRF3/NF-kB transcription factors. However, numerous
potential effectors that impact TBKI1-IRF3 signaling responses
(36, 40, 62, 74) require further investigation to define regulatory
interactions targeted by discrete hantavirus GnTs.
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