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Hantaviruses primarily infect the endothelial cell lining of capillaries and cause two vascular perme-
ability-based diseases. The ability of pathogenic hantaviruses to regulate the early induction of interferon
determines whether hantaviruses replicate in endothelial cells. Tula virus (TULV) and Prospect Hill virus
(PHV) are hantaviruses which infect human endothelial cells but fail to cause human disease. PHYV is
unable to inhibit early interferon (IFN) responses and fails to replicate within human endothelial cells.
However, TULV replicates successfully in human endothelial cells, suggesting that TULV is capable of
regulating cellular IFN responses. We observed a >300-fold reduction in the IFN-stimulated genes (ISGs)
MxA and ISG56 following TULYV versus PHV infection of endothelial cells 1 day postinfection. Similar to
results with pathogenic hantaviruses, expressing the TULV Gn protein cytoplasmic tail (Gn-T) blocked
RIG-I- and TBK1-directed transcription from IFN-stimulated response elements (ISREs) and IFN-£
promoters (>90%) but not transcription directed by constitutively active IFN regulatory factor-3 (IRF3).
In contrast, expressing the PHV Gn-T had no effect on TBK1-induced transcriptional responses. Analysis
of Gn-T truncations demonstrated that the C-terminal 42 residues of the Gn-T (Gn-T-C42) from TULYV,
but not PHV, inhibited IFN induction >70%. These findings demonstrate that the TULV Gn-T inhibits
IFN- and ISRE-directed responses upstream of IRF3 at the level of the TBK1 complex and further define
a 42-residue domain of the TULV Gn-T that inhibits IFN induction. In contrast to pathogenic hantavirus
Gn-Ts, the TULV Gn-T lacks a C-terminal degron domain and failed to bind tumor necrosis factor (TNF)
receptor-associated factor 3 (TRAF3), a TBK1 complex component required for IRF3 activation. These
findings indicate that the nonpathogenic TULV Gn-T regulates IFN induction but accomplishes this via
unique interactions with cellular TBK1 complexes. These findings fundamentally distinguish nonpatho-
genic hantaviruses, PHV and TULV, and demonstrate that IFN regulation alone is insufficient for
hantaviruses to cause disease. Yet regulating the early IFN response is necessary for hantaviruses to
replicate within human endothelial cells and to be pathogenic. Thus, in addition to IFN regulation,

hantaviruses contain discrete virulence determinants which permit them to be human pathogens.

Hantaviruses are enveloped viruses which are transmitted to
humans by discrete small mammal hosts (5, 40). Pathogenic
hantaviruses are responsible for two human diseases, hemor-
rhagic fever with renal syndrome (HFRS) and hantavirus pul-
monary syndrome (HPS), which are characterized by vascular
permeability deficits and acute thrombocytopenia (24, 40).
Eurasian hantaviruses, including Hantaan virus (HTNV), Do-
brava virus (DOBV), and Puumala virus (PUUV), cause
HFRS while hantaviruses identified throughout the Americas
(i.e., Andes [ANDV], Sin Nombre virus ([SNV], and New
York-1 virus ([NY-1V]) are associated with HPS (24, 40, 53).
However, at least two nonpathogenic hantaviruses have been
identified which are not associated with any human disease,
Prospect Hill virus (PHV) and Tula virus (TULV) (24, 37, 40,
46). Contrasting functions of pathogenic and nonpathogenic
hantaviruses has permitted analysis of virulence determinants
which contribute to hantavirus pathogenesis. In contrast to
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PHV, pathogenic hantaviruses have been shown to regulate
early interferon (IFN) induction (1, 14), and this finding is
consistent with IFN regulation by the Gn protein of pathogenic
hantaviruses but not nonpathogenic PHV (1, 2).

Interestingly, both pathogenic and nonpathogenic hantaviruses
infect human endothelial cells (36, 50); however, PHV induces
early cellular IFN responses (14) which block PHV replication in
human endothelial cells and, as a result, the pathogenic potential
of PHV (1, 2, 14, 40). Integrin receptor regulation further distin-
guishes pathogenic from nonpathogenic hantaviruses and is asso-
ciated with increased vascular permeability (9, 10, 16, 39). Only
pathogenic hantaviruses use o, 35 integrin endothelial cell recep-
tors, while TULV and PHYV use «sB, integrins for cell entry (7,
11, 39). B; Receptors on platelets and endothelial cells regulate
fluid barrier functions of the vasculature as well as permeability
induced by vascular endothelial growth factor (VEGF) (8, 9, 16).
Pathogenic hantaviruses dysregulate normal o, 35 integrin func-
tions through interactions with inactive conformations of the in-
tegrin and dramatically enhance endothelial cell permeability in
response to VEGF (9, 33, 39). These responses clearly differen-
tiate pathogenic hantaviruses from nonpathogenic PHV and
TULV (9, 10) and are likely to contribute, at least in part, to
hantavirus pathogenesis.
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Hantaviruses contain a trisegmented (S, M, and L) negative-
sense RNA genome and comprise a unique genus within the
Bunyaviridae family (24, 40, 53). The Hantavirus L and S seg-
ments encode the viral polymerase and nucleocapsid proteins,
respectively. The Hantavirus M segment encodes a precursor
glycoprotein which is cotranslationally cleaved into two surface
glycoproteins, Gn and Gc. The Gn protein contains a 142-
amino-acid-long cytoplasmic tail (Gn-T) which mediates sev-
eral functions, including interactions with the viral nucleocap-
sid protein that presumably nucleates viral budding into the
cis-Golgi compartment (18, 48). In pathogenic hantaviruses the
Gn-T has been shown to regulate RIG-I- and TBK1-directed
IFN induction, disrupt TRAF3-TBK1 complexes, and mediate
binding to tumor necrosis factor (TNF) receptor-associated
factor 3 (TRAF3) and Src (1, 2, 12-14). However, consistent
with the failure to replicate successfully in human endothelial
cells, the Gn-T of nonpathogenic PHV fails to regulate RIG-I-
and TBKIl-directed IFN responses (1, 2, 14). In addition to
Gn-T regulation of IFN responses, a nonstructural protein (90
residues) present in an alternate S segment (NSs) open reading
frame (ORF) of TULV and PUUYV has been suggested to
regulate IFN responses by 30% (22, 23, 37, 46, 47). However,
additional hantaviruses either do not encode NSs proteins or
encode further truncated NSs ORFs (67 to 68 residues) that
have not been identified following infection or functionally
studied for their role in regulating IFN responses (22, 23).

IFN expression is part of the innate immune response and
the first defense against invading viruses (42). Upon infection,
viral double-stranded RNA (dsRNA) is detected by the C-ter-
minal helicase domain of RIG-I, which initiates a signaling
cascade resulting in the activation of TBK1/IKKe complexes
(27, 42, 52). This, in turn, directs IFN regulatory factor 3
(IRF3) phosphorylation and NF-kB activation required for
transcription from the IFN-B promoter (19, 21). IFN- is se-
creted from endothelial cells and directs the induction of in-
terferon-stimulated genes (ISGs) through the autocrine or
paracrine activation of IFN-B receptors and downstream JAK/
STAT pathway responses (38). IRF3 activation also induces
transcription from a subset of promoters containing interferon-
stimulated response elements (ISREs), and, collectively, ISG
induction serves to limit viral replication and spread (42, 51).
However, successful viral pathogens have evolved mechanisms
to circumvent cellular IFN responses by regulating various IFN
and ISG induction pathways (20, 26, 34, 42).

In contrast to PHV, pathogenic hantaviruses NY-1V,
ANDV, and HTNV fail to induce early IFN responses (1, 14,
43), and previous findings have demonstrated that the Gn-Ts
from pathogenic hantaviruses inhibit IFN-B induction (1, 2).
NY-1V infection and expression of the NY-1V Gn-T disrupts
the TRAF3-TBK1 complex formation required for IFN induc-
tion and IRF3 activation as well as TBK1- and TRAF2-di-
rected NF-«kB activation (1, 2). In contrast, the PHV Gn-T is
unable to regulate IRF3 or NF-kB activation and IFN induc-
tion (1, 2, 14). These findings suggest that the Gn-Ts from only
pathogenic hantaviruses inhibit TBK1-directed IFN induction
and thereby block early IFN responses within infected endo-
thelial cells (1, 2).

Interestingly, although TULV is nonpathogenic, we found
that TULV replicates successfully in human endothelial cells
and to titers similar to those of pathogenic hantaviruses (9).
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This indicated a fundamental difference in endothelial cell
regulation by nonpathogenic TULV and PHV and suggested
that TULV has the ability to regulate IFN induction within
human endothelial cells. In this report, we show that, in con-
trast to PHV, TULV suppresses the IFN-induced genes MxA
and ISG56 1 day postinfection. Further expressing the TULV
Gn-T blocks TBK1-directed transcription from ISRE, IFN-,
and NF-kB promoters. These findings indicate that, similar to
pathogenic hantaviruses, nonpathogenic TULV regulates IFN
responses within human endothelial cells. We further demon-
strated that the C-terminal 42 residues the Gn-T (Gn-T-C42)
protein of TULV regulate TBK1-directed ISRE and IFN pro-
moter transcriptional responses. These findings suggest that
although IFN regulation is necessary for hantaviruses to be
pathogenic, IFN regulation is not the only determinant of the
pathogenic potential hantaviruses.

MATERIALS AND METHODS

Cells and virus. Vero E6 (ATCC CRL-1586), Cos7, and HEK293 cells (ATCC
CRL-1573) were grown in Dulbecco’s modified Eagle medium (DMEM) con-
taining 10% fetal calf serum (FCS), penicillin (100 pg/ml), streptomycin sulfate
(100 pg/ml), and amphotericin B (50 pg/ml) (Gibco). Human umbilical vein
endothelial cells (HUVECS; passages 3 to 7) were purchased from Cambrex and
grown in supplemented EBM-2 medium (Cambrex) in the presence of gentami-
cin (50 pg/ml), amphotericin B (50 pg/ml), and 10% fetal calf serum (Sigma).
PHYV and TULV were grown as previously described (11) in a biosafety level 2
facility and were determined to be mycoplasma free (Roche). Viral titers were
determined by focus assay after immunoperoxidase staining of hantavirus nu-
cleocapsid protein within Vero E6 cells as previously described (11).

Antibodies. Monoclonal anti-Gal4 (RK5C1; catalog number sc-510) and
monoclonal anti-myc (9E10; sc-40) were purchased from Santa Cruz Biotech-
nology; monoclonal anti-Flag M2 was purchased from Stratagene. Monoclonal
anti-B-actin (AC-15) was purchased from Sigma. Antinucleocapsid rabbit poly-
clonal serum directed at the NY-1V nucleocapsid protein was used to detect
nucleocapsid protein from both TULV and PHV as previously described (11).
Horseradish peroxidase (HRP)-conjugated anti-mouse and goat anti-rabbit HRP
conjugate were purchased from Kirkegaard and Perry Lab Laboratories.

Immunoperoxidase staining of hantavirus-infected cells. Briefly, cell mono-
layers were fixed in ice-cold 100% methanol and incubated with a rabbit poly-
clonal antinucleocapsid serum (1:5,000) (11). Monolayers were washed with
phosphate-buffered saline (PBS) and incubated with goat anti-rabbit horseradish
peroxidase (HRP) conjugate (Kirkegaard and Perry Laboratories). Monolayers
were washed and stained with 3-amino-9-ethyl-carbazole (0.026%) in 0.1 M
sodium acetate, pH 5.2, and 0.03% H,O, for 5 min, and nucleocapsid-containing
cells were quantitated.

Quantitative real-time PCR. Total RNA was extracted from PHV- and
TULV-infected HUVECs using an RNeasy Kit (Qiagen) according to the man-
ufacturer’s protocol. RNA (1 pg) was reverse transcribed using oligo(dT),g and
a Transcriptor First Strand cDNA Synthesis Kit (Roche) (25°C at 10 min, 55°C
at 30 min, and 85°C at 5 min). Specific primers for glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), MxA, and ISG56 were previously described (1).
Real-time PCR was performed with cDNA templates using the SYBR green
PCR Master Mix (Applied Biosystems) in an Applied Biosystems 7300 Real
Time PCR System with PCR conditions as follows: 50°C for 2 min and 95°C for
10 min, followed by 40 amplification cycles of 95°C for 15 s and 60°C for 1 min.
All reaction mixtures were normalized to GAPDH mRNA levels, and experi-
ments were performed at least three times with similar results.

Plasmids and transfections. Plasmids expressing the PHV full-length cytoplas-
mic tail (pBIND PHV Gn-T) were generated by C-terminally fusing the Gn-T
coding region to a Gal4 tag as previously described (1, 12, 13). TULV Gn-T was
constructed by extracting total RNA from TULV-infected Vero E6 cells using an
RNeasy Kit (Qiagen). RNA was reversed transcribed into cDNA as described
above using specific primers containing sequences corresponding to TULV Gn-T
(37, 46); amplified cDNA fragments were ligated into pCRII-TOPO (Invitrogen)
and subcloned into the pBIND vector (Promega) as previously described (12).
The constructs pBIND TULV Gn-T, pBIND TULV Gn-T-C42, and pBIND
PHV Gn-T-C42 were generated by amplifying the coding regions of the cyto-
plasmic tail of TULV and the C-terminal 42 amino acids of TULV Gn-T and



4754 MATTHYS ET AL.

PHYV Gn-T using PCR primers containing the BamHI and Xbal restriction sites
and ligated directionally into pBIND. The pcDNA3-TBK1, pcDNA3-IRF3-5D
(where IRF3-5D is IRF3 with five aspartic acid substitutions), pCAGGS
(N)RIG-I (a plasmid harboring an N-terminal fragment of RIG-I), pRK-
TRAF2, and pRK-TRAF3 N415 expression constructs were generated as previ-
ously described (1, 2).

For luciferase assays, transfections were performed using calcium phosphate
and 60% confluent HEK293 cells as previously described (1). Cells were trans-
fected with constant amounts of plasmid DNA for 16 h and subsequently main-
tained in DMEM with 10% FCS for 48 h prior to analysis. For coimmunopre-
cipitation experiments, Cos7 cells were transfected with 1 pg of pBIND NY-1V
Gn-T, pBIND TULV Gn-T, or pBIND PHV Gn-T and 0.5 pg of pRK-TRAF3
N415 (a plasmid expressing C-terminally truncated TRAF3) using Fugene 6
(Roche) (2). Transfected cells were analyzed 48 h posttransfection.

Luciferase assays. HEK293 cells were cotransfected with either pISRE-lucif-
erase, IFN-B-luciferase, or kB-luciferase promoter reporter constructs (Clon-
tech Laboratories, Inc.) as indicated and a Renilla luciferase construct (pRL-null;
Promega) as previously described (1, 2). Cells were cotransfected with a plasmid
expressing myc-tagged TBK1 (pcDNA-TBK1; 0.25 pg) or 0.5 pg of a plasmid
expressing TRAF2 as previously described (1). Cells were cotransfected with
constant amounts of total DNA using indicated amounts of PHV or TULV
Gn-Ts or Gn-T-C42 expression vector and empty pBIND vector. Cells were lysed
at 48 h posttransfection with 1X passive lysis buffer (Promega) for 15 min at
room temperature. Luciferase assays were performed using a Dual Luciferase
Assay Kit (Promega) according to the manufacturer’s protocol and a Turner
Designs TD 20/20 luminometer. Assays were performed in triplicate with similar
results.

Immunoprecipitation assay and Western blot analysis. Cos7 cells transfected
with expression constructs expressing Gn-Ts and TRAF3 N415 were treated with
MG132 (50 uM) as indicated 6 h before cell lysis. At 48 h posttransfection cells
were lysed in coimmunoprecipitation lysis buffer (2, 17). Lysates were clarified by
centrifugation, and the Gn-Ts were immunoprecipitated with anti-Gal4 mono-
clonal antibodies and protein A/G Plus-agarose beads (sc-2003; Santa Cruz
Biotechnology). Coimmunoprecipitated proteins were analyzed by Western blot-
ting. pBIND, pBIND Gn-Ts, pBIND-Gn-T-C42, pcDNA3-TBK1, pRK-TRAF2,
and pRK-TRAF3 N415 expression was analyzed in cotransfected HEK293 cells
and Cos7 cells. Cells were lysed in Laemmli buffer 48 h posttransfection and
analyzed by Western blotting using anti-Gal4 (Gn-T) (1:1,000), anti-myc (TBK1)
(1:1,000), and anti-Flag M2 (TRAF3 N415 and TRAF2) (1:1,000) (2). Blots were
washed with Tris-buffered saline (50 mM Tris, 100 mM NaCl, pH 7.4, 0.05%
Tween 20) and incubated with horseradish peroxidase-conjugated anti-mouse
1gG (1:2,000). Where indicated, blots were stripped with stripping buffer (62.5
mM Tris-HCI, pH 6.8, 20% SDS, 100 mM B-mercaptoethanol) and incubated
with monoclonal anti-B-actin (1:5,000). Blots were developed by fluorography
with enhanced chemiluminescence reagent (Pierce).

RESULTS

TULYV regulates early ISG induction in infected endothelial
cells. The pathogenic hantaviruses NY-1V and HTNV regulate
early IFN responses and replicate successfully within human
endothelial cells (1, 2, 14). In contrast, nonpathogenic PHV
rapidly induces innate ISG responses which restrict PHV rep-
lication within human endothelial cells (1, 14). Expression of
the cytoplasmic tail of pathogenic hantavirus Gn proteins (Gn-
T), but not PHV Gn-T, reportedly inhibits RIG-I- and TBK1-
directed ISRE and IFN-directed transcriptional responses (1,
2). This indicates that the Gn-T of pathogenic hantaviruses
regulates IFN induction and that the regulation of early IFN
responses is a determinant of hantavirus pathogenesis. How-
ever, we found that a discrete nonpathogenic hantavirus,
TULYV, also replicates successfully in human endothelial cells
(Fig. 1). While nonpathogenic PHV fails to replicate in endo-
thelial cells (1, 14) (Fig. 1), TULV titers increase 3 logs from
1 to 3 days postinfection of human endothelial cells, as well as
following infection of IFN-deficient Vero E6 cells (Fig. 1A).
Figure 1B demonstrates that both PHV and TULV similarly
infect >95% of human endothelial cells at 1 day postinfection.

J. VIROL.
A 5 HUVEC 5 Vero E6
O PHV O PHV
= TULV H TULV
4 44 M
- IE =
@ 3 g 3
= T
5 £
£ 2 =
14 14
0- 0 || | |

Days post infection Days post infection

B Day 1 Day 2 Day 3

Mock

FIG. 1. Hantavirus infection of endothelial cells. (A) Hantavirus
replication in HUVECs and Vero E6 cells. HUVECS and Vero E6
cells were infected with PHV and TULYV at a multiplicity of infection
(MOI) of 1. Viral titers were analyzed 1 to 3 days postinfection by
infectious focus assay as previously described (7). (B) HUVECs were
either infected with PHV or TULV (MOI of 1) or mock infected. Cells
were methanol fixed at 1 to 3 days postinfection, and infected cells
were detected by immunostaining using an antinucleocapsid antibody
as previously described (7).

However, 3 days postinfection nucleocapsid protein levels are
reduced within PHV-infected (1) but not TULV-infected en-
dothelial cells (Fig. 1B). Successful TULV replication within
human endothelial cells fundamentally distinguishes non-
pathogenic TULV and PHYV interactions with human endothe-
lial cells.

PHYV infection of human endothelial cells reportedly induces
IFN-B and high levels of 24 ISGs 1 day postinfection (14),
while antibodies to IFN- block PHV-induced ISG induction
(1, 14). In contrast, the successful replication of TULV within
human endothelial cells suggests that TULV, similar to patho-
genic hantaviruses, is capable of regulating early IFN re-
sponses (1, 2, 14). In order to determine whether TULV reg-
ulates the early induction of ISGs within human endothelial
cells, we evaluated TULYV induction of ISG56 (ISRE directed)
and MxA (IFN induced), which are ISGs highly induced by
PHV (14). Similar to previous reports (1, 2, 14), we found that
PHV infection of human endothelial cells induced both ISG56
and MxA 400- and 800-fold, respectively, 1 day postinfection
(Fig. 2). In contrast, TULV-infected endothelial cells resulted
in only a 10- to 30-fold induction of MxA and ISG56 at 1 day
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FIG. 2. Induction of MxA and ISG56 following TULV and PHV infection. Induction of the ISGs MxA and ISG56 was monitored by
quantitative reverse transcription-PCR. Endothelial cells were infected with either PHV or TULV at an MOI of 1. One to 3 days postinfection,
total RNAs were isolated, and MxA and ISG56 mRNA levels were determined in duplicate using quantitative reverse transcription-PCR
normalized to GAPDH mRNA levels and relative to mock-infected controls.

postinfection (Fig. 2). However, 2 to 3 days postinfection both
TULV and PHV (Fig. 2), like NY-1V and HTNV (1, 14),
induced MxA and ISG56 >500-fold. Thus, nonpathogenic
TULYV, like pathogenic NY-1V and HTNV, transiently inhibits
the early induction of ISGs within human endothelial cells (1,
14). These findings demonstrate a fundamental difference in
early IFN regulation by nonpathogenic TULV and PHV that is
consistent with the successful replication of only TULV within
human endothelial cells.

TULV Gn-T blocks ISRE and IFN-B transcription at the
level of the TBK1 complex. The Gn-Ts from pathogenic
NY-1V and nonpathogenic PHV reportedly differ in their abil-
ities to regulate ISG induction (1, 2). Expressing the NY-1V,
but not PHV, Gn-T inhibits RIG-I- and TBKI1-directed ISRE
and IFN promoter-directed transcriptional responses (1, 2).
Since TULYV, like NY-1V, replicates in human endothelial
cells, we determined whether the Gn-T of TULV also regu-
lates ISG induction. We expressed TULV and PHV Gn-Ts and
comparatively evaluated their abilities to inhibit RIG-I- and
TBK1-directed ISRE and IFN promoter-directed responses.
We found that Gn-Ts from both PHV and TULYV were stably
expressed and present at comparable levels within transfected
cells (Fig. 3A and B). Consistent with previous studies (1, 2)
the PHV Gn-T failed to inhibit RIG-I- or TBK1-directed tran-
scriptional responses (Fig. 3A and B). In contrast, expressing
the TULV Gn-T inhibited both RIG-I-directed (Fig. 3A) and
TBK1-directed (Fig. 3B) ISRE transcription in a dose-depen-
dent manner (Fig. 3B). Cellular levels of TBK1 were un-
changed by coexpression of either the TULV or PHV Gn-T
(Fig. 3B), suggesting that TULV Gn-T expression does not
inhibit ISRE-directed transcription by downregulating cellular
TBK1 levels. Further, expressing the TULV, but not PHV,
Gn-T dose dependently inhibited TBK1-directed transcription
from the IFN-B promoter by >90% (Fig. 3C). These findings
indicate that the TULV Gn-T inhibits transcriptional re-
sponses directed by ISRE and IFN-B promoters.

TBK1 phosphorylates IRF3, which translocates to the nucleus
and directs transcription from ISRE-containing promoters (20,
27, 42). A constitutively active form of IRF3 (IRF3-5D), contain-
ing five phospho-mimetic aspartic acid substitutions, induces

ISRE transcription in the absence of TBK1 activation (1, 2). We
cotransfected cells with IRF3-5D in addition to TULV or PHV
Gn-T and evaluated ISRE-directed transcription. However, nei-
ther TULV nor PHV Gn-T expression significantly inhibited
IRF3-5D-directed transcriptional responses (Fig. 3D). These
findings indicate that the TULV Gn-T inhibits transcriptional
responses at a point upstream of IRF3 activation at the level of
the TBK1 complex.

The C-terminal 42 residues of the TULV Gn-T inhibit ISRE
and IFN-B transcription. Pathogenic hantavirus Gn-Ts con-
tain degron domains within their C-terminal 42 residues (Gn-
T-C42 constructs) that have been suggested to regulate IFN
responses and contribute to pathogenesis (41). Interestingly,
both the PHV and TULV Gn-T proteins are stably expressed
in the absence of the proteasomal inhibitor MG132 (Fig. 3)
(41). Thus, similar to PHV, the TULV Gn-T lacks apparent
degron domains yet regulates IFN transcriptional responses,
like pathogenic hantavirus Gn-Ts (1, 2). In order to determine
whether the TULV Gn-T-C42 contains an IFN regulatory do-
main, we comparatively expressed the TULV and PHV Gn-T-
C42 constructs and analyzed their effects on TBK1-induced
transcription. Like the full-length Gn-T, we found that the
C-terminal 42 residues of the TULV Gn protein were stably
expressed and inhibited TBK1-directed ISRE and IFN-f tran-
scription >80% and that inhibition was dose dependent (Fig.
4A and B). Although the PHV Gn-T-C42 was also stably ex-
pressed, it failed to regulate TBKI1-directed transcriptional
responses (Fig. 4A). These findings indicate that the C-termi-
nal 42 residues of the TULV Gn-T protein are sufficient to
regulate TBK1-directed signaling responses and inhibit IFN
induction despite the lack of a degron domain.

TULV Gn-T blocks TBK1- and TRAF2-directed kB tran-
scription. IFN-B transcriptional responses require both ISRE
and NF-kB activation directed by TBK1-TRAF3 and TBKI-
TRAF2 complexes (19), respectively, and pathogenic hantavi-
rus Gn-Ts have been shown to block TBKI1-directed NF-«kB
activation (1, 2). Here, we determined whether the TULV
Gn-T also blocks TBK1- and TRAF2-induced transcription
from kB promoters. Figure 5 indicates that cells transfected
with the TULV, but not PHV, Gn-T result in a 70% to 80%
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FIG. 3. TULV Gn-T regulates RIG-I- and TBKI1-directed ISRE and IFN-B transcription. HEK293 cells were transfected with an ISRE-driven
luciferase reporter construct (A, B, and D) or an IFN-B-luciferase reporter construct (C) in the presence or absence of an activating (N)RIG-I (A), TBK1
(B and C), or IRF3-5D (D) expression vector. Cells were cotransfected with NY-1V Gn-T, PHV Gn-T, and TULV Gn-T (A and D) or increasing
amounts of plasmid (0.5, 1, and 2 pg) expressing PHV Gn-T and TULV Gn-T (B and C) and the control empty vector (pBIND) to maintain constant
DNA transfection levels. NY-1V Gn-T expression was used as a positive control. At 2 days posttransfection, cells were lysed, and luciferase activity was
measured and normalized to Renilla luciferase levels. Luciferase activity is reported as the fold increase compared to that of controls lacking (N)RIG-I,
TBK1, or IRF3-5D. Assays were performed in triplicate with similar results in at least three separate experiments. Western blot (WB) analysis indicates
equal expression of TULV Gn-T and PHV Gn-T (A and B) and of TBK1 cotransfected with TULV Gn-T and PHV Gn-T (B). Cells were lysed at 48 h
posttransfection, protein amounts were determined using bicinchoninic acid protein assay, and equal amounts were loaded onto a 10% SDS-PAGE gel.
Proteins were detected by Western blotting using anti-Gal4 or anti-myc (Santa Cruz Biotechnology) and anti-mouse HRP-conjugated secondary antibody.
Blots were stripped and reprobed with anti-B-actin (Sigma). IB, immunoblot.

decrease in TBK1- or TRAF2-directed transcription from kB regulating ISRE and IFN-B transcriptional responses at the
promoters (Fig. SA and B). Similar to the Gn-T from patho- level of TBK1-TRAF2/TRAF3 (TRAF2/3) complex.

genic NY-1V (1, 2), these findings indicate that the TULV TULV and PHV Gn-T interactions with TRAF3. A previous
Gn-T blocks TBK1- and TRAF2-directed kB transcription. report indicates that the NY-1V Gn-T coprecipitates TRAF3
Collectively, our findings are consistent with the TULV Gn-T and that Gn-T expression or NY-1V infection disrupts TBK1-
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FIG. 4. TULV C42 inhibits TBK1-directed ISRE and IFN-B activation. (A) HEK293 cells were transfected with an ISRE-driven luciferase
reporter construct in the presence or absence of an activating TBK1 expression vector. Cells were cotransfected with plasmids expressing PHV,
TULV Gn-T-C42, or an empty vector control (pBIND expressing the Gal4 tag) to maintain DNA transfection levels. (B) HEK293 cells were
transfected with an IFN-B-driven luciferase reporter construct and with or without an activating TBK1 expression vector. Cells were cotransfected
with plasmids expressing PHV Gn-T-C42, increasing amounts of TULV Gn-T-C42, or an empty vector control (pBIND) to maintain DNA
transfection levels. Two days posttransfection, luciferase activity was measured as described in the legends of previous figures, and values are
reported as the fold increase compared to controls lacking TBK1. Assays were performed in triplicate with similar results in at least two separate
experiments. Western blot (WB) analysis showing equal expression of TULV Gn-T-C42 and PHV Gn-T C42 (B) was performed. Cells were lysed
at 48 h posttransfection, and equal amounts were loaded onto a 12% SDS-PAGE gel. Proteins were detected by Western blotting using anti-Gal4
(Santa Cruz Biotechnology) and anti-mouse HRP-conjugated secondary antibody. Blots were stripped and reprobed with anti-B-actin (Sigma).

TRAF3 complex formation (2). The TULV Gn-T also inhibits
transcriptional responses at the level of the TBK1 complex
(Fig. 3 and 5), and thus we determined whether the TULV
Gn-T inhibits TBK1 responses by binding TRAF3. Cells were
cotransfected with Flag-tagged TRAF3 and the NY-1V,
TULV, or PHV Gn-T construct and analyzed for the ability of
immunoprecipitated Gn-T proteins to coprecipitate TRAF3.
The NY-1V Gn-T contains a degron which directs its protea-
somal degradation (Fig. 6) (41). Thus, the NY-1V Gn-T co-
precipitated TRAF3 only in the presence of the proteasomal
inhibitor MG132, while the stable PHV Gn-T (41) failed to
coprecipitate TRAF3 in either the presence or absence of
MG132. Contrary to our hypothesis, the TULV Gn-T also
failed to coprecipitate TRAF3 in the presence or absence of
MG132. Thus, the TULV Gn-T, similar to the NY-1V Gn-T,
regulates ISG induction (1) but accomplishes this through a
unique mechanism that is independent of degron domains and
TRAF3 binding interactions.

DISCUSSION

Although both PHV and TULYV are considered nonpatho-
genic, both hantaviruses enter and synthesize viral proteins
within human endothelial cells (5, 32, 36, 40, 50). Interestingly,
PHV titers are not amplified within human endothelial cells
while TULV replicates to levels similar to those of pathogenic
NY-1V and HTNV following infection of human endothelial
cells (1, 9, 30, 46). While PHV replicates within IFN locus-

deficient Vero E6 cells, PHV infection of endothelial cells
results in high-level induction of ISGs, which restricts PHV
replication (1, 14, 28, 43). In fact, both pathogenic and non-
pathogenic hantaviruses are sensitive to IFN pretreatment or
the addition of IFN at early times postinfection (1, 14). How-
ever, pathogenic NY-1V, HTNV, and ANDV hantaviruses
successfully replicate within human endothelial cells by block-
ing early IFN responses (1, 14). In this report, we demonstrate
that a TULV Gn-T protein regulates early cellular ISG re-
sponses similar to pathogenic hantaviruses, and thus non-
pathogenic TULV differs from PHV at a fundamental level.

Our results demonstrate that in contrast to results with the
PHV Gn-T, expressing the TULV Gn-T blocks IFN induction.
These findings are similar to functions of Gn-Ts from patho-
genic NY-1V, ANDYV, and HTNV, which also regulate TBK1-
directed transcriptional responses from ISRE, kB, and IFN-3
promoters (1, 2). In this report we have further determined
that the C-terminal 42 residues of the TULV Gn protein are
sufficient to block TBKI-directed IFN responses, and this
uniquely defines specific C-terminal residues that regulate IFN
induction. These findings demonstrate for the first time that a
nonpathogenic hantavirus Gn-T regulates cellular IFN re-
sponses. Thus, at one level, TULV has the potential to be
pathogenic since it replicates within human endothelial cells.
However, since TULV is nonpathogenic, this finding also dem-
onstrates that inhibiting early IFN responses is necessary but
insufficient for a hantavirus to be pathogenic.
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FIG. 5. TULV Gn-T inhibition of TBKI1- and TRAF2-directed
NF-«B activation. HEK293 cells transfected with an NF-«B promoter-
luciferase reporter construct in the presence or absence of activating
TBK1 (A) or TRAF2 (B) expression vectors and plasmids expressing
NY-1V (positive control) or PHV or TULV Gn-T. Luciferase activity
within lysates was determined at 48 h posttransfection and normalized
to Renilla luciferase activity, and values are reported as the fold in-
crease compared to that of controls lacking TBK1 or TRAF2. Assays
were performed in triplicate with similar results in at least three sep-
arate experiments. Western Blot (WB) analysis indicates equal expres-
sion of TRAF2 in the presence of pBIND, TULV Gn-T and PHV
Gn-T (B). Cells were lysed at 48 h posttransfection, and equal amounts
were loaded onto a 10% SDS-PAGE gel. Proteins were detected by
Western blotting using anti-Flag M2 (Stratagene) and anti-mouse
HRP-conjugated secondary antibody. Blots were stripped and re-
probed with anti-B-actin (Sigma).

Pathogenic hantavirus Gn-Ts contain a degron at their C
termini which has been suggested be a determinant of hanta-
virus pathogenesis and IFN regulation (41, 49). However, the
TULV Gn-T is not proteasomally degraded like pathogenic
hantavirus Gn-T proteins yet regulates TBK1-directed tran-
scriptional ISRE and IFN-B transcriptional responses. In con-
trast, the PHV Gn-T is stably expressed (41) but fails to reg-
ulate TBK1-directed transcription (1, 2). Although the degron

J. VIROL.

may still be a virulence determinant of pathogenic hantavi-
ruses, these findings demonstrate that the C-terminal degron is
not a requirement for Gn-T regulation of IFN responses.

Like NY-1V, the TULV Gn-T regulates TBK1 responses;
however, the TULV protein, unlike its pathogenic NY-1V
Gn-T counterpart, is unable to bind TRAF3 (2). This suggests
that the TULV Gn-T participates in interactions with compo-
nents of the TBK1 complex that are discrete from those of the
NY-1V protein. Our understanding of the TBK1 complex con-
tinues to evolve through the recent disclosure of unique path-
way-specific regulatory functions of TRAF3 (15, 31, 54) and
deubiquitinases which regulate TRAF2- and TRAF3-directed
signaling pathways (15, 31). These findings suggest that the
TULV Gn-T could interact with a number of TBK1 complex
components or regulatory factors in order to inhibit TBK1-
directed ISRE and NF-«B transcriptional responses and that
inhibition may be restricted to specific pathway activators.
These findings further suggest that the ubiquitination and deg-
radation of pathogenic hantavirus Gn-Ts (41) may contribute
to TRAF3 binding and TBKI1 regulation (1, 2). The mecha-
nism by which TULV and NY-1V Gn-Ts regulate TBK1 com-
plexes remains to be investigated.

Hantaviruses have few cytoplasmic proteins that are capable
of regulating IFN signaling pathways. The hantavirus nucleo-
capsid protein and polymerase are cytoplasmic proteins, and
the hantavirus Gn protein contains a long, 142-residue cyto-
plasmic tail (Gn-T). N-terminal Gn-T domains contain zinc
finger motifs which may serve the role of a viral matrix protein
by recruiting nucleocapsid protein complexes and directing
viral assembly (6, 18). However, expressing the complete Gn-T
or the TULV Gn-T C terminus (Gn-T-C42) regulates RIG-I-
and TBK1-directed ISG and IFN transcriptional responses (1,
2). Collectively, these findings demonstrate that IFN regula-
tion is contained within C-terminal residues of the hantavirus
Gn-T. However, residues required for IFN regulation and
Gn-T binding interactions require further investigation.

Additional hantavirus proteins may also contribute to regu-
lating IFN induction or NF-«kB activation, both of which are
required for IFN-B induction (19, 21). The nucleocapsid pro-
tein reportedly inhibits TNF-a-induced NF-«kB activation by
blocking importin a4-directed nuclear translocation (44).
However, there are no data indicating that the nucleocapsid
protein blocks IFN induction or that the PHV nucleocapsid
protein differentially regulates IFN responses. One report
demonstrates little or no change in NF-«B nuclear transloca-
tion in nucleocapsid-expressing cells, while another report in-
dicates that the effects of the nucleocapsid protein are virus
specific and limited to HTNV, DOBYV, and Seoul virus
(SEOV) (35, 45). However, the Gn-T, but not the nucleocapsid
protein, was reported to inhibit TBK1- and TRAF2/3-directed
ISRE-, IFN-, and NF-«kB-directed transcriptional responses (1,
2). Yet another report suggests that expressing the SNV gly-
coproteins Gn and Gc, but not the nucleocapsid protein, re-
duces Sendai virus-induced IFN-B promoter responses (29). In
contrast, neither the ANDV Gn and Gc glycoproteins nor the
nucleocapsid protein inhibited IFN-B promoter responses
alone, but they were suggested to reduce transcription 45%
when coexpressed (29). Thus, viral proteins that regulate IFN
responses may differ between hantaviruses. In addition to vi-
rus-specific differences, these discrepancies may reflect differ-
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1B, immunoblotting; * , IgG heavy chain.

ences between assaying nuclear translocation or transcriptional
responses or between different cell lines and pathway activa-
tors, which work through discrete receptors, pathways, and
signaling intermediates.

The nonstructural protein NSs, which is expressed from an
alternate ORF located within the S gene segment of some
hantaviruses, has also been associated with IFN regulation (22,
23, 47). A recent paper suggests that TULV and PUUV NSs
proteins localize to perinuclear domains and inhibit IFN-B and
NF-«B activation (47). However, NSs inhibits at most 30% of
IFN-B responses, and pathogenic ANDV, NY-1V, and HTNV
have truncated NSs proteins which, according to previous re-
ports, are neither expressed nor associated with IFN regula-
tion. TULV strains with full-length or truncated NSs proteins
replicate equally well for at least 10 passages in Vero E6 cells
while TULV with the truncated NSs still replicates within
IFN-competent MRCS5 cells, but for fewer passages (22, 23).
These findings make it unclear whether short NSs proteins
regulate IFN responses, whether long NSs proteins are signif-
icant regulators of IFN responses, or whether NSs cooperates
with Gn-T regulation of IFN responses.

Interestingly, hantaviruses are sensitive to the effects of IFN
only at early times postinfection and strongly induce ISGs at
later times when they appear to be resistant to IFN responses
(1, 14, 25). In fact, high-level ISG induction is observed at late
times after all hantavirus infections and occurs in the presence
of both Gn and nucleocapsid protein expression. One report
suggests that hantaviruses regulate downstream IFN receptor-
directed STAT phosphorylation at late times postinfection
(43). While all these findings conflict with the high-level ISG
induction observed days after hantavirus infection (14), they
demonstrate the transient ability of hantaviruses to regulate
IFN responses and suggest that the ability of hantavirus pro-
teins to regulate IFN responses is modulated by endothelial
cell responses during the course of infection. This underscores
the importance of understanding why hantaviruses regulate
early but not late IFN responses and of defining the mecha-
nism of hantavirus resistance to high-level IFN responses at
late times postinfection.

TULYV was previously shown to induce much lower levels of
IFN-B than pathogenic HTNV at both transcriptional and se-

creted levels at all time points, yet MxA was detectable 16 h
after TULV, but not HTNV, infection (28). In contrast, this
report suggested that TULV replication was a poor relative to
that of HTNV, based on titers determined by a chemilumines-
cence assay (28). Indeed, our results using an infectious focus
assay indicate that TULV replicates to titers reported for
pathogenic hantaviruses within human endothelial cells (1). In
addition, successful TULV replication within human endothe-
lial cells contrasts with that of PHV, which fails to increase in
viral titers (1) and induced 300-fold more MxA than TULV 1
day postinfection. These findings indicate that the nonpatho-
genic nature of TULV is not the result of a failure to replicate
within human endothelial cell targets.

Although replication within endothelial cells and evasion of
early IFN responses are requirements for hantavirus pathogen-
esis, TULV replication within human endothelial cells demon-
strates that blocking early IFN responses is not sufficient for a
hantavirus to be pathogenic. Unique integrin usage may par-
tially explain why both pathogenic and nonpathogenic hanta-
viruses enter human endothelial cells but have dramatically
different effects on endothelial cell functions (7, 9-11). The
function of B; integrins is inhibited by pathogenic hantaviruses,
and this integrin also plays an important role in stabilizing fluid
barrier functions of the endothelium by regulating permeabi-
lizing responses of VEGF and platelet activation (3, 4, 7, 8,
9-11, 16, 39). In contrast, nonpathogenic TULV and PHV
have no effect on B; integrin functions, and only pathogenic
hantaviruses enhance VEGF-directed endothelial cell perme-
ability, which may contribute to pathogenesis (7, 9-11, 16, 39).
Findings presented here demonstrate that in addition to IFN
regulation, other virulence determinants are required for
TULV and PHYV to be pathogenic. Conversely, these findings
support the concept that altering IFN regulatory functions of
pathogenic hantavirus Gn-Ts may be used as a mechanism for
hantavirus attenuation.
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