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Hantaviruses cause two diseases with prominent vascular permeability defects, hemorrhagic fever with renal
syndrome and hantavirus pulmonary syndrome. All hantaviruses infect human endothelial cells, although it is
unclear what differentiates pathogenic from nonpathogenic hantaviruses. We observed dramatic differences in
interferon-specific transcriptional responses between pathogenic and nonpathogenic hantaviruses at 1 day
postinfection, suggesting that hantavirus pathogenesis may in part be determined by viral regulation of cellular
interferon responses. In contrast to pathogenic NY-1 virus (NY-1V) and Hantaan virus (HTNV), nonpatho-
genic Prospect Hill virus (PHV) elicits early interferon responses following infection of human endothelial
cells. We determined that PHV replication is blocked in human endothelial cells and that RNA and protein
synthesis by PHV, but not NY-1V or HTNYV, is inhibited at 2 to 4 days postinfection. The addition of antibodies
to beta interferon (IFN-) blocked interferon-directed MxA induction by >90% and demonstrated that
hantavirus infection induces the secretion of IFN-3 from endothelial cells. Coinfecting endothelial cells with
NY-1V and PHY resulted in a 60% decrease in the induction of interferon-responsive MxA transcripts by PHV
and further suggested the potential for NY-1V to regulate early IFN responses. Expression of the NY-1V G1
cytoplasmic tail inhibited by >90% RIG-I- and downstream TBK-1-directed transcription from interferon-
stimulated response elements or -interferon promoters in a dose-dependent manner. In contrast, expression
of the NY-1V nucleocapsid or PHV G1 tail had no effect on RIG-I- or TBK-1-directed transcriptional responses.
Further, neither the NY-1V nor PHV G1 tails inhibited transcriptional responses directed by a constitutively
active form of interferon regulatory factor 3 (IRF-3 5D), and IRF-3 is a direct target of TBK-1 phosphorylation.
These findings indicate that the pathogenic NY-1V G1 protein regulates cellular IFN responses upstream of
IRF-3 phosphorylation at the level of the TBK-1 complex. These findings further suggest that the G1 cyto-
plasmic tail contains a virulence element which determines the ability of hantaviruses to bypass innate cellular
immune responses and delineates a mechanism for pathogenic hantaviruses to successfully replicate within

human endothelial cells.

Hantaviruses are spread to humans from small mammal
hosts and cause two diseases with acute vascular permeability
defects, hemorrhagic fever with renal syndrome (HFRS) and
hantavirus pulmonary syndrome (HPS) (7, 35, 48, 66). Hanta-
viruses predominantly infect vascular endothelial cells and
cause acute thrombocytopenia, providing a focus for hantavi-
rus-directed changes in vascular permeability and viral patho-
genesis (10, 35, 38, 66, 67). The use of avPp3 integrins on
endothelial cells is a common feature of pathogenic HPS
(NY-1 virus [NY-1V] and Sin Nombre virus) and HFRS (Han-
taan virus [HTNV], Puumala virus, and Seoul virus) causing
hantaviruses and is linked to vascular diseases caused by the
absence of B3 integrin function (15, 16, 43). Pathogenic han-
taviruses use av33 for cellular entry and also dysregulate avp3
functions which maintain vascular integrity. In contrast to
pathogenic hantaviruses, a5B1 integrins are used by Prospect
Hill virus (PHV) and Tula virus, which are not associated with
any human disease.
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The ability of both pathogenic and nonpathogenic hantavi-
ruses to infect human endothelial cells indicates that cellular
entry is not the only determinant of hantavirus pathogenesis.
Hantavirus infection of endothelial cells is not lytic, and han-
taviruses cause little or no damage to the vasculature (30, 35,
38, 42, 58, 64, 66). Hantaviruses can be passaged with and
persistently infect cells in vitro, and hantavirus infection of host
endothelial cells results in a persistent infection of the animal
in the absence of disease (48). The ability of pathogenic and
nonpathogenic hantaviruses to infect human endothelial cells
suggests that the regulation of intracellular responses and
pathways is likely to contribute to the pathogenic potential of
specific hantaviruses.

Viral infections produce small amounts of double-stranded
RNA (dsRNA) which trigger the induction of type I interferon
(alpha/beta interferon [IFN-o/B]) and direct an innate cellular
defense program that limits the spread of invading pathogens
(20, 54, 60). Viral dsRNA is detected by a recently discovered
RNA helicase, RIG-I (retinoic acid-inducible gene I), which
activates IFN signaling pathways (65). RIG-I directs IFN sig-
naling responses through protein-protein interactions of its
caspase recruitment-like domains (CARDs) with MAVS, re-
sulting in the activation of TBK-1 (TANK binding kinase 1)
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and IKKe (28, 34, 51, 62). TBK-1 interacts with TANK and
recruits tumor necrosis factor receptor-associated factor scaf-
folding proteins to TBK-1 complexes (40, 46). Activated
TBK-1 directs interferon regulatory factor 3 (IRF-3) phosphory-
lation and NF-kB activation, both of which are required for
IFN-B transcription (12, 23). IFN-B is secreted from infected
cells and directs autocrine and paracrine signaling responses by
binding to cellular IFN receptors. In response to IFN, IFN
receptors activate JAK/STAT signaling pathways and direct
transcription of interferon-stimulated genes (ISGs), which am-
plify the IFN response and disrupt viral transcription and
translation (8, 9, 54).

Regulating IFN responses is fundamental to viral success
and may further determine the ability of viruses to replicate in
specific hosts, tissues, or cells. To negotiate cellular defenses,
viruses have developed mechanisms that block dsSRNA recog-
nition, regulate cell signaling pathways that induce interferon,
or compensate for ISG functions (5, 22, 27). However, hanta-
viruses have relatively little genetic capacity for regulating cel-
lular IFN responses. Hantaviruses are enveloped negative-
stranded RNA viruses with a tripartite genome and replicate
cytoplasmically (48). Hantaviruses encode four proteins: a
polymerase, a nucleocapsid protein, and two virion surface
glycoproteins, G1 and G2, which are synthesized as a polypro-
tein and cotranslationally cleaved during translocation. G1 and
G2 form heterodimers which assemble into higher-order oli-
gomers and comprise the highly structured virion surface of
hantavirus particles. G1 and G2 oligomers are trafficked to the
cis-Golgi, and hantaviruses bud into the lumen of the cis-Golgi.
G1 and G2 are not posttranslationally modified in the Golgi,
and virion release is consistent with a novel vesicular secretory
process (25, 36, 37, 47).

There is little information on the regulation of endothelial
cell signaling and cellular defense responses by hantaviruses.
Hantaviruses lack the nonstructural proteins of other bunya-
viruses which reportedly facilitate viral replication and regulate
cellular interferon responses. Hantaviruses have three cyto-
plasmic proteins, the polymerase, the nucleocapsid protein,
and the G1 cytoplasmic tail, that have the potential to regulate
innate cellular responses (50, 53). The hantavirus G1 protein
contains a large 142-residue cytoplasmic tail which reportedly
binds cellular kinases and is ubiquitinated and degraded by the
proteasome (17, 18). However, a role for G1 tail interactions in
the regulation of cellular IFN responses has not been estab-
lished.

The ability of hantaviruses to enter endothelial cells and
establish persistence in animals suggests that all hantaviruses
are able to regulate innate endothelial cell defenses within
their hosts. The dramatic induction of IFN responses by PHV,
but not pathogenic NY-1V (HPS) or HTNV (HFRS), was
reported 1 day postinfection (p.i.) of human endothelial cells,
using DNA arrays (19, 29). These findings suggested that dif-
ferences in hantavirus-directed endothelial cell responses
might determine the pathogenic potential of hantaviruses at a
postentry step. The effect of IFN responses directed by PHV
has not been further evaluated, and it is unclear whether IFN
responses limit PHV infection of human endothelial cells.

Here, we report that PHV replication within human endo-
thelial cells is blocked and that PHV protein and RNA syn-
thesis are inversely related to PHV-induced IFN responses 2 to

NY-1V G1 INHIBITS RIG-I- AND TBK-1-DIRECTED RESPONSES 9677

5 days p.i. In contrast, HTINV and NY-1V productively repli-
cate within human endothelial cells and protein and RNA
synthesis by these pathogenic hantaviruses are not restricted at
1 to 5 days p.i. Coinfection of cells with PHV and NY-1V
reduced PHV-directed IFN responses, and cells infected with
pathogenic hantaviruses developed resistance to exogenously
applied IFN from 12 to 24 h p.i. Expression of the NY-1V, but
not the PHV, G1 cytoplasmic tail inhibited RIG-I- and TBK-
1-directed IFN responses. The inability of the NY-1V G1 tail
to inhibit IRF-3 5D-directed transcription indicates that the
G1 tail blocks IFN pathway activation upstream of IRF-3 phos-
phorylation at the level of the TBK-1 complex. Our findings
indicate that the pathogenic NY-1V G1 cytoplasmic tail regu-
lates IFN signaling pathway activation, which permits the pro-
ductive replication of NY-1V within human endothelial cells.

MATERIALS AND METHODS

Cells and virus. Biosafety level 3 facilities were used throughout these exper-
iments for hantavirus cultivation. Vero E6 cells were grown in Dulbecco’s min-
imal essential medium, 10% fetal calf serum (FCS), L-glutamine, penicillin, and
streptomycin (Gibco). Human umbilical vein endothelial cells (HUVECs) were
purchased from Clonetics (Walkersville, MD). Endothelial cells were grown in
endothelial cell basal medium 2 supplemented with human recombinant epider-
mal growth factor (10 ng/ml), hydrocortisone (1 wg/ml), gentamicin (50 pg/ml),
amphotericin B (50 wg/ml), 0.1% endothelial growth factor, and 2% FCS (Clo-
netics) (16). HUVECs were used for three to six passages. NY-1V, HTNV
76-118, and PHV were mycoplasma free and cultivated in Vero E6 cells as
previously described (48).

Hantavirus infection. Cells were infected in six-well plates with viral stocks
containing approximately 5 X 10° focus-forming units (FFU) per ml, as deter-
mined by a focus assay with Vero E6 cells (16). Virus was adsorbed to cells at a
multiplicity of infection (MOI) of 1 for 1 h at 37°C as indicated. Virus was
removed, monolayers were washed with media, and cells were maintained in
complete media with 2% FCS. At various times p.i., the titer of virus in cell
supernatants was determined by titration on Vero E6 cells as previously de-
scribed (16). In some experiments, 1,000 IU/ml human IFN-« (Sigma) was added
24 h prior to, or at various times after, mock infection or infection with NY-1V,
HTNYV, or PHV (MOI of 1). In other experiments, cells were treated with 500
U/ml of neutralizing antibody to IFN-a or IFN-B, as indicated, following ad-
sorption. These experiments were performed at least five times with similar
results.

Immunoperoxidase staining of hantavirus-infected cells. Inmunoperoxidase
staining of the hantavirus nucleocapsid protein within infected cells has previ-
ously been described (14). Briefly, cell monolayers were fixed with 100% meth-
anol and incubated with a rabbit polyclonal anti-nucleocapsid serum (1:2,000)
made to the recombinant nucleocapsid protein of NY-1V. Monolayers were
washed with phosphate-buffered saline (PBS) and incubated with goat anti-
rabbit horseradish peroxidase (HRP) conjugate (Kirkegaarde and Perry Labo-
ratories). Monolayers were washed with PBS 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 to
30 min (14). Monolayers were washed with distilled water, and the number of
nucleocapsid protein-containing infected cells present in duplicate wells was
quantified and compared to that of the controls.

Real-time PCR analysis. Total RNA was extracted from cells using the
RNeasy kit (QIAGEN, Chatsworth, CA), according to the manufacturer’s pro-
tocol. RNA (1 pg) was reverse transcribed using oligo-p(dT),s or p(dN), primers
and the First Strand cDNA synthesis kit (Roche) according to the company’s
protocol. Primers were designed using Vector NTI Suite so that primer pairs
were 100 to 150 nucleotides apart and had similar GC contents and melting
temperatures. Specific primers were made to S segments from NY-1V, HTNV,
and PHV as well as GAPDH (glyceraldehyde-3-phosphate dehydrogenase) and
MxA at the following nucleotide positions: NY-1V forward, positions 126 to 145;
NY-1V reverse, positions 257 to 277 (52); HTNV forward, positions 798 to 817;
HTNYV reverse, positions 914 to 933 (49); PHV forward, positions 184 to 203;
PHYV reverse, positions 307 to 326 (39); GAPDH forward, positions 4357 to 4375
(GGAAGCTCACTGGCATGGC); GAPDH reverse, positions 4408 to 4427
(TAGACGGCAGGTCAGGTCCA) (33); MxA forward, positions 379 to 397
(TGATCCAGCTGCTGCATCCC); and MxA reverse, positions 477 to 496 (G
GCGCACCTTCTCCTCATAC) (1). Real-time PCR was performed with cDNA
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FIG. 1. Hantavirus replication in HUVECs and Vero E6 cells. Vero E6 cells (A) and HUVECs (B) were infected with NY-1V, HTNV, or PHV
at an MOI of 1. Viral titers in the supernatant of infected cells were analyzed 1 to 7 days postinfection by an infectious focus assay (16). Days
postinfection are indicated on the x axis, and titers are represented as FFU/ml.

templates in a LightCycler reaction mixture: FastStart DNA Master SYBR green
I (Roche), 4 mM MgCl,, and 0.5 pM of each primer pair. LightCycler PCR
conditions were as follows: 95°C for 5 min, followed by 30 amplification cycles of
95°C for 15 seconds, 62°C for 5 seconds, and 72°C for 5 seconds. Melting curve
analysis was used to confirm PCR product identity. The results were compared
to those of controls lacking cDNA template, and GAPDH primer-directed real-
time PCRs were used to normalize sample cDNA levels (19). Experiments were
performed three times with similar results.

For ISG56 analysis, HUVECs were infected with PHV or NY-1V and RNA
was extracted as described above. ISG56 mRNA levels were determined relative
to those of mock-infected controls, using TagMan primers for ISG56 (Applied
Biosystems). Real-time PCR was performed using an Applied Biosystems 7300
real-time PCR machine. Thermocycling conditions were as follows: 50°C for 2
min, 95°C for 10 min, 95°C for 15 sec, and 60°C for 1 min for a total of 40 cycles.
All reactions were normalized to TagMan-derived GAPDH mRNA levels.

Western blot analysis. Western blot analysis was performed as previously
described (17, 18). Briefly, infected HUVECs (1 X 10°) were lysed as previously
described at various times p.i., protein levels were determined by a bicinchoninic
acid assay (Pierce), and 2.5 to 5 ng of protein was separated by 10% sodium
dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis. Proteins were trans-
ferred to nitrocellulose using a Novex XCell electroblotter and blocked with 5%
bovine serum albumin, and nucleocapsid proteins were detected using rabbit
anti-nucleocapsid sera (1:10,000) followed by anti-rabbit HRP-conjugated anti-
body (1:5,000) (Amersham). G1 cytoplasmic tail and N protein expression was
evaluated following transfection of COS7 cells that were treated with MG132 (50
nM) at 40 h posttransfection. Cells were lysed in 2X sample buffer (100 mM
Tris-Cl, pH 6.8, 200 mM dithiothreitol, 4% SDS, 0.2% bromophenol blue, 20%
glycerol) and subjected to Western blot analysis at 48 h posttransfection as
described above, using a monoclonal anti-GAL4 antibody (1:2,000) from Santa
Cruz Biotechnology (GAL4 [RKS5C1], sc-510). Tubulin was detected using a
monoclonal anti-tubulin antibody (1:2,000) from Sigma (anti-B-tubulin clone
TUB 2.1, T-4026), and Western blots were developed by using ECL reagent
(Amersham) and exposing the blots to XAR-5 film (Kodak). Western blotting
was performed three times with similar results.

Hantavirus protein expression plasmids and transfections. Constructs ex-
pressing the NY-1V G1 cytoplasmic tail (pBIND-NY1Glcyto), the PHV Gl
cytoplasmic tail (pBIND-PHVGlcyto), and the NY-1V nucleocapsid protein
(pBIND-NY1-S) were generated by C-terminally fusing coding regions to a
GALA tag as previously reported (17). Briefly, coding regions were amplified
with PCR primers containing BamHI and Xbal restriction sites and ligated
directionally into the pBIND expression vector (Promega). All transfections
were performed in subconfluent monolayers of HEK 293 cells (~1 X 10°) in
six-well plates (Corning, Inc.), using the calcium phosphate method as previously
described (17). Cells were transfected with constant amounts of plasmid DNA
for 16 h, washed in 2 ml of PBS (1 min), and grown in complete medium
(Dulbecco’s minimal essential medium with 10% FCS, penicillin, and strepto-
mycin) for 48 h before analysis.

Luciferase assays. HEK 293 cells were cotransfected with 0.5 pg pISRE-Luc
(Clontech Laboratories, Inc.) containing five copies of the interferon-stimulated
response element (ISRE) binding site or 0.5 g of the IFN-B promoter luciferase
reporter as indicated, as well as 250 ng of PRL null (Promega), a constitutively
active Renilla luciferase expression vector. Cells were cotransfected with 250 to

500 ng of a plasmid expressing myc-tagged TBK-1 (pC-TBK-1), generously
provided by Joel Pomerantz and David Baltimore (California Institute of Tech-
nology, Pasadena, CA) (40), or indicated amounts of a construct expressing
N-terminal CARDs of RIG-I [(N)RIG, residues 1 to 284; a gift from Michael
Gale, University of Texas Southwest Medical Center, Dallas, TX] (55) or a
constitutively active form of IRF-3 (IRF-3 5D) (31, 32) with an N-terminal green
fluorescent protein tag (a gift from John Hiscott, McGill University, Montreal,
Canada). Cells were transfected with the indicated amounts of expression vector,
and the total amount of plasmid DNA transfected was kept constant using empty
pBIND vector. Cells were lysed at 48 h posttransfection in 1X passive lysis buffer
(Promega) by incubation at 25°C (15 min) with gentle agitation. All luciferase
assays were performed at least three times with similar results using the Dual-
Luciferase assay system (Promega) and a Turner Designs TD 20/20 luminometer.

RESULTS

PHY replication is inhibited in endothelial cells. Pathogenic
and nonpathogenic hantaviruses reportedly infect human endo-
thelial cells (64). However, recent findings suggest that funda-
mental differences in hantavirus-elicited interferon responses
might limit replication of some nonpathogenic hantaviruses.
Vero E6 cells, which are used for the growth of all hantavi-

S segment RNA (Fold of 1 day p.i.)

1 2 3 4 1 2 3 4 1 2

3 4 Days

NY-1V HTNV PHY

FIG. 2. Kinetics of S segment RNA synthesis during hantavirus
infection. HUVECs were mock infected or infected with NY-1V,
HTNV, or PHV (MOI of 1). S segment RNA levels were determined
by quantitative real-time PCR using hantavirus S segment-specific
primers 1 to 4 days postinfection, and responses from duplicates were
normalized to GAPDH mRNA levels. Experiments were performed
twice with similar results, and mRNA levels are expressed as the
change (n-fold) from 1-day levels.
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FIG. 3. Western blot analysis of N protein expression. HUVECs
were infected with NY-1V, HTNV, or PHV (MOI of 1) or mock
infected (C). Cells were lysed at 1 hour or 1 to 5 days postinfection as
indicated. Total protein levels were determined, and an equivalent
amount of whole-cell lysate was separated by 10% SDS-polyacrylamide
gel electrophoresis. Proteins were detected by Western blotting using
anti-nucleocapsid polyclonal rabbit antibody or anti-tubulin monoclo-
nal antibody (Sigma), species-specific secondary antibodies (HRP con-
jugated), and enhanced chemiluminescence (Amersham).

ruses, lack the type I interferon locus, further suggesting that
interferon responses of endothelial cells may restrict replica-
tion of some hantaviruses. Since there is little information on
the replication of nonpathogenic hantaviruses in human endo-
thelial cells, we compared the abilities of nonpathogenic
(PHV) and pathogenic (HTNV and NY-1V) hantaviruses to
replicate in Vero E6 cells and HUVECs. Cells were infected at
an MOI of 1, and virus present in cell supernatants was titered
at various times postinfection (Fig. 1A). PHV, NY-1V, and
HTNYV replicated in Vero E6 cells, resulting in titers of 1 X 10°
to 1 X 10* FFU/ml 3 to 4 days p.i. and reaching higher titers at
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6 to 7 days p.i. (Fig. 1A). NY-1V and HTNYV similarly reached
titers of 1 X 107 to 1 X 10* FFU/ml at 3 to 4 days postinfection
of HUVECs (Fig. 1B). In contrast, there was little PHV rep-
lication within HUVECs at 1 to 7 days postinfection, with
maximal titers of 5 to 50 FFU/ml in supernatants (Fig. 1B).
These findings suggest that PHV replication is inhibited within
human endothelial cells.

PHY transcription and protein synthesis are altered in en-
dothelial cells. In order to determine why PHV replication is
blocked in endothelial cells, we comparatively evaluated hantavi-
rus transcription levels within HUVECs. Hantavirus mRNA lev-
els were quantitated using real-time PCR and standardized to
cellular GAPDH mRNA levels (Fig. 2). As previously re-
ported, S segment mRNA levels within NY-1V-, HTNV-,
and PHV-infected endothelial cells were similar 1 day p.i
(19), and this similarity is reflected in comparable N protein
levels within infected cells (Fig. 3). NY-1V and HTNV S
segment mRNAs increased to maximal level 3 to 4 days p.i.,
while peak PHV S segment mRNA levels were observed 1
day p.i. and decreased 10- to 20-fold 2 to 4 days p.i. (Fig. 2).

Immunoperoxidase staining of nucleocapsid protein in in-
fected monolayers indicated that nearly every cell contained
clearly detectable levels of N protein at 1 day postinfection
with PHV, NY-1V, and HTNV. Interestingly, we visually noted
that nucleocapsid protein levels within PHV-, but not HTNV-
or NY-1V-, infected cells declined 1 to 4 days postinfection. In
order to demonstrate differences in nucleocapsid protein lev-
els, we evaluated nucleocapsid protein expression in NY-1V-,
HTNV-, and PHV-infected endothelial cells by Western blot
analysis 1 to 5 days p.i. Comparable levels of nucleocapsid
protein were observed 1 day postinfection with NY-1V,
HTNV, and PHV, and nucleocapsid protein levels persisted
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FIG. 4. Kinetics of MxA and ISG56 mRNA induction during hantavirus infection. HUVECs were infected with NY-1V or PHV (MOI of 1)
or mock infected. One day postinfection, ISG56 (A) and MxA (B) mRNA levels were determined, relative to those of mock-infected controls, using
quantitative real-time PCR and normalized to GAPDH mRNA levels. MxA mRNA levels were quantified 0, 1, 2, and 3 days postinfection.
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FIG. 5. Antibody to IFN- inhibits hantavirus-directed MxA induc-
tion. HUVEC:s were infected at an MOI of 1 with NY-1V or PHV or
mock infected. Following adsorption, anti-IFN-a or anti-IFN-B neu-
tralizing antibodies were added to the media as indicated and MxA
mRNA levels were quantified by real-time PCR as described above.
MxA levels are shown as the increase (n-fold) compared to those of
mock-infected controls. The scales of the y axes for NY-1V and PHV
differ 10-fold. Ab, antibody.

within NY-1V- and HTNV-infected cells from 1 to 5 days
postinfection (Fig. 3). In contrast, nucleocapsid protein levels
in PHV-infected cells decreased dramatically 2 to 4 days p.i.,
with no apparent nucleocapsid protein present 5 days p.i. (Fig.
3). Compared with pathogenic NY-1V and HTNV, our find-
ings demonstrate that PHV mRNA and nucleocapsid protein
synthesis are dramatically reduced 2 to 5 days postinfection of
human endothelial cells.

Induction of ISG56 and MxA following hantavirus infection.
IFNs and ISGs are known to regulate viral transcription and
replication (22). Using real-time PCR, we studied the tran-
scription of ISG56 and MxA, which are induced by IFN secre-
tion and binding to IFN receptors. One day postinfection, we
found that PHV infection of human endothelial cells directed
a >225-fold increase in ISG56 mRNA compared to a 6-fold
increase in ISG56 mRNA by NY-1V (Fig. 4A). PHV also
directed a 539-fold increase in MxA, while pathogenic NY-1V
or HTNV induced a substantially smaller 9- or 31-fold increase
in MxA, respectively, (Fig. 4B). By 3 days p.i. all three hanta-
viruses induced MxA to high levels, although NY-1V directed
an approximately 30-fold-lower MxA response than HTNV or
PHV. These studies demonstrate that nonpathogenic PHV
and pathogenic NY-1V and HTNV differentially direct IFN
responses 1 day postinfection of human endothelial cells.
High-level IFN responses induced by PHV at 1 day postinfec-
tion are consistent with reduced PHV transcription, protein
synthesis, and replication in human endothelial cells. These
findings further suggest that NY-1V and HTNV may regulate
early IFN responses during infection.

Hantaviruses direct the secretion of IFN-3 from endothelial
cells. Minute amounts of secreted interferon (type I, alpha or
beta) direct the autocrine or paracrine activation of IFN re-
ceptors, which amplify IFN signals and induce the high-level
transcription of a large number of ISGs, including MxA (3, 44,
45). In order to demonstrate that hantaviruses direct MxA
responses through secreted IFNs, we added function-blocking
antibodies to IFN-a or IFN-B to the media of infected cells
and assayed MxA induction 1 day after hantavirus infection.
PHYV directed a 10-fold-higher level of MxA induction than
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FIG. 6. Hantavirus replication in the presence of type I interferon.
(A) Vero EG6 cells were pretreated in duplicate with 1,000 IU/ml IFN-a
or left untreated for 24 h prior to infection with NY-1V, HTNV, or
PHV (MOI of 1) or mock infection. Hantavirus titers were determined
using a focus assay 0, 1, 3, and 5 days postinfection as previously
described (16). (B) HUVECs were infected as for panel A prior to the
addition of 1,000 IU/ml of IFN-a 6 to 24 h postinfection or were left
untreated (UN) as indicated. Three days postinfection, cell superna-
tants were titered on Vero E6 cells by using a focus assay (16).

NY-1V 1 day postinfection (Fig. 5). When neutralizing anti-
bodies to IFN-B, but not IFN-«, were added to the media,
MXxA induction was blocked following infection by NY-1V or
PHV. This demonstrates that hantavirus infection directs the
secretion of IFN-B from human endothelial cells, which in turn
directs MxA transcription (Fig. 5).

Hantavirus replication is IFN sensitive. In order to deter-
mine whether hantaviruses are sensitive to type I IFN, human
endothelial cells were pretreated with IFN-a (1,000 IU/ml) 1
day prior to infection with HTNV, NY-1V, or PHV. IFN pre-
treatment completely inhibited the replication of NY-1V,
HTNYV, and PHV, while PHV replication in human endothe-
lial cells was restricted even without added IFN (Fig. 6A).
These findings indicate that pathogenic hantaviruses are acutely
sensitive to the prior addition of IFN and suggest that pathogenic
hantaviruses need to regulate IFN responses to successfully rep-
licate within endothelial cells.

Pathogenic hantaviruses develop resistance to IFN addition
during infection. To determine whether pathogenic hantavi-
ruses develop resistance to IFN during the course of infection,
we added IFN to cells at various times following hantavirus
infection (6 to 24 h) and monitored viral titers at 3 days postin-



VoL. 80, 2006
~ 125-
=] I
&
=
S 1007
[
(=]
=
g 75
2
3z
P 50
4
(-4
E 251
-
]
z ||
rav PHYV + NY-1V

NY-1V
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scribed above, and they are reported as the increase (n-fold) in mRNA
levels compared to those of mock-infected controls.

fection. PHV replication was not detectable in endothelial cells
with or without IFN treatment, and the addition of IFN 6 to
12 h after NY-1V or HTNV infection blocked replication al-
most entirely (Fig. 6B). In contrast, when IFN was added
between 15 and 24 h p.i. we observed a gradual increase in
NY-1V and HTNV titers (Fig. 6B), demonstrating the pro-
gressive insensitivity of NY-1V and HTNV replication to
IFN addition. Collectively, our findings are consistent with
the ability of pathogenic hantaviruses to synthesize products
which regulate early IFN responses and, at later times
postinfection, block the effects of IFN-induced ISGs that
limit viral replication.

NY-1V coinfection of human endothelial cells attenuates
PHV-directed MxA induction. The potential for pathogenic
hantaviruses to regulate IFN responses suggested that
NY-1V might suppress IFN responses directed by PHV (19).
In order to test this, we compared the induction of MxA
during NY-1V and PHV coinfection with that of MxA dur-
ing infection with each virus alone by using real-time PCR.
We found that PHV induced MxA over 100-fold and at least
10-fold more than NY-1V infection alone (Fig. 7). In con-
trast, coinfecting endothelial cells with PHV and NY-1V
resulted in a 66% reduction in PHV-directed MxA tran-
scription (Fig. 7). Although these findings suggest that
NY-1V might repress early IFN responses directed by PHV,
this experiment does not exclude the possibility that NY-1V
interferes with PHV transcription.

Hantavirus G1 protein blocks cellular IFN responses. In
order to determine whether pathogenic hantavirus proteins are
capable of regulating IFN signaling pathways, we compared
the abilities of the hantavirus N and G1 cytoplasmic tail pro-
teins to regulate IFN pathway activation directed by RIG-I and
TBK-1. We cotransfected cells with a constitutively active
RIG-I construct containing only the N-terminal CARD and a
luciferase reporter driven by an ISRE. We evaluated the ability
of NY-1V nucleocapsid or G1 cytoplasmic tail proteins to

NY-1V G1 INHIBITS RIG-I- AND TBK-1-DIRECTED RESPONSES 9681

regulate RIG-I-directed ISRE activation. RIG-I induced ISRE
transcription approximately 130-fold compared to controls,
and expression of the NY-1V N protein or the PHV G1 cyto-
plasmic tail had little effect on RIG-I-directed ISRE transcrip-
tion (Fig. 8A). In contrast, expressing the NY-1V G1 cytoplas-
mic tail inhibited RIG-I-directed ISRE transcription (Fig. 8A)
and cotransfecting increasing amounts of the NY-1V Gl tail
expression plasmid resulted in a concomitant decrease in RIG-
I-directed ISRE transcription (>90%) (Fig. 8B). These results
indicate that the NY-1V G1 cytoplasmic tail blocks RIG-I-
directed transcriptional responses from ISRE-containing pro-
moters.

Sequence differences within the G1 tails of NY-1V and PHV.
An analysis of NY-1V and PHV G1 cytoplasmic tails revealed
the presence of 41 different residues in their 142-amino-acid
cytoplasmic tails (27% divergence) (Fig. 8C). There are nota-
ble changes within the G1 tails which include charge changes,
proline insertions, tyrosine differences, and the presence of an
additional cysteine at residue 128 within the PHV G1 tail.
However, the broad divergence of PHV and NY-1V G1 tails
does not delineate a specific residue change or domain that
might account for the differential regulation of RIG-I-directed
responses.

NY-1V G1 tail regulates TBK-1-directed transcription from
ISRE and IFN- promoters. TBK-1 is a downstream effector of
RIG-I activation, and TBK-1 activation is required for ISRE and
IFN-B transcriptional responses. To determine whether the G1
cytoplasmic tail inhibits IFN signaling upstream or downstream of
TBK-1, we determined whether hantavirus proteins regulate
TBK-1-directed transcriptional responses. We determined the ef-
fect of the NY-1V Gl cytoplasmic tail on transcriptional re-
sponses directed by the complete IFN-B promoter. TBK-1 di-
rected transcription from the IFN- promoter >40-fold, while
coexpression of the NY-1V G1 cytoplasmic tail inhibited TBK-1-
directed IFN-B transcriptional responses by >95% (Fig. 9A).
Transfecting identical amounts of NY-1V N or PHV G1 cyto-
plasmic tail expression plasmids had little effect on TBK-1-
directed IFN-B transcription (Fig. 9A). Transfecting cells with
increasing amounts of NY-1V G1 cytoplasmic tail resulted in a
dose-dependent decrease in TBK-1-directed transcription from
the IFN-B promoter (Fig. 9B).

We similarly found that TBK-1 activated ISRE transcription
approximately 190-fold compared to controls and that coex-
pression of the NY-1V G1 cytoplasmic tail resulted in a >90%
reduction in TBK-1-directed ISRE transcription (Fig. 10). In
contrast, coexpression of either the NY-1V N protein or the
PHV Gl cytoplasmic tail had little or no effect on TBK-1-
directed ISRE transcriptional responses (Fig. 10). Similar to
RIG-I, cotransfecting cells with increasing amounts of the
NY-1V GI1 cytoplasmic tail resulted in a dose-dependent inhi-
bition of TBK-1-directed transcription (Fig. 10). These find-
ings indicate that expression of the NY-1V G1 cytoplasmic tail
blocks transcription from ISRE promoters at or downstream of
the TBK-1 complex.

NY-1V G1 tail regulates transcription upstream of IRF-3
phosphorylation. Activated TBK-1 phosphorylates IRF-3,
and phosphorylated IRF-3 dimerizes and translocates to the
nucleus, where it directs transcriptional responses. To de-
termine whether the NY-1V G1 tail regulates IFN responses
upstream or downstream of IRF-3 phosphorylation, we in-
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FIG. 8. NY-1V Gl cytoplasmic tail inhibits RIG-I-directed ISRE activation. (A) HEK 293 cells were transfected with an ISRE-driven luciferase
reporter construct with or without cotransfection of the (N)RIG-I expression plasmid (500 ng). Cells were cotransfected with plasmids expressing
the NY-1V or PHV G1 cytoplasmic tail or the NY-1V N protein (2 pg). (B) Cells were cotransfected with the (N)RIG-I expression vector (250
ng) and increasing amounts of plasmid expressing the NY-1V G1 cytoplasmic tail (0.5, 1, or 2 pg) or the control empty vector in order to transfect
cells with constant amounts of total DNA. Two days posttransfection, cells were lysed, luciferase activity was assayed, and the increase (n-fold) in
luciferase activity levels compared to those of controls which were not transfected with (N)RIG-I was reported after being normalized to Renilla
luciferase levels. (C) Amino acid alignment of 142-residue G1 tail sequences from NY-1V (G1, positions 510 to 652) and PHV (G1, positions 513
to 655). PHV residues which differ from NY-1V are highlighted and bolded.

duced ISRE transcription using a constitutively active phos-
phomimetic form of IRF-3 (IRF-3 5D) (32). IRF-3 5D ex-
pression resulted in a >70-fold induction of the ISRE
reporter, and coexpression of either the NY-1V or PHV G1
tail failed to inhibit IRF-3 5D-directed transcriptional re-
sponses (Fig. 11). These findings indicate that the NY-1V
G1 tail is incapable of inhibiting phospho-IRF-3-directed
transcriptional responses and suggest that G1 regulates IFN
transcriptional responses upstream of IRF-3 phosphoryla-
tion at the level of the TBK-1 complex. This suggests a
pathway-specific mechanism for the pathogenic NY-1 han-
tavirus to regulate cellular IFN signaling pathways and pre-
vent early IFN responses that limit the replication of PHV
within human endothelial cells.

DISCUSSION

Hantaviruses predominantly infect endothelial cells and
cause two diseases with defects in vascular endothelial barrier
functions (6, 24). There are a few hantaviruses which are not
associated with any human disease, although there is little
information about the replication of nonpathogenic hantavi-
ruses in human endothelial cells (57, 63). The cellular entry of
pathogenic and nonpathogenic hantaviruses reportedly re-
quires different integrin receptors with differing roles in vas-
cular permeability; however, nonpathogenic hantaviruses still
enter human endothelial cells (15, 64). This suggests that at
one level, intracellular processes are likely to determine the
pathogenic potential of specific hantaviruses. In this report, we
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amounts of plasmid expressing the NY-1V G1 cytoplasmic tail (0.5, 1, 2, or 4 pg) or the control empty vector in order to transfect cells with a

constant amount of DNA.

demonstrate that, in contrast to pathogenic hantaviruses, the
nonpathogenic hantavirus PHV induces early IFN responses
and that PHV replication is inhibited in human endothelial
cells. Our findings indicate that expression of the G1 cytoplas-
mic tail from pathogenic NY-1V, but not PHV, regulates the
induction of cellular IFN responses. These findings demon-
strate that a specific hantavirus protein is capable of regulating
innate immune responses and suggest that IFN regulation is a
primary determinant of hantavirus pathogenesis.

DNA array data suggested that PHV infection of human
endothelial cells is unique from that of HTNV or NY-1V (19).
PHV directs strong IFN responses within endothelial cells 1
day postinfection which are absent following infection by
HTNV or NY-1V (19). This prompted us to compare patho-
genic and nonpathogenic hantavirus RNA syntheses and rep-
lications within human endothelial cells. Our findings demon-
strate that PHV RNA and protein synthesis are restricted
primarily to the first day of hantavirus infection and decrease
dramatically 2 to 5 days postinfection of human endothelial
cells. Our results also demonstrate that PHV replication is
nearly completely blocked following infection of human endo-
thelial cells. This is in contrast to pathogenic HTNV and NY-
1V, which continue to synthesize viral mRNA and protein 1 to
5 days postinfection and successfully replicate within human
endothelial cells. Consistent with a role for IFN in regulating
PHYV replication within human endothelial cells, PHV repli-
cates successfully in Vero E6 cells which lack a type I IFN
genetic locus (11, 59). The successful replication of pathogenic
hantaviruses in endothelial cells, the absence of early ISG

induction by HTNV or NY-1V, and the inhibition of PHV-
directed ISG responses by NY-1V coinfection suggest that
pathogenic hantaviruses regulate early IFN responses follow-
ing infection. The findings presented here suggest that early
PHV-directed interferon responses restrict PHV’s ability to
replicate within endothelial cells and provide a strong rationale
for why PHV is not a human pathogen.

The ability of type I interferon to protect endothelial cells
from HTNV infection has been reported previously (38). Pre-
treating endothelial cells with type I interferon also inhibits
NY-1V and PHYV replication, demonstrating that pathogenic
and nonpathogenic hantaviruses are sensitive to the effects of
interferon added prior to infection. In fact, the addition of IFN
up to 12 h postinfection still blocked NY-1V and HTNV rep-
lication and suggested a rationale for why hantaviruses need to
regulate the early induction of IFN responses by endothelial
cells in order to replicate. Interestingly, the addition of IFN at
15 to 24 h postinfection coincides with an increase in NY-1V
and HTNV replication, suggesting that a viral product is syn-
thesized 12 to 24 h postinfection which compensates for IFN-
induced responses. These findings suggest that pathogenic
hantaviruses have at least two means of regulating innate cel-
lular responses, one which inhibits the early induction of IFN
and a second which permits hantavirus replication in the pres-
ence of added IFN or IFN induced at later times postinfection.
Currently, there is no information on hantavirus proteins that
might temper the effects of IFN on hantavirus replication or
regulate the function of ISGs.

MxA is an ISG that reportedly blocks Puumala virus, Tula
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FIG. 10. NY-1V Gl cytoplasmic tail blocks TBK-1-directed ISRE
activation. ISRE luciferase reporters were transfected into HEK 293
cells with or without TBK-1 expression plasmids (500 ng). Cells were
cotransfected with increasing amounts of NY-1V G1 cytoplasmic tail,
PHV Gl cytoplasmic tail, or NY-1V N protein expression vector (1 or
2 pg) or empty vector in order to transfect cells with a constant amount
of DNA. Luciferase reporter activity was assayed as for Fig. 8 48 h
posttransfection and normalized to Renilla luciferase activity, and it is
reported as the increase (n-fold) compared to that of controls lacking
TBK-1 activation. Protein expression levels of cells were similarly
evaluated by Western blotting (WB) 48 h p.i. from parallel, compara-
bly transfected monolayers using an anti-GAL4 antibody, and -tubu-
lin levels were analyzed as internal controls by Western blotting.

virus, and HTNV replication when constitutively expressed in
cells prior to infection (13, 21, 26), and we have demonstrated
an inverse correlation between the induction of MxA and PHV
replication. The early high-level MxA responses directed by
PHYV, but not NY-1V or HTNV, suggest that MxA alone could
be responsible for limiting PHV transcription and replication
within endothelial cells. High levels of MxA are also induced
by pathogenic hantaviruses 2 to 4 days postinfection of human
endothelial cells, but MxA induction at this point appears to
have little effect on NY-1V or HTNV replication. These find-
ings are consistent with clinical data indicating that only early
IFN treatment is effective against hantavirus disease (2). Col-
lectively, these data suggest that hantaviruses are unable to
compensate for preinduced ISGs or even preexisting MxA
protein (26) but that during the course of infection, hantavi-
ruses produce a compensatory product which counters the
effects of MxA and presumably other ISGs that otherwise limit
hantavirus replication. The means by which pathogenic hanta-
viruses replicate in the presence of high levels of MxA and
other ISGs at late times postinfection remain to be investi-
gated.

There are several papers in the literature which indicate that
hantaviruses induce IFN-@ at late times postinfection, and the
absence of early IFN responses by some pathogenic hantavi-
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FIG. 11. NY-1V Gl tail inhibits transcription upstream of IRF-3
phosphorylation. ISRE luciferase reporters were transfected into HEK
293 cells with or without IRF-3 5D expression plasmids (500 ng). Cells
were cotransfected with the NY-1V or PHV G1 cytoplasmic tail or
NY-1V N protein expression vector as indicated (2 pg). Luciferase
reporter activity was assayed as for Fig. 8 48 h posttransfection and is
reported as the increase (n-fold) compared to that of controls lacking
IRF-3 5D.

ruses has been noted (29, 38). There are also conflicting re-
ports suggesting that type I interferons are not induced by
hantaviruses, that early IFN responses are elicited by some
pathogenic hantaviruses, and that inactivated hantaviruses in-
duce early IFN responses (41, 56). However, IFN transcription
is transient and IFN enzyme-linked immunosorbent assays are
of low sensitivity relative to assays of IFN function which are
amplified by IFN receptor-directed ISG responses. We and
others have noted that IFN-B is induced by hantavirus infec-
tion of human endothelial cells, and antibodies to IFN-$ have
previously been shown to enhance HTNV replication (38).
Here, we demonstrate that antibodies to IFN-f inhibit the
induction of ISGs following hantavirus infection and thus han-
taviruses induce the secretion of IFN-B that directs ISG re-
sponses (38). Although reported, no explanation has been pro-
vided for how or why inactivated hantaviruses might play a role
in inducing IFN responses in endothelial cells or the means by
which this response might be elicited in an in vivo setting (40).
Since viruses are clearly sensitive to the induction or addition
of IFN at early points postinfection, it is also unclear how
pathogenic hantaviruses might compensate for inactivated vi-
rus induction of early IFN responses.

Hantaviruses replicate in endothelial cells and establish per-
sistent infections of their small mammal hosts in the absence of
pathogenesis (48). This indicates that hantavirus entry and
replication within endothelial cells are not by themselves suf-
ficient for hantavirus pathogenesis and suggests that all hanta-
viruses are capable of inhibiting innate cellular responses that
would otherwise limit viral replication within their hosts. A
subset of hantaviruses appear to be capable of blocking early
IFN responses in human endothelial cells as well as the func-
tion of ISGs induced at later times, and this appears to be a
prerequisite for hantavirus pathogenesis. Differences in human
and host IFN pathway proteins that might differentiate these
regulatory responses are currently unknown. However, delin-
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eating pathway-specific proteins and ISGs regulated by patho-
genic hantaviruses may lead to the discovery of specific viral
protein interactions which differentiate hantavirus replication
in host and human cells.

Other bunyaviruses have been shown to inhibit the induction
of cellular interferon responses. The Bunyamwera virus en-
codes a nonstructural protein, NSs, which blocks the induction
of IFN-B (4), and an NSs-deficient Bunyamwera virus mutant
induces IFN-B and replicates poorly in IFN-competent cell
lines (61). However, hantaviruses do not encode known NSs
proteins, suggesting that hantaviruses employ a unique mech-
anism of suppressing IFN activation. Our findings show that
the G1 cytoplasmic tail of the pathogenic NY-1V, but not
PHYV, suppresses ISRE and IFN-B promoter activation in re-
sponse to RIG-I- or TBK-1-directed IFN pathway activation.
These results indicate that the NY-1V G1 cytoplasmic tail
inhibits IFN induction and functions in the regulation of IFN
responses in the absence of NSs proteins.

TBK-1/IKKe activates cytoplasmic forms of IRF-3 and
NF-kB, and activation permits their nuclear translocation and
transcriptional responses. Activation of the IFN-B promoter is
directed by an IRF-3/NF-kB/CBP-p300 transcription complex,
while ISRE promoters are activated by cellular IRFs but do
not require NF-«kB activation. Our findings indicate that the
G1 cytoplasmic tail inhibits both ISRE- and IFN-B-directed
transcriptional responses, consistent with G1 inhibiting TBK-
1/IRF-3 but not TBK-1/NF-kB, responses that are required for
the activation of both promoters. However, the NY-1V Gl tail
had no effect on transcription directed by a constitutively active
phosphomimetic IRF-3, suggesting that G1 acts upstream of
IRF-3 phosphorylation at the level of the TBK-1 complex.

Previous studies have demonstrated that the NY-1V Gl
cytoplasmic tail binds cellular Src and Syk family kinases and is
ubiquitinated and degraded (17). Although it is unclear which
proteins within the TBK-1 complex are bound by G1 or
whether G1 directs the degradation of specific TBK-1 complex
regulatory proteins, these possibilities provide plausible mech-
anisms for the NY-1V G1 tail to regulate TBK-1 complex-
directed IFN signaling responses.

In order to successfully replicate, hantaviruses must evade
host cell defenses, and here, we demonstrate that the NY-1V
G1 cytoplasmic tail blocks RIG-I- and TBK-1-directed IFN
transcription upstream of IRF-3 phosphorylation. We further
demonstrate that the G1 protein of the nonpathogenic hanta-
virus PHV fails to regulate TBK-1-directed IFN responses, and
these findings correlate with failed PHV replication within
human endothelial cells. These findings establish fundamental
differences between pathogenic and nonpathogenic hantavi-
ruses and suggest that at one level, the G1 tail is a virulence
element which determines the success of a hantavirus infection
within human endothelial cells. Our results also point to a
second level of hantavirus regulation of innate cellular re-
sponses and suggest that hantavirus-derived products prevent
the inhibitory function of IFN-directed ISGs that otherwise
limit viral replication at late times postinfection. The combi-
nation of the early regulation of IFN induction and the late
regulation of IFN-directed effectors provides a mechanism for
hantaviruses to bypass innate cellular responses and permits
hantaviruses to effect subsequent pathogenic programs.
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