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ABSTRACT

Uukuniemi virus (UUKV) is a tick-borne member of the Phlebovirus genus (family Bunyaviridae) and has been widely used as a
safe laboratory model to study aspects of bunyavirus replication. Recently, a number of new tick-borne phleboviruses have been
discovered, some of which, like severe fever with thrombocytopenia syndrome virus and Heartland virus, are highly pathogenic
in humans. UUKYV could now serve as a useful comparator to understand the molecular basis for the different pathogenicities of
these related viruses. We established a reverse-genetics system to recover UUKV entirely from cDNA clones. We generated two
recombinant viruses, one in which the nonstructural protein NSs open reading frame was deleted from the S segment and one in
which the NSs gene was replaced with green fluorescent protein (GFP), allowing convenient visualization of viral infection. We
show that the UUKV NSs protein acts as a weak interferon antagonist in human cells but that it is unable to completely counter-
act the interferon response, which could serve as an explanation for its inability to cause disease in humans.

IMPORTANCE

Uukuniemi virus (UUKV) is a tick-borne phlebovirus that is apathogenic for humans and has been used as a convenient model
to investigate aspects of phlebovirus replication. Recently, new tick-borne phleboviruses have emerged, such as severe fever with
thrombocytopenia syndrome virus in China and Heartland virus in the United States, that are highly pathogenic, and UUKV will
now serve as a comparator to aid in the understanding of the molecular basis for the virulence of these new viruses. To help such
investigations, we have developed a reverse-genetics system for UUKV that permits manipulation of the viral genome. We gener-

ated viruses lacking the nonstructural protein NSs and show that UUKV NSs is a weak interferon antagonist. In addition, we
created a virus that expresses GFP and thus allows convenient monitoring of virus replication. These new tools represent a sig-

nificant advance in the study of tick-borne phleboviruses.

he Bunyaviridae are the largest grouping of RNA viruses, com-

prising >350 members. The family includes a wide range of
enveloped, single-stranded RNA viruses with tripartite genomes
of negative-sense or ambisense polarity. The Phlebovirus genus
contains 70 viruses divided into two groups: the sandfly fever
group, transmitted mainly by phlebotomines and mosquitoes,
and the Uukuniemi-like virus group, transmitted by ticks. Uuku-
niemi virus (UUKV) itself was originally isolated in 1964 from an
Ixodes ricinus tick in Finland (1). UUKV has served as a prototype
tick-borne phlebovirus for many years and has aided in advances
in bunyavirus structural and architectural determination (2-4),
bunyavirus glycoprotein studies (5-9), and studies of bunyavirus
entry into mammalian cells (10-12).

Like other phleboviruses, the three UUKV genome segments,
designated small (S), medium (M), and large (L), are found in the
form of ribonucleoprotein (RNP) complexes in association with
the nucleocapsid (N) protein and the RNA-dependent RNA poly-
merase (or L protein). The L segment codes for the L protein, the
M segment encodes the two envelope glycoproteins Gn and Gec,
and the S segment encodes the N protein in the negative-sense
orientation and the nonstructural NSs protein in the positive-
sense orientation in the genomic RNA, employing an ambisense
coding strategy (13, 14). Notably, UUKV does not encode a non-
structural NSm protein on the M segment, and this seems to be a
distinguishing feature between the tick-borne and dipteran-borne
phleboviruses (15).
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Recently, a number of new tick-borne phleboviruses have been
reported (16), including severe fever with thrombocytopenia syn-
drome virus (SFTSV) and Heartland virus (HRTV), which can
cause fatal disease in humans. Originally described in the Henan
and Hubei provinces in China (17), SFTSV has now been found to
be more widespread in China (18) and has also been isolated in
Japan and South Korea, suggesting a more widespread distribu-
tion (19, 20). HRTV isolates have so far been restricted to Missouri
and Tennessee in the United States, with 10 cases and 2 fatalities
(21-23), but one serological survey suggested a widespread occur-
rence of antigenically similar viruses in farm animals throughout
Minnesota (24). These novel viruses also lack evidence for an NSm
gene.

Antibodies to UUKV (or a very similar virus[es]) have been
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TABLE 1 Oligonucleotide primers used in this study

Primer Sequence (5'—3")" Purpose

ST7_Fwd TACGACTCACTATAGacacaaagacctcca Amplification of full-length segments for insertion into
ST7_Rev ATGCCATGCCGACCCacacaaagaccctce plasmid TVT7R(0,0) in the antigenome sense
MT7_Fwd TACGACTCACTATAGacacaaagacggcta

MT7_Rev ATGCCATGCCGACCCacacaaagacacggc

LT7_Fwd TACGACTCACTATAGacacaaagacgccaag

LT7_Rev ATGCCATGCCGACCCacacaaagtccgcca

SdeINSs:eGFPT7exil tttgggccgaageccttttagagtce Amplification of full-length pT7UUKS(+) lacking the
SdelNSs:eGFPT7exi2 gcttaatgttggagggtctttgtgtGG NSs sequence for eGFP insertion

GFPexil ggcttcggeccaaattacttgtacage Amplification of eGFP for insertion into pTUUKVS(+)
GFPexi2 ccaacattaagcatggtgagcaagg lacking NSs

SdelNSsexil tttgggccgaageccttttagagtce Amplification of full-length pT7UUKS(+) to delete NSs,
SdelNSsexi2 cggcccaaagcttaatgttggageg followed by religation

Stwdl acacaaagaccctccaacattaagc RT-PCR amplification of the full-length S segment
Srevl acacaaagacctccaacttagc

NpTM1_Fwd GAAAAACACGATAATACCatggctatgccggag Amplification of N and L ORFs for insertion into
NpTM1_Rev ATTAGGCCTCTCGAGtcagatcaatgatct expression plasmid pTM1

LpTM1_Fwd GAAAAACACGATAATACC Catgcttttagcgatt

LpTMI1_Rev ATTAGGCCTCTCGAGtcaaccaaacatgtc

@ Plasmid sequences are indicated in uppercase type, and UUKV sequences are indicated in boldface type. For the primers used for amplification and religation of pT7UUKS(+) to

delete NSs, the sticky ends are underlined.

detected in humans, birds, rodents, and cows (25, 26), but
there is no evidence of disease in these species (27). Thus,
UUKYV would be a useful comparator to include in studies on
the molecular basis of the pathogenesis of STSFV and HRTV in
humans. Such investigations will be aided by the availability of
reverse-genetics systems that allow specific manipulation of the
viral genome, and we have recently established such a system
for SFTSV (28). Here, we describe a reverse-genetics system for
the recovery of infectious UUKV entirely from cDNA copies of
the genome. We created UUKV mutants where the NSs open
reading frame (ORF) is deleted in the S segment and where the
NSs ORF is replaced by that of enhanced green fluorescent
protein (eGFP), allowing rapid visualization of infection. We
also show that UUKV NSs serves as a weak interferon (IFN)
antagonist in human cells.

MATERIALS AND METHODS

Cells and virus. BSR cells were grown in Glasgow’s minimal essential
medium (GMEM) supplemented with 10% tryptose phosphate broth
(TPB) and 10% fetal calf serum (FCS). BSR-T7/5 cells, which express T7
RNA polymerase (29), were grown in a similar medium supplemented
with 1 mg/ml G418 (Promega). BHK-21 cells were grown in GMEM sup-
plemented with 10% TPB and 10% newborn calf serum (NCS). A549 cells
were grown in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% FCS, and A549/BVDV-Npro (30) and A549/PIV5-V
(31) cells were grown in a similar medium supplemented with 2 pg/ml
puromycin (Melford Laboratories Ltd.). Cells were maintained at 37°C
with 5% CO,. The UUKYV strain used in this study is derived from the
prototype tick isolate S-23 (1), which was plaque purified in chicken em-
bryo fibroblasts (32). The virus was initially grown in BHK-21 cells, and
working stocks for use in this paper were then grown in BSR cells.
Plasmids. Full-length cDNA clones of the S, M, and L segments of UUKV
were amplified by PCR (primers are listed in Table 1) and subcloned into
plasmid TVT7R(0,0) (33), using approaches described previously (34), so
that T7 transcripts would be in the antigenome sense. The plasmids were
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named pT7UUKS(+), pT7ZUUKM(+), and pT7UUKL(+). pT7UUKS
delNSs was generated from pT7UUKS(+) by excision PCR to delete nucleo-
tides (nt) 874 to 1695, thus removing the NSs ORF. pT7UUKSdeINSsGFP
contained the enhanced green fluorescent protein gene exactly in place of the
NSs sequence. The L and N ORFs were amplified from the respective full-
length plasmids and subcloned into the expression vector pTM1 to generate
pTMUUKL and pTMUUKN. Cloning was done by employing the In-Fusion
HD cloning kit (Clontech), and the primers used are shown in Table 1.
Generation of recombinant UUKV from cDNA. Subconfluent BSR-
T7/5 cells (2 X 10° cells in a 35-mm dish) were transfected by using 5 .l
Lipofectamine-2000 (Invitrogen) in 500 wl Opti-MEM (Invitrogen), with
1 g each of pT7UUKL(+) and pT7UUKM(+) and 1 pg of either
pT7UUKS(+), pT7UUKSdelINSs, or pT7UUKSdelNSsGFP. After 7 days
of incubation at 37°C, the supernatants were collected, clarified, and used
for infection of BSR cells to prepare working stocks. The rescue superna-
tant from BSR-T7/5 cells was also titrated by immunofocus assays to de-
termine virus yields from transfection. Recombinant viruses were desig-
nated rUUKYV, rUUKVdeINSs, and rUUKVdelNSsGFP, as appropriate.
RT-PCR analysis. Viral RNA was extracted from BSR cells
infected with wild-type UUKV (wtUUKV), rUUKYV, rUUKdeINSs, or
rUUKdeINSsGFP by using TRIzol (Life Technologies) according to
the manufacturer’s instructions. Reverse transcription-PCR (RT-
PCR) of the full S segment was performed by using GoScript reverse
transcriptase (Promega) and either KOD polymerase (Novagen) or
GoTaq polymerase (Promega), using the primers listed in Table 1.
Immunofocus assays. Immunofocus assays were performed on con-
fluent monolayers of BSR or BHK-21 cells. Serial dilutions of virus, made
in phosphate-buffered saline (PBS) containing 2% NCS or FCS as appro-
priate, were added to the cells and incubated for 1 h at 37°C, followed by
the addition of a GMEM overlay supplemented with 2% NCS or FCS and
0.6% Avicel (FMC BioPolymer). The cells were incubated at 37°C for 6
days and then fixed for 1 h with 8% formaldehyde in PBS. After washing
with PBS, the cells were permeabilized by treatment for 30 min with PBS
containing 0.5% Triton X-100 and 20 mM glycine. The cells were incu-
bated for 1 h with an anti-UUKV N monoclonal antibody (8B11A3) (35)
in PBS containing 5% dried milk and 0.1% Tween 20, washed, and incu-
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FIG 1 Characterization of recombinant viruses. (A) RT-PCR products of the full-length S segment of wtUUKV and rUUKYV and digestion with Xhol.
Digestion was seen only with the amplified DNA derived from rUUKV, where a silent mutation creating an Xhol site was introduced at position 963. (B)
Schematic diagrams of wild-type and mutant S segments lacking the NSs gene. (C) RT-PCR products of full-length S segments from rUUKV, rUUKdeINSsGFP, and
rUUKdeINSs showing the size differences corresponding to the structures shown in panel B. (D) Western blot detection of UUKV N and NSs proteins in
BSR cells infected with wtUUKYV, rUUKYV, rUUKdeINSsGFP, or rUUKdelNSs. Cells were infected at an MOI of 5 or mock infected, and cell lysates were
prepared at 18 h p.i. Western blots were probed with antitubulin (dilution, 1:5,000), anti-UUKV NSs (dilution, 1:1,000), and anti-UUKV N (dilution,

1:100) antibodies.

bated for 1 h with anti-mouse horseradish peroxidase (HRP)-linked an-
tibody (catalogue no. A4416; Sigma). Foci were detected by using the
TrueBlue peroxidase substrate (KPL).

Western blotting. BSR cells were infected with recombinant viruses at
a multiplicity of infection (MOI) of 5 focus-forming units (FFU) per cell,
and cell lysates were prepared at 18 h postinfection (p.i.) by the addition of
lysis buffer (20% glycerol, 100 mM Tris-HCI [pH 6.8], 4% SDS, 200 mM
dithiothreitol [DTT], 0.2% bromophenol blue). Proteins were separated
on an SDS—4-to-12% gradient polyacrylamide gel (Nu-PAGE; Life Tech-
nologies) and transferred onto a Hybond ECL nitrocellulose membrane
(GE Healthcare Life Sciences). The membrane was blocked by incubation
in PBS containing 5% dry milk and 0.1% Tween 20 for 1 h, followed by
incubation with anti-UUKV N monoclonal antibody 8B11A3 (35), a rab-
bit polyclonal antibody against UUKV NSs (A. K. Overby, unpublished
data), and a mouse monoclonal antibody against tubulin (catalogue no.
T5168; Sigma) for 1.5 h. The membrane was washed and incubated for 1
h with HRP-coupled secondary anti-rabbit (catalogue no. A0545; Sigma)
or anti-mouse antibodies. Proteins were detected by using the SuperSignal
WestPico chemiluminescent substrate (Pierce), followed by exposure on a
Bio-Rad ChemiDoc imager.

Interferon assays. A biological assay for interferon (IFN) production
was performed according to a previously described protocol (34). Briefly,
IFN-competent A549 cells were infected with recombinant viruses at an
MOI of 3 FFU/cell, or with control Bunyamwera viruses at an MOI of 3
PFU/cell, and incubated at 37°C. The supernatant was collected at 24 h
p.i., and any released virus was inactivated by exposure to UV irradiation
(8 W; 254 nm at a distance of 2 cm for 4 min with occasional shaking).
Twofold serial dilutions of the UV-inactivated supernatant were used to
pretreat IFN-incompetent A549/BVDV-Npro cells for 24 h, after which
encephalomyocarditis virus (EMCV) (0.03 PFU/cell) was added. Four
days later, the cells were stained with crystal violet to monitor EMCV-
induced destruction of the monolayers. Relative IFN units (RIU) were
calculated as 2V, where N is the number of 2-fold dilutions giving protec-
tion of A549/BVDV-Npro cells.
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RESULTS

Rescue of wild-type UUKV. Full-length cDNAs to the genome
segments of UUKV were cloned into a T7 transcription plasmid,
with an extra G residue at the 5" end for efficient transcription,
such that the antigenome sense RNA would be transcribed by
T7 RNA polymerase. The nucleotide sequences of the clones
were determined and confirmed to match those in the GenBank
database (GenBank accession no. M33551.1, M17417.1, and
D10759.1), except for a silent mutation introduced as a genetic
marker in the S segment at position 963. This creates an Xhol
restriction site in the S segment cDNA. BSR-T7/5 cells (that stably
express T7 RNA polymerase) were transfected with a mixture of
pT7UUKS(+), pT7UUKM(+), and pT7UUKL(+), and the su-
pernatant was harvested at 7 days posttransfection. The titer of
infectious virus was determined by an immunofocus assay and
averaged 4.9 X 10* (1.9 X 10*) FFU/ml in 4 experiments. The
recombinant virus was designated rUUKV. Working stocks of the
virus were prepared by infecting BSR cells with the supernatant
from the transfected cells, and titers of 10® FFU/ml were achieved.
We also rescued virus by using a 5-plasmid system (36), by addi-
tionally transfecting 1 g each of pPTMUUKL and pTMUUKN,
and titers of rescued virus averaged 2.9 X 10* (*2.7 X 10%)
FFU/ml in 4 experiments. As the 5-plasmid rescue system offered
no increase in efficiency, the 3-plasmid rescue system is routinely
used in our laboratory.

To confirm that rUUKV was indeed generated from cDNA
plasmids, total RNA was extracted from BSR cells infected with
either authentic UUKV (here referred to as wtUUKV) or rUUKV,
and the full-length S segment was amplified by RT-PCR. Diges-
tion of the amplified DNA derived from rUUKV-infected cells
with Xhol resulted in two products of the expected sizes, 963 bp
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FIG 2 Phenotypic characterization of rescued viruses in cell culture. (A) Focus assay for wtUUKYV, rUUKV, rUUKdeINSs, or rUUKdeINSsGFP on BSR cells. Foci
were stained with anti-UUKV N antibody after 6 days of incubation at 37°C. (B) Focus assay for wtUUKV, rUUKYV, rUUKdeINSs, or rUUKdeINSsGFP on
BHK-21 cells. Foci were stained with anti-UUKV N antibody after 6 days of incubation at 37°C. (C) Course of infection of the UUKV rUUKdeINSsGFP in
BHK-21 cells at 37°C over 5 days. Cells were infected at an MOI of 0.01 FFU/cell.

and 757 bp, whereas amplified DNA derived from wtUUKV-in-
fected cells was not digested (Fig. 1A).

Generation of mutant UUKV. We next used the rescue system
to generate two mutant recombinant viruses that lack the NSs
open reading frame. First, the NSs ORF was deleted from
pT7UUKS(+) such that the intergenic region in the S segment is
immediately followed by the genomic 5’ untranslated region
(UTR). This results in a short genome segment of 898 nt com-
pared to the 1,720-nt wild-type S segment. Second, the NSs ORF
was replaced by the sequences for GFP, in an ambisense orienta-
tion, resulting in a GFP-expressing S segment of 1,618 nt. Sche-
matics of the resulting RNAs are shown in Fig. 1B.

The modified S segment cDNA clones were used in place of
pT7UUKS(+) in the rescue protocol by transfecting BSR-T7/5
cells as outlined above, and mutant recombinant viruses, named
rUUKdeINSs and rUUKdeINSsGFP, were successfully recovered.
The titers of virus in the supernatants from transfected cells averaged
3.75 X 10* (=1.2 X 10*) FFU/ml for rUUKdeINSs in 4 experiments
and 1.0 X 10* (+5.2 X 10%) FFU/ml for rUUKdeINSsGFP in 4 ex-
periments. Again, working stocks of the recombinant virus were pre-
pared in BSR cells, and titers of ~10” FFU/ml were achieved. The sizes
of the S segments of the viruses were compared by amplification of
infected-cell RNA by specific RT-PCR, as shown in Fig. 1C. Nucleo-
tide sequencing confirmed that no additional mutations were present
in these genomes (data not shown). To validate the lack of NSs ex-
pression at the protein level, BSR cells were infected with wtUUKV or
each of the recombinant viruses (MOI of 5) or were mock infected,
and cell lysates were prepared at 18 h p.i. Western blots were probed
for N and NSs proteins (Fig. 1D). While N and NSs were detected in
BSR cells infected with wtUUKYV and rUUKYV, only N was detected in
cells infected with the NSs-deleted mutants. The signal for N protein
in rtUUKdeINSs-infected cells was weaker than that in rUUKdeINSs-
GFP-infected cells.
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Phenotypic characterization of rescued viruses in cell cul-
ture. Recombinant viruses were assayed in both BSR and BHK-21
cells by immunofocus assays (Fig. 2A and B). wtUUKV and
rUUKV foci were of a similar size (4 to 6 mm in diameter) within
one cell type but interestingly were larger in BHK-21 than in BSR
cells, considering that the latter are a subclone of BHK-21 cells
(37). The NSs-deleted viruses gave smaller foci (<2 mm in diam-
eter) than did the equivalent wild-type viruses.

Figure 2C shows a time course of GFP expression in BHK-21
cells infected with rUUKdeINSsGFP at a very low MOI (0.01
FFU/cell). A few cells were seen to express GFP after 24 h, and
the number increased as the virus spread through the mono-
layer. By 5 days p.i., all the cells were infected. This indicates
that rUUKdelNSsGFP will be a useful tool to visualize the rep-
lication cycle of UUKV.

Growth properties of recombinant viruses. The growth prop-
erties of wild-type and recombinant viruses in monolayers of
BHK-21 cells infected at a low MOI (0.1 FFU/cell) at 37°C were
compared. The supernatants of duplicate cultures were harvested
at the indicated time points postinfection, and virus titers were
determined by an immunofocus assay. Lysates of the cell mono-
layers were prepared for Western blotting at the same time points.
rUUKYV and wtUUKYV exhibited similar growth properties in BHK
cells, reaching titers of 10° FFU/ml (Fig. 3A). The growth kinetics
of the mutant viruses lacking NSs were slower, but interestingly,
the virus expressing GFP grew better (rUUKdeINSsGFP) (peak
titer of ~10° FFU/ml) than did the virus with no sequences in-
serted at the NSs locus (rUUKdeINSsGFP) (peak titer of ~107
FFU/ml). Therefore, NSs is not essential for virus growth in
BHK-21 cells but plays a contributory role for efficient replication.

Analysis of viral protein expression (Fig. 3B) showed that at
this MOI and with the dilution of antibodies used, NSs protein
was first detected in wtUUKV- and rUUKV-infected cells at 24 h
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FIG 3 Growth properties of wtUUKV, rUUKYV, rUUKdeINSs, and rUUKdeINSsGFP in BHK-21 cells. Cells were infected at an MOI of 0.1 FFU/ml, and cell
culture medium was harvested or cell lysates were prepared at the time points indicated. (A) Growth curves. Infections were carried out in duplicate, and error
bars represent the standard errors of the means for a representative experiment. (B) Viral protein synthesis. Cell lysates from the growth curve samples were
harvested, and Western blots were probed with antitubulin, anti-UUKV NSs, and anti-UUKV N antibodies, as indicated.

p.i. and accumulated thereafter, whereas N was not detected until
48 h p.i. No NSs protein was detected in mutant virus-infected
cells, as expected. N was detected earlier in rUUKdelNSsGFP-in-
fected cells than in rUUKdelNSs-infected cells, reflecting the dif-
ference in virus growth between these viruses, as shown in Fig. 3A.

UUKYV NSs has weak IFN-antagonistic activity. We investi-
gated the growth of the viruses in an IFN-competent cell line,
A549 (a human lung cell line), and a derivative cell line, A549/
PIV5-V (A549/V), which expresses the V protein of parainfluenza
virus type 5 to block IEN signaling (31). Both wtUUKV and
rUUKYV grew to titers of ~10° FFU/ml by 72 h p.i. in A549 cells,
but titers were ~10-fold higher in A549/V cells (Fig. 4). The NSs-
deleted viruses achieved titers of ~10° FFU/ml by 72 h p.i. in A549
cells, and titers were slightly higher in A549/V cells. As noted
above for BHK-21 cells, rUUKdeINSsGFP grew better than
rUUKdelNSs. These results indicate that although UUKV was able
to replicate in an IFN-competent cell line and hence overcome the
IFN response, replication was enhanced in A549V cells, where the
IEN response is lacking.

We next carried out a biological assay to measure the produc-
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FIG 4 Growth properties of wtUUKV, rUUKV, rUUKdeINSs, and
rUUKdeINSsGFP in A549 and A549/V cells. A549 and A549/V cells were
infected at an MOI of 2 FFU/cell. The medium was harvested at 72 h p.i. and
used for titrations. Infections were done in triplicate, and error bars indicate
the standard errors of the means.
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tion of IFN in the supernatant of virus-infected cells. Briefly, su-
pernatants from A549 cells infected with wtUUKV, rUUKYV,
rUUKdelNS, or rUUKdeINSsGFP were collected at 24 h p.i. As
controls, cells were infected with wild-type Bunyamwera virus
(BUNV) or rBUNdeINSs2, a recombinant virus lacking its NSs
protein (38), as it is well known that BUNV NSs acts as a strong
IEN antagonist (39, 40). Serial dilutions of UV-inactivated super-
natants were used to treat IFN-responsive A549/BVDV-Npro cells
(41) for 24 h, and the cells were then infected with IFN-sensitive
encephalomyocarditis virus (EMCV). (A549/BVDV-Npro cells
express the bovine viral diarrhea virus IFN antagonist N-Pro and
thus do not produce IFN but remain responsive to exogenously
applied IFN [30, 41].) Figure 5A shows that medium from mock-
infected or BUNV-infected cells did not confer protection from
EMCYV infection, indicating that no IFN was present. In contrast,
A549/BVDV-Npro cells treated with medium from rBUNde-
INSs2-infected cells were protected, similarly to cells treated with
recombinant IFN-B. Medium from cells infected with rUUKV or
wtUUKYV also afforded a degree of protection from EMCYV infec-
tion, and even more protection was given by medium from cells
infected with the recombinant UUKV lacking NSs. The results are
quantified in Fig. 5B in terms of relative IFN production from the
initially infected A549 cells. These results indicate that unlike
BUNV NSs, which is able to fully antagonize the IFN response in
A549 cells, UUKV NSs acts as a weak IFN antagonist, as the dele-
tion of NSs results in a 10-fold increase in IFN production, but is
unable to fully ablate the IFN response, as infection with wtUUKV
and rUUKYV also induced IFN production.

DISCUSSION

UUKY has served as a model phlebovirus in many aspects of bu-
nyavirus research, as described in the introduction. In addition,
minigenome and virus-like particle assays, based on cDNAs
cloned into RNA polymerase I vectors, have been described (42,
43). In this paper, we report the successful rescue of UUKV en-
tirely from cloned cDNA copies using our favored T7 RNA poly-
merase-based approach (36). Furthermore, we were also able to
recover recombinant viruses lacking the NSs gene. We show that
rUUKYV exhibits properties similar to those of the authentic wild-
type UUKV, with indistinguishable focus sizes and morphologies,
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FIG 5 Biological interferon assay. A549 cells were infected with wtUUKYV, rUUKYV, rUUKdeINSs, rUUKdeINSsGFP, BUNV, or BUNdeINSs2 at an MOI of 3 or
mock infected. Media were harvested at 24 h p.i. Serial dilutions of the UV-inactivated supernatant, or dilutions of IFN-f, were used to pretreat A549-Npro cells
before infection with EMCV. Cells were stained with crystal violet at 4 days p.i. (A) Assay plates. (B) Relative IFN units (RIU) produced, calculated as RIU = 2,
where N represents the number of wells that are protected from EMCV infection. The mean RIU value was calculated from data from triplicate experiments. Error

bars indicate the standard errors of the means.

similar growth kinetics in BHK-21 cells, and similar interferon
responses in A549 cells.

The growth of the mutant viruses was slower than that of the
wild-type virus in BHK-21 cells, and the deletion of NSs from the
UUKYV genome resulted in a significantly smaller focus size (Fig.
2A and B). This attenuation of growth due to the lack of NSs
appears separate from the role of NSs in IFN antagonism (see
below), as BHK-21 cells do not produce IFN-a/ (44). For other
bunyavirus-cell culture combinations, the lack of NSs expression
also results in a degree of growth attenuation independent of the
IFN status of the cell, such as BUNV (39), Rift Valley fever virus
(RVFV) (45), and Schmallenberg virus (SBV) (34, 46), but inter-
estingly not for La Crosse virus in Vero cells (47). This presumably
reflects some other role of NSs, perhaps involving an interaction
with cellular partners, for efficient virus replication.

Another observation was that the mutant expressing GFP in
place of NSs grew slightly better than did the NSs-deleted virus
rUUKdelNSs. At face value, it seems unlikely that GFP itself aids
virus replication. It is possible that for rUUKdeINSs, where the S
segment intergenic region directly abuts the 5" UTR (Fig. 1B),
antigenome RNA synthesis is impaired. In contrast, the structure
of the rUUKdeINSGEFP S segment more closely resembles that of
the authentic virus, and antigenome synthesis is not compro-
mised. It would be of interest to insert other sequences in place of
NSs and determine the growth properties of such recombinant
viruses and also to examine RNA synthesis directly; these experi-
ments are in progress. As it stands, the rescue of rUUKdeINSsGFP
allows rapid visualization and easy monitoring of viral infection
(Fig. 2C).

No IFN induction can be detected in cells following infection
with RVFV or SFTSV (48, 49), and IFN is not detected in sera from
SFTSV-infected patients (50). In contrast, two other phlebovi-
ruses, Punta Toro virus (PTV) and Toscana virus (TOSV), induce
various levels of IFN in a strain-dependent manner (51, 52), which
has been correlated with the relatively low pathogenicity of the
latter viruses in humans compared to that of either RVFV or
SFTSV. Our observations indicate that UUKV infection also in-
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duces IFN (Fig. 5). When expressed separately from their cognate
viruses, both PTV and TOSV NSs proteins act as reasonably po-
tent IFN antagonists (53, 54), as also observed for the NSs protein
of sandfly fever Sicilian virus (53, 55). We observed a 10-fold in-
crease in IFN production when A549 cells were infected with the
NSs-deleted viruses, suggesting that UUKV NSs also plays a role in
antagonizing the host cell IFN response. We also noted a 10-fold
increase in the yield of virus from A549/V cells, where IFN signal-
ingis blocked (Fig. 4). Therefore, we conclude that UUKV NSs can
act as a weak IFN antagonist in human cells.

RVEFV NSs blocks IEN production directly at the transcrip-
tional level, aided because the protein localizes to the nucleus (56).
As UUKV NSs localizes in the cytoplasm (57), like other phlebo-
virus NSs proteins, its mode of antagonizing the IFN response is
expected to be different from that of RVFV. TOSV NSs inhibits the
dimerization of IFN regulatory factor 3 (IRF-3), hence preventing
its localization to the nucleus and the subsequent induction of the
IFN-@ promoter (52), and this is most likely because the protein
inhibits the induction of type I IFN by targeting retinoic acid-
inducible gene I (RIG-I) for proteasomal degradation (54). In
SFTSV-infected cells, NSs forms cytoplasmic structures termed
viroplasm (58), which are believed to redistribute RIG-I signaling
components in order to suppress [FN responses (49, 59, 60). Stud-
ies to determine whether UUKV NSs uses a mechanism similar to
those of TOSV or SFTSV are in progress.

To conclude, we have developed a T7-driven reverse-genetics
system for UUKYV that enabled the rescue of wild-type virus and
the generation of NSs-lacking mutants. In addition, we have
shown that NSs is not essential for virus replication but that its
absence results in a degree of growth attenuation in cell culture.
Recently, we described a reverse-genetics system for pathogenic
SFTSV (28). The developed reverse-genetics systems will be useful
tools to elucidate the molecular determinants of virulence of the
more pathogenic tick-borne phleboviruses. Armed with these two
systems, we can now test the hypothesis that pathogenicity in hu-
mans is associated with the [FN antagonist ability of the NSs pro-
teins. For instance, chimeric viruses carrying different NSs pro-
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teins could be created, under appropriate containment, and their
ability to replicate in human cells could be tested. In addition, the
potential of reassortment between these tick-borne viruses could
be tested by exploiting reverse-genetics systems, since there is ev-
idence for a high degree of reassortment among the dipteran-
transmitted Candiru antigenic complex of phleboviruses (61).
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