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ABSTRACT Heartland bandavirus (HRTV), which is an emerging tick-borne virus first
identified in Missouri in 2009, causes fever, fatigue, decreased appetite, headache, nau-
sea, diarrhea, and muscle or joint pain in humans. HRTV is genetically close to Dabie
bandavirus, which is the causative agent of severe fever with thrombocytopenia syn-
drome (SFTS) in humans and is known as SFTS virus (SFTSV). The generation of infec-
tious HRTV entirely from cloned cDNAs has not yet been reported. The absence of a
reverse genetics system for HRTV has delayed efforts to understand its pathogenesis
and to generate vaccines and antiviral drugs. Here, we developed a reverse genetics sys-
tem for HRTV, which employs an RNA polymerase I-mediated expression system. A
recombinant nonstructural protein (NSs)-knockout HRTV (rHRTV-NSsKO) was generated.
We found that NSs interrupted signaling associated with innate immunity in HRTV-
infected cells. The rHRTV-NSsKO was highly attenuated, indicated by the apparent ab-
sence of symptoms in a mouse model of HRTV infection. Moreover, mice immunized
with rHRTV-NSsKO survived a lethal dose of HRTV. These findings suggest that NSs is a
virulence factor of HRTV and that rHRTV-NSsKO could be a vaccine candidate for HRTV.

IMPORTANCE Heartland bandavirus (HRTV) is a tick-borne virus identified in the United
States in 2009. HRTV causes fever, fatigue, decreased appetite, headache, nausea, diar-
rhea, and muscle or joint pain in humans. FDA-approved vaccines and antiviral drugs
are unavailable. The lack of a reverse genetics system hampers efforts to develop such
antiviral therapeutics. Here, we developed a reverse genetics system for HRTV that led
to the generation of a recombinant nonstructural protein (NSs)-knockout HRTV (rHRTV-
NSsKO). We found that NSs interrupted signaling associated with innate immunity in
HRTV-infected cells. Furthermore, rHRTV-NSsKO was highly attenuated and immunogenic
in a mouse model. These findings suggest that NSs is a virulence factor of HRTV and
that rHRTV-NSsKO could be a vaccine candidate for HRTV.
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The emerging tick-borne bunyavirus Heartland bandavirus (HRTV) causes Heartland
bandavirus disease in humans (1). HRTV was first isolated in 2009 from two farmers

in Missouri who were hospitalized with severe fever, leukopenia, and thrombocytope-
nia (2). Subsequently, as of January 2021, more than 50 cases of HRTV disease, includ-
ing fatalities, occurred in Arkansas, Georgia, Illinois, Indiana, Iowa, Kansas, Kentucky,
Missouri, North Carolina, Oklahoma, and Tennessee (3). Evidence implicates the Lone
Star tick (Amblyomma americanum) as the main vector that transmits the virus during
multiple stages of its life cycle to hosts such as white-tailed deer, horses, raccoons,
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opossums, and dogs (1, 4, 5). Recently, viral RNA was detected in a Lone Star tick,
which was removed from a resident of Suffolk County, New York (6).

HRTV belongs to the genus Bandavirus, family Phenuiviridae, order Bunyavirales (7).
Bandavirus comprises seven species, including human-pathogenic viruses such as Bhanja
bandavirus (BHAV) and Dabie bandavirus. Dabie bandavirus is generally called severe
fever with thrombocytopenia syndrome virus (SFTSV), a causative agent of severe fever
with thrombocytopenia syndrome (SFTS) in China, Japan, South Korea, Vietnam, and
Taiwan (8–13). In contrast, HRTV is a unique human pathogen in the United States (1).

The HRTV genome comprises one ambisense and two negative-sense single-
stranded RNA segments designated S, M, and L (1). The S segment (approximately 1.8
kilobases [kb]) encodes a nonstructural protein (NSs) and a nucleocapsid (N) protein.
This segment utilizes an ambisense coding strategy in which the two open reading
frames are encoded in opposite transcriptional orientations, terminating in a central
intergenic region. The M and L segments (3.4 kb and 6.4 kb, respectively) encode a
polyprotein precursor (GPC) that is cleaved into the glycoproteins Gn and Gc, as well
as an RNA-dependent RNA polymerase (L protein), respectively. N and L proteins are
required for the transcription of the viral genome and viral RNA replication (14). Gn/Gc
mediate viral entry into cells and incorporate the ribonucleoprotein complex into the
virus particle (15). Studies of NSs expression in vitro suggest that the NSs of HRTV func-
tions as an interferon (IFN) antagonist, as well as in SFTSV and the other bunyaviruses
(16–20). However, their functions in authentic HRTV in vitro and in vivo are unknown
because of the absence of a suitable reverse genetics system.

Vaccines and drugs against HRTV remain to be developed. Reverse genetics systems
are required to introduce mutations into the viral genome arbitrarily and develop antivi-
ral strategies. A reverse genetics system for SFTSV has been reported, and the system
employs T7 RNA polymerase (21). Here, we established polymerase I-driven reverse
genetics systems for HRTV. Furthermore, we attempted to introduce mutations into the
open reading frame (ORF) of the NSs and assessed the role of NSs as well as the patho-
genicity and potency of the generated recombinant NSs protein-knockout viruses as a
vaccine.

RESULTS
Nucleotide sequence of the HRTV genome. To generate a recombinant virus ge-

netically identical to authentic wild-type (wt) HRTV, the complete genome sequence of
HRTV strain MO-4-National Institute of Infectious Diseases (NIID) was determined
(GenBank accession numbers LC629153, LC629154, and LC629155). The 59- and 39-ter-
minal nucleotide sequences of the S, M, and L segments were determined (Fig. 1A).
One nucleotide (cytosine) in the S segment of the 59-untranslated region (UTR) differed
from other nucleotide sequences of the S segment (GenBank accession numbers
JX005842, JX005843, and KJ740146). HRTV strain MO-4-NIID was further propagated in
Vero 9013 cells, was designated wtHRTV, and was used in this study. The genomic
sequence differences between HRTV strain MO-4-NIID and wtHRTV are shown in Table
1 and Fig. 1B. Several nucleotide substitutions were identified in the L segment.

Development of HRTV minigenome assays. Minigenome assays were developed
to assess the transcriptional and replicational functionalities of ribonucleoproteins gen-
erated using an RNA polymerase I-mediated expression system and recombinant N
and L proteins. Polymerase I-driven pRF vector-based M segment minigenome plas-
mids (HRTV-MMG), T7-driven N and L expression plasmids (pTM1-HRTV-N and pTM1-
HRTV-L), and polymerase-II-driven N and L expression plasmids (pKS-HRTV-N and pKS-
HRTV-L) were constructed, and minigenome assays were performed using BSR-T7/5
cells (Fig. 2A). The expression of NanoLuc 1.1 luciferase (Nluc) was significantly high in
BSR-T7/5 cells when they were cotransfected with HRTV-MMG and both N and L
expression T7 polymerase-driven plasmids (Fig. 2B). In addition, Nluc expression was
detected in BSR-T7/5 cells when N and L were expressed, independent of T7 polymer-
ase or polymerase II (Fig. 2C).

Reverse Genetics System for Heartland Bandavirus Journal of Virology

April 2022 Volume 96 Issue 7 10.1128/jvi.00049-22 2

https://www.ncbi.nlm.nih.gov/nuccore/LC629153
https://www.ncbi.nlm.nih.gov/nuccore/LC629154
https://www.ncbi.nlm.nih.gov/nuccore/LC629155
https://www.ncbi.nlm.nih.gov/nuccore/JX005842
https://www.ncbi.nlm.nih.gov/nuccore/JX005843
https://www.ncbi.nlm.nih.gov/nuccore/KJ740146
https://journals.asm.org/journal/jvi
https://doi.org/10.1128/jvi.00049-22


FIG 1 Determination of the HRTV genome sequence and comparison of viral genome sequences. (A) Determination of the terminal nucleotide
sequences of HRTV S, M, and L segments. Cytosine is indicated using the blue arrow at the S segment’s 59 UTR to show which base differed from other
HRTV S segment nucleotide sequences deposited in GenBank. (B) Sequencing electropherograms at nucleotide positions 273, 1060, 2217, 3309, and 6231
at the L segment of HRTVs (cRNA orientation).
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Generation of recombinant HRTV. Polymerase I-driven pRF vector-based HRTV-S,
M, and L RNA-segment expression plasmids were constructed (pRF-HRTV-S, pRF-HRTV-
M, and pRF-HRTV-L, respectively). As observed, the pRF-HRTV-L plasmid contained two
nonsynonymous substitutions and one synonymous substitution in the L protein ORF
(Table 1). These substitutions were located at the 273rd, 1,060th, and 6,231st nucleotide
in the cRNA orientation of the L segment, respectively. Particularly, the 273rd and
6,231st nonsynonymous substitutions were identified in the viral sequence of HRTV-MO-
4-NIID, which were considered nonartificial substitutions (Table 1 and Fig. 1B). Reverse
genetics assays were performed using BSR-T7/5 cells transfected with these plasmids
and the N and L expression plasmids used in minigenome assays (pTM1-HRTV-N, pTM1-
HRTV-L, pKS-HRTV-N, and pKS-HRTV-L) (Fig. 3A). Viral replication was observed only
when L was supplied by the T7-driven plasmid (Table 2). However, virus rescue was
observed when N was supplied with the T7-driven and polymerase-II-driven plasmids.
The complete genome sequences of the rescued recombinant HRTV (rwtHRTV) revealed
a nucleotide sequence change encoding predicted a nonsynonymous amino acid resi-
due substitution (N734S) in the L protein of the rwtHRTV L segment (Table 1 and Fig.
1B). Nevertheless, this nucleic difference was detected in the electropherograms of the
wtHRTV sequence, which were considered naturally obtained through the passages in
Vero 9013 cells. The replication kinetics of rwtHRTV in Vero 9013 cells compared with
those of authentic virus (wtHRTV) are shown in Fig. 3B. The virus titer of rwtHRTV was
slightly higher than that of wtHRTV at 24 and 48 h after infection. However, virus titers
were similar at other times.

Generation and characterization of NSs gene-knockout HRTV. To investigate the
function of HRTV NSs, an NSs gene-knockout HRTV (rHRTV-NSsKO) was generated
using pRF-HRTV-S-mutaNSs, which harbors mutations in the NSs ORF (Fig. 4A and B).
The plaque morphology of rHRTV-NSsKO was unclear compared with that of rwtHRTV
(Fig. 4C). The growth efficiency of rHRTV-NSsKO in Vero 9013 cells was significantly
lower than that of rwtHRTV (Fig. 4D). The maximum titer of rwtHRTV in Vero 9013 cells
was approximately 2.1 � 107 focus-forming units (FFU)/mL, whereas that of rHRTV-
NSsKO was approximately 1.1 � 105 FFU/mL. The growth efficiency of rHRTV-NSsKO in
A549 cells was significantly lower than that of rwtHRTV (Fig. 4E). The maximum virus
yields of rHRTV-NSsKO in A549 cells were approximately 2.3 � 103 FFU/mL and was
1.9 � 103-fold lower than that of rwtHRTV.

Suppression of type I-IFN signaling by HRTV NSs. The levels of the mRNAs encod-
ing type I-IFN signaling-related proteins in A549 cells infected with rwtHRTV or rHRTV-
NSsKO are shown in Fig. 4F to J. The levels of IFN-b mRNA associated with rHRTV-
NSsKO infection were significantly higher than those of rwtHRTV (Fig. 4F). Furthermore,
the mRNA levels of IFN-stimulated genes (ISGs), such as hISG15 and MxA of rHRTV-
NSsKO-infected cells, were significantly higher than those of rwtHRTV (Fig. 4G and H).
Moreover, in infected cells, the mRNA levels of pattern recognition receptors, such as
retinoic acid-inducible protein I (RIG-I) and Toll-like receptors 3 (TLR3) of rHRTV-NSsKO,
were significantly higher than those of rwtHRTV (Fig. 4I and J). There were no signifi-
cant differences in the cells between the levels of mRNAs encoding IFN-b , hISG15,
MxA, RIG-I, and TLR3 of rwtHRTV-infected and mock-infected A549 cells (Fig. 4F to J).

TABLE 1 Nucleic acid differences of viral genome sequences of HRTVs

Segment

Nucleotide
position (cRNA
orientation)

Nucleotide difference by straina

Amino acid
change

HRTV-MO-
4-NIID wtHRTV pRF-HRTV-L rwtHRTV

L 273 G/A G A A G86E
L 1060 G G A A Synonymous
L 2217 A A/G A A/G N734S
L 3309 A/T T/A A A Y1098F
L 6231 C/G G/C G G T2072R
aSequences represented by “x/y” indicate that the nucleic acid sequence of this nucleotide position was a
mixture of “x” and “y” and the major nucleic acid was “x.”
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FIG 2 Development of murine polymerase I-mediated HRTV minigenome system. (A) A diagram of the HRTV M segment minigenome plasmid (HRTV-MMG) and its
replication, transcription, and translation mechanisms. A cDNA fragment containing the M 39 UTR, Nluc ORF, and the M 59 UTR in the genomic sense is inserted
between the murine pol I promoter and the terminator of a pRF vector. The MMG plasmid is transcribed using RNA polymerase I to generate vRNA in BSRT7/5 cells.
The vRNAs are then encapsidated with the N protein. The cRNAs are produced in the presence of the L protein. The encapsidated vRNA is transcribed into a
reporter-gene mRNA. Finally, the transcribed mRNA is translated by the host to produce Nluc. (B) An HRTV minigenome system was established. BSRT7/5 cells were
transfected with HRTV-MMG and pTM1-HRTV-N or pCAGGS, pTM1-HRTV-L or pCAGGS, and pT7-Fluc. Transfected cells were incubated for 2 days at 37°C. Nluc and
Fluc activities were measured, and the RLUs of luciferase were determined. (C) BSRT7/5 cells were transfected with HRTV-MMG, and pTM1-HRTV-N or pKS-HRTV-N,
pTM1-HRTV-L or pKS-HRTV-L, and pT7-Fluc. Control cells were transfected with HRTV-MMG, pCAGGS, and pT7-Fluc. Transfected cells were incubated for 2 days at
37°C. Nluc and Fluc activities were measured, and the RLUs of luciferase were determined. Error bars represent the SD. ****, P , 0.0001; ***, P , 0.001; **, P , 0.01;
*, P # 0.05; ns, P . 0.05. Experiments shown in panels B and C were performed in quadruplicate and octuplicate, respectively.
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The IFN-b-driven activation level of the interferon-sensitive response element (ISRE)
promoter was assessed in rwtHRTV and rHRTV-NSsKO-infected 293T cells. The results
showed that the inhibition of the IFN-b-driven activation of the ISRE promoter was
reduced significantly by knocking out the NSs gene of HRTV (Fig. 4K). We also assessed
how the IFN-b-driven ISRE activation was suppressed in NSs-expressing 293T cells. A
transient expression of NSs in HRTV inhibited the IFN-b-driven activation of the ISRE
promoter in the 293T cells (Fig. 4L and M).

Tissue distribution and pathogenicity of rHRTV-NSsKO in AG129 mice. The tis-
sue distribution and pathogenicity of rHRTV-NSsKO in AG129 mice at 7 days postinfec-
tion (dpi) were compared with those of rwtHRTV. Virus genome RNA copy numbers in
the plasma, spleen, liver, intestine, and kidney of rHRTV-NSsKO-infected mice were sig-
nificantly lower than those of rwtHRTV-infected mice (Fig. 5A and B). The spleen, liver,
intestine, and kidney of mice inoculated with rwtHRTV, rHRTV-NSsKO, or medium were
subjected to histopathological and immunohistochemical analyses. The spleens of
rwtHRTV-infected mice exhibited neutrophilic infiltration with obvious nuclear debris
and numerous viral antigen-positive cells. In contrast, these pathological changes and
HRTV-positive cells were not observed in the spleens of rHRTV-NSsKO-infected and
mock mice (Fig. 5C). The livers and kidneys of rwtHRTV- but not rHRTV-NSsKO-infected
mice exhibited neutrophilic infiltration and viral antigen-positive cells (Fig. 5D and E).

FIG 3 Development of murine polymerase I-mediated HRTV reverse genetics system. (A) Diagram of the production of HRTV
using a reverse genetics system. BSR T7/5 cells were transfected with murine polymerase I-driven plasmids to generate S, M, and
L viral genomes and helper plasmids to supply viral N and L proteins to the cells. Recombinant viruses were generated in BSR T7/
5 cells. (B) Comparison of replication kinetics of wtHRTV and rwtHRTV in Vero 9013 cells. Results are expressed as the mean viral
titer of triplicate experiments. Error bars denote the SD. ***, P , 0.001; *, P , 0.05; ns, P . 0.05. Experiments shown in B were
performed in triplicate wells for each condition and repeated three times.

TABLE 2 Combinations of helper plasmids and viral rescue or not

N expression plasmid L expression plasmid Recombinant virus
pTM1-HRTV-N pTM1-HRTV-L Rescued
pTM1-HRTV-N pKS-HRTV-L Not rescued
pKS-HRTV-N pTM1-HRTV-L Rescued
pKS-HRTV-N pKS-HRTV-L Not rescued
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FIG 4 An analysis of the function of HRTV NSs in type I interferon-mediated innate immunity. (A) Alignment of the genomic
sense S RNA coding sequences of rwtHRTV and rHRTV-NSsKO. The methionine at the translation initiation codon of the NSs

(Continued on next page)
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Virulence of rHRTV-NSsKO in AG129 mice and its potency as a live-attenuated
vaccine against HRTV. AG129 mice were infected subcutaneously (s.c.) with 1.0 � 102

FFU of rwtHRTV, rHRTV-NSsKO, or medium (n = 10 per group) (Fig. 6A). All mice
infected with rwtHRTV died within 10 days post-first infection (dpfi), whereas all mice
infected with rHRTV-NSsKO survived (Fig. 6B). Mice infected with rHRTV-NSsKO suffered
no apparent weight loss (Fig. 6C).

Half of the mice infected with rHRTV-NSsKO or medium were further infected with
1.0 � 102 FFU of rwtHRTV on 35 dpfi (rHRTV-NSsKO_rwtHRTV and medium_rwtHRTV;
n = 5 per group) (Fig. 6A). All rHRTV-NSsKO_rwtHRTV mice survived the second infection;
however, all medium_rwtHRTV mice died after the second infection (Fig. 6D and E).

Neutralization titers against HRTV of plasma collected from mice on –1 dpfi, –1 days
post-second infection (dpsi), and 14 dpsi are shown in Fig. 6F. Anti-HRTV neutralizing
antibodies were detected in all rHRTV-NSsKO_rwtHRTV mice on –1 dpsi and 14 dpsi.
HRTV RNA was detected in all plasma collected from mice first inoculated with medium
and then inoculated with rwtHRTV (medium_rwtHRTV) on 5 dpsi, whereas the plasma
of 4 of 5 rHRTV-NSsKO_rwtHRTV mice were negative for HRTV RNA on 5 dpsi (Fig. 6G).
Viral RNA was not detected in all plasma collected 2 dpsi.

DISCUSSION

Here, we describe the development of reverse genetics systems for HRTV to gener-
ate the NSs gene knockout designated rHRTV-NSsKO. The molecular genetic tool con-
tributed new insights into the role of NSs, the pathogenesis of HRTV, and strategies to
develop an HRTV vaccine.

The complete genome sequences of each HRTV strain MO-4-NIID segment revealed
that a cytosine residue in the S segment of the 59 UTR differed from those of other
HRTV-S segment nucleotide sequences deposited in GenBank (Fig. 1A). This cytosine
was located at the 22nd nucleotide from the 59 terminus and was considered not to
affect viral transcription and replication efficiency. The sequence differences between
the HRTV strain MO-4-NIID and wtHRTV were also proposed to be acquired during viral
passage in Vero 9013 cells (Fig. 1B and Table 1).

According to published techniques (21–24), we tried to generate a T7 RNA polymer-
ase-driven HRTV reverse genetics system. However, expression constructs of the T7
RNA polymerase-driven M and L segments failed because of unexpected mutations or
deletions during plasmid propagation in Escherichia coli. Thus, all viral RNAs synthe-
sized here were transcribed by RNA polymerase I. Next, we generated an RNA polymer-
ase I-driven M segment minigenome system (Fig. 2), in which the N and L proteins
were expressed by T7 RNA polymerase-driven plasmids (Fig. 2B). The minigenome
assay demonstrated that the N and L proteins were essential for viral genome tran-
scription and replication. The reporter protein (Nluc) was coexpressed with N and L, in-
dependently of whether these proteins were supplied by the T7 RNA polymerase or
RNA polymerase II (Fig. 2C). However, we did not detect virus production if the L pro-
tein was supplied by an RNA polymerase-II-driven L expression plasmid (pKS-HRTV-L)

FIG 4 Legend (Continued)
protein was substituted with alanine, and two stop codons were inserted into the NSs protein ORF. (B) Vero 9013 cells were
infected at an MOI of 0.1 FFU/cell with recombinant viruses. On 3 days postinfection (dpi), cell lysates were immunoblotted to
detect the indicated proteins. (C) Shown is a comparison of plaque and focus morphologies of rwtHRTV and rHRTV-NSsKO.
Plaques and focuses are pointed out by arrows. Shown are comparisons of replication kinetics of rwtHRTV and rHRTV-NSsKO in
Vero 9013 cells (D) and A549 cells (E). Shown are the IFN-b (F), human ISG15 (G), MxA (H), RIG-I (I), and TLR3 (J) mRNA levels in
A549 cells infected with each recombinant virus. (K) Activation levels of the ISRE promoter in 293T cells infected with each
recombinant virus at an MOI of 2. 293T cells were transfected with pISRE-TA-luc or pTA-luc and pRL-TK. First, the cells were
incubated for 15 h at 37°C and then inoculated with recombinant viruses. After 48 h, the activities of Fluc and Rluc were
measured. (L) Expression of recombinant NSs proteins in 293T cells. (M) Activation levels of the ISRE promoter in 293T cells,
which transiently expressed recombinant NSs protein and were stimulated with IFN-b . 293T cells were transfected with pISRE-
TA-luc or pTA-luc, pRL-TK, and pKS-HRTV-NSs-c-myc or pKS336 (empty vector cells). First, the cells were incubated for 48 h and
then treated with IFN-b . After 18 h, the activities of Fluc and Rluc were measured. Error bars represent the SD. ****, P , 0.0001;
***, P , 0.001; ns, P . 0.05. Experiments shown in D and E were performed in triplicate wells for each condition and repeated
three times. Experiments shown in F, G, H, I, and J were performed three times. Experiments shown in K and M were performed
in quadruplicate and sextuplicate, respectively.

Reverse Genetics System for Heartland Bandavirus Journal of Virology

April 2022 Volume 96 Issue 7 10.1128/jvi.00049-22 8

https://journals.asm.org/journal/jvi
https://doi.org/10.1128/jvi.00049-22


FIG 5 Comparison of the viral RNA loads in the plasma and each organ of mice infected with rwtHRTV or rHRTV-NSsKO.
AG129 mice (n = 5/group) were infected with 1.0 � 102 FFU of rwtHRTV or rHRTV-NSsKO. On 7 dpi, mice were euthanized,

(Continued on next page)
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(Table 2). Thus, viral RNAs were supplied using RNA polymerase I, whereas N and L pro-
teins were supplied using T7 RNA polymerase.

Bunyaviruses propagate in the cytoplasm of infected cells. Proteins expressed by
the T7 RNA polymerase are transcribed in the cytoplasm, whereas proteins expressed
by RNA polymerase II are transcribed in the nucleus (25). This difference may affect the
success of the reverse genetics system for HRTV. A Rift Valley fever virus (RVFV; family
Phenuiviridae) reverse genetics system in which L protein was supplied by RNA poly-
merase II was reported previously (25). We are unable to explain why reverse genetics
succeeds for RVFV but not for HRTV in the presence of the L protein produced through
RNA polymerase II activity, as shown here. Their virus-specific subcellular localizations,
such as the L protein or its expression level in infected cells, may determine whether
the viruses are rescued. Recently, an SFTSV reverse genetics system employing an RNA
polymerase II-driven L protein was reported (26). Further research is therefore required
to determine why, in the present study, the HRTV reverse genetics cannot work under
the supplies of the L protein by RNA polymerase II.

The replication competencies of authentic isolated virus wtHRTV and the recombi-
nant virus rwtHRTV were similar with slight differences (Fig. 3B). The authentic isolated
virus comprises quasispecies, whereas the recombinant virus was derived from mono-
clonal plasmids. Moreover, one amino acid sequence difference was identified in the L
proteins of wtHRTV and rwtHRTV (G86E). These differences may slightly affect virus
replication.

Several recent reports suggest that SFTSV NSs inhibits the induction of type I IFN
and facilitates disease progression (16, 18, 19, 27, 28). HRTV NSs has been considered
to act as an antagonist of type I IFN, as indicated by the results of NSs transient expres-
sion studies (17–20). However, it is unclear whether NSs acts as a type I IFN antagonist
in HRTV-infected cells. We verified it using the reverse genetics system for the HRTV
developed here.

The plaque morphology of rHRTV-NSsKO in Vero 9013 cells was unclear (Fig. 4C).
Furthermore, the growth capacity of rHRTV-NSsKO in Vero 9013 cells, which do not
express type I IFN, was .102 times lower than that of rwtHRTV at 96 h postinfection
(Fig. 4D). It has been reported that the growth capacity of the NSs gene mutated in
SFTSV in Vero cells is similar to that of SFTSV (23). The growth of rHRTV-NSsKO in A549
cells, which express type I IFN, was reduced drastically compared with that of rwtHRTV
(Fig. 4E). These results suggest that HRTV NSs not only blocked type I IFN induction but
also were involved in other innate immune systems, which were functional in Vero
9013 cells. Further studies are needed to confirm this hypothesis.

The levels of type I IFN-related mRNAs in rHRTV-NSsKO-infected A549 cells detected
here support the previously reported hypothesis related to transient NSs expression
(Fig. 4F to H) (17–20). The results suggest that the HRTV NSs gene knockout induced
the expression of IFN-b . The induction of ISGs was detected in cells infected with
rHRTV-NSsKO (Fig. 4G, H, and K). These results supported the conclusion that NSs
inhibited type I IFN signaling. Furthermore, the results of the transient expression of
NSs in 293T cells support these results and the results reported previously by Rezelj et
al. (Fig. 4L and M) (17).

HRTV NSs gene knockout induced the expression of RIG-I and TLR3 in infected cells
(Fig. 4I and J), suggesting that NSs inhibited the induction of type I IFN as well as genes
that encode upstream components of signaling pathways that regulate innate immu-
nity. For example, abrogation of TLR3 expression leads to evasion of the recognition of
viruses with double-stranded RNA (dsRNA) genomes (29). We show here that the level

FIG 5 Legend (Continued)
and plasma and organ samples were collected. (A and B) RNAs were extracted, and viral RNA loads in plasma and
organs were determined using qRT-PCR. (C, D, and E) Hematoxylin and eosin (H&E) staining and IHC analysis using an
anti-N antibody were performed on spleen (C), liver (D), and kidney samples (E). UDL, under detection limit. Error bars in
A and B represent the SEM. **, P , 0.01. Dashed lines in B represent detection limits. The scale bars in C, D, and E
represent 50 mm.
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FIG 6 Virulence of rHRTV-NSsKO in AG129 mice and the potential of the viruses to develop anti-HRTV live-attenuated vaccines. (A)
Diagram of the protocols. Mice (n = 10/group) were infected with 1.0 � 102 FFU of recombinant viruses denoted in the column
labeled “first infection” and were observed for 2 weeks. Five weeks after the first infection, half of survivors (n = 5/group) were
further infected with 1.0 � 102 FFU of rwtHRTV. Blood collection tubes in the diagram indicate the collection of blood samples,
which were collected 21 day post-first infection (dpfi) and 21, 2, 5, and 14 days post-second infection (dpsi). (B) Survival curves of
the first infection experiment. P , 0.001 (rwtHRTV versus rHRTV-NSsKO). (C) Body weight changes of infected mice of the first
infection experiment performed in B. (D) Survival curves of the second infection experiment. P = 0.0015 (rHRTV-NSsKO_rwtHRTV
versus medium_rwtHRTV). (E) Body weight changes of infected mice in the second infection experiment performed in D. (F) Kinetics
of neutralization titers against HRTV in infected mice. NT50 values of plasma samples collected 21 days before first infection (dpfi),
21 (before second infection), and 14 days post-second infection (dpsi). (G) HRTV viral RNA loads in plasma samples collected 5 dpsi.
Error bars in C, E, F, and G represent the SEM. *, q ,0.05 (rwtHRTV versus rHRTV-NSsKO). UDL, under detection limit.
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of TLR3 mRNA in rwtHRTV-infected cells was the same as that in uninfected cells. In
contrast, the level of TLR3 mRNA in rHRTV-NSsKO-infected cells was approximately 40-
fold higher in comparison (Fig. 4J). These results suggest that NSs is required for
authentic HRTV to evade the host immune system by escaping recognition by TLR3.

The effects of bandavirus NSs on the downstream components of the TLR3 and
RIG-I pathways are well studied (28, 30). For example, SFTSV NSs sequesters TANK-
binding kinase 1 (TBK1) into NSs-induced cytoplasmic structures to inhibit the phos-
phorylation and nuclear translocation of IFN regulatory factor 3 (IRF3) and subsequent
IFN-b production (30). HRTV NSs inhibits TBK1-IRF3 signaling by not sequestering TBK1
into NSs-induced cytoplasmic structures. In contrast, HRTV NSs interacts directly with
TBK1 and impedes the interaction between TBK1 and IRF3 (18). TBK1-IRF3 signaling
occurs downstream of the TLR3 and RIG-I pathways. Further studies are therefore
required to identify the roles of NSs in infected cells.

AG129 mice were reported previously to be susceptible to HRTV infection (31). rHRTV-
NSsKO was less pathogenic than rwtHRTV (Fig. 5). Moreover, the lethality of rHRTV-NSsKO
in mice was 0% (Fig. 6B). AG129 mice lack type I and II IFN receptors (IFNabg R2/2). In this
regard, we are unable to explain the reduction of the pathogenicity of rHRTV-NSsKO for
AG129 mice. In SFTSV, it is reported that NSs activated the tumor progression locus 2
(TPL2) signaling pathway. This activation resulted in the marked upregulation of IL-10
expression, which dampened the host defense and promoted viral pathogenesis (23).
However, further studies should investigate whether HRTV NSs in the TPL2 signaling path-
way affects the pathogenicity of HRTV in AG129 mice.

Recently, it was reported that domestic cats were susceptible to SFTSV, with a fatality
rate of 62.5% (32). However, the prevalence of HRTV in domestic animals and their suscep-
tibility to HRTV are unknown. Furthermore, the number of known human cases affected
by the HRTV disease is currently limited, and hence, vaccine development against HRTV is
not urgent (3). Nevertheless, preparing an HRTV vaccine for humans and animals is impor-
tant for public health. Modifying the NSs gene is one of the attenuation strategies
employed to develop an RVFV vaccine (33). The results of secondary infection of rHRTV-
NSsKO-infected mice demonstrated the vaccine potency of NSs gene-knockout HRTV (Fig.
6A and D). Notably, all mice inoculated with rHRTV-NSsKO survived after infection with a
lethal dose of rwtHRTV, and 80% of these mice did not show viremia after infection (Fig.
6G). Therefore, rHRTV-NSsKO may serve as a live-attenuated vaccine against HRTV. Anti-
HRTV neutralizing antibodies were induced in mice infected with rHRTV-NSsKO after the
first infection (Fig. 6F). As observed, the induction level of anti-HRTV neutralizing antibod-
ies after the 2nd infection was virtually equal to that after the 1st infection, suggesting
that humoral and cellular immunity are deeply involved in protecting against HRTV infec-
tions. Nevertheless, the role of cellular immunity against HRTV infection is unclear. Hence,
further studies should elucidate how cellular immunity contributes to antiviral responses
during HRTV infections.

In summary, here, we have developed the reverse genetics system for HRTV and
have analyzed the function of NSs and the pathogenic effects of HRTV. The effect of
NSs gene knockout was analyzed, and the vaccine potency of NSs gene-knockout
HRTV (rHRTV-NSsKO) was assessed in mice. The results suggest that rHRTV-NSsKO may
serve as a live-attenuated vaccine against HRTV infection. Further studies using the
HRTV reverse genetics system established in this study would help in the development
of vaccines and the analyses of HRTV pathogenesis.

MATERALS ANDMETHODS
Cells and viruses. African green monkey kidney Vero cells (strain 9013) (Vero 9013 cells) were cul-

tured at 37°C in an atmosphere containing 5% CO2 in Eagle’s minimal essential medium (MEM) (Sigma-
Aldrich, St. Louis, MO) supplemented with 5% heat-inactivated fetal bovine serum (FBS) (Sigma-Aldrich)
and 100 mg/mL penicillin-streptomycin (Nacalai tesque, Kyoto, Japan). A549 and 293T cells were main-
tained in Dulbecco’s modified Eagle medium (DMEM) (Sigma-Aldrich), supplemented with 10% FBS and
100 mg/mL penicillin-streptomycin (DMEM-10FBS), and cultured at 37°C in 5% CO2. BSR-T7/5 cells (pro-
vided by Karl-Klaus Conzelmann) were maintained in Glasgow’s MEM (G-MEM) (Nacalai tesque) supple-
mented with 10% FBS, 10% tryptose phosphate broth (Thermo Fisher Scientific, Carlsbad, CA), 100 mg/
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mL penicillin-streptomycin, and 1 mg/mL of G418 (Thermo Fisher Scientific), every other passage (G-
MEM-10FBS) and cultured at 37°C in 5% CO2 (34).

HRTV strain MO-4 (provided by Robert B. Tesh, University of Texas Medical Branch, Galveston, TX)
was passaged four times in Vero cells, and viral sequences were determined as described below (HRTV
strain MO-4-NIID). HRTV strain MO-4-NIID passaged in Vero 9013 cells served as wtHRTV.

Plasmids. To construct the plasmids designated pRF-HRTV-S, pRF-HRTV-M, and pRF-HRTV-L, cDNA frag-
ments containing complete S, M, or L segments of HRTV were cloned between the sequences encoding the
murine pol I promoter and the terminator of the pRF vector (35). The pRF vector system was provided by
Shuzo Urata, Nagasaki University (Nagasaki, Japan), and Juan Carlos de la Torre, the Scripps Research
Institute (San Diego, CA). Viral cDNA constructs were inserted in the genomic sense orientation of the viral
RNA (vRNA). The pRF-HRTV-S plasmid with mutations in the ORF of the NSs gene (pRF-HRTV-S-mutaNSs) was
generated via site-directed mutagenesis and an in-fusion high-fidelity (HD) restriction-free cloning method
(TaKaRa Bio, Shiga, Japan). Plasmids for the expression of HRTV N and HRTV L (referred to as pTM1-HRTV-N
and pTM1-HRTV-L, respectively) were constructed by cloning PCR amplicons of the HRTV N and HRTV L
genes, which were inserted into an EcoRI-linearized pTM1 plasmid using an in-fusion HD restriction-free clon-
ing method. The pTM1 plasmid is a T7-driven expression plasmid, and an internal ribosome entry site (IRES)
is present between the T7 promoter and protein ORF sequences. Plasmids for the expression of HRTV N and
HRTV L (referred to as pKS-HRTV-N and pKS-HRTV-L, respectively) were constructed by cloning PCR ampli-
cons of the HRTV N and HRTV L genes into EcoRI-linearized pKS336 plasmid by an in-fusion HD restriction-
free cloning method. Plasmid for the expression of HRTV NSs tagged with the c-Myc-tag at the C terminus
(referred to as pKS-HRTV-NSs-c-myc) was constructed by cloning the PCR amplicon of the HRTV NSs gene
linked to the c-myc tag gene into a BamHI-linearized pKS336 plasmid using an in-fusion HD restriction-free
cloning method. A plasmid expressing Renilla luciferase (Rluc) (referred to as pRL-TK) was purchased from
Promega (Fitchburg, WI). A plasmid expressing firefly luciferase (Fluc) (referred to as pT7-Fluc) was provided
by Yoshiharu Matsuura, Osaka University (Osaka, Japan). The plasmids pISRE-TA-luc and pTA-luc plasmids
were purchased from TaKaRa Bio.

Minigenome assay. Eighty microliters of BSR-T7/5 cells (2.0 � 105/mL) were seeded into the wells of a
96-well black/clear flat bottom tissue culture (TC)-treated imaging microplate (Corning, Corning, NY) and
grown to approximately 80% confluence. Cells were transfected with minigenome plasmids (1.0 � 1021 mg
of HRTV-MMG), 5.0 � 1022 mg of pTM1-HRTV-N (or pKS-HRTV-N) or pCAGGS vector (empty vector), 1.0 -
� 1022 mg of pTM1-HRTV-L (or pKS-HRTV-L) or empty vector, and 5.0 � 1023 mg of pT7-Fluc. Transfections
were conducted in the presence of a TansIT-LT1 DNA transfection reagent (Mirus Bio, Madison, WI). Cells
were transfected with 0.165 mg (0.33 mL) of total plasmids. Transfected cells were incubated for 2 days at
37°C. Nluc and Fluc activities were measured using a Nano-Glo dual-luciferase reporter assay system
(Promega, Fitchburg, WI). Luminescence was measured, and the relative light units (RLUs) of luciferase were
determined using a Wallac Victor 3V luminometer (PerkinElmer, Waltham, MA). All results obtained for Nluc
were normalized to the expression levels of Fluc.

Reverse genetics assay. Four milliliters of BSR-T7/5 cells (2.0 � 105/mL) were added to 50-mm-di-
ameter dishes and cultured to approximately 80% confluence. Cells were transfected using 14.4 mL of a
TansIT-LT1 DNA transfection reagent with 2.0 mg of pRF-HRTV-S (or mutated pRF-HRTV-S; pRF-HRTV-S-
mutaNSs), 2.0 mg pRF-HRTV-M, 2.0 mg of pRF-HRTV-L, 1.0 mg of pTM1-HRTV-N (or pKS-HERV-N), and 2.0 -
� 1021 mg of pTM1-HRTV-L (or pKS-HRTV-L). Cells were incubated for at least 2 days at 37°C. The me-
dium used for culturing BSR-T7/5 cells (supernatant) was removed and then added to Vero 9013 cells
and incubated for 7 days. After viral propagation was confirmed using an immunofocus assay, the super-
natants were further passaged in Vero cells and incubated for at least 4 days. The supernatants were har-
vested and stored at 280°C. The RNA of each recombinant virus was extracted, and the viral genome
sequences of all recombinant viruses were confirmed using Sanger sequencing (36).

Viral genome sequencing. Viral genome sequences of all HRTVs used here were analyzed using
Sanger sequencing of viral cDNAs generated using reverse transcription-PCR (RT-PCR). To determine the
39 terminus of the viral genome sequence, total RNA was extracted from infected Vero 9013 cells and
polyadenylated in vitro using a poly(A) tailing kit (Thermo Fisher Scientific, Carlsbad, CA), according to
the manufacturer’s instructions. Samples were subsequently purified using an RNeasy minikit (Qiagen,
Venlo, Netherlands). Purified polyadenylated RNA was used as the template for a one-step RT-PCR with
an oligo(dT)-containing adaptor primer and gene-specific primer (GSP). PCR products were subsequently
subjected to a second PCR amplification using the rapid amplification of cDNA ends (RACE) primer and
GSPs. A 59 RACE system (Thermo Fisher Scientific) was used to determine the sequence of the 59 termi-
nus of the viral genome sequence. Briefly, cDNAs were synthesized from RNAs using GSPs and tailed
with homopolymeric dCTP (55083; Thermo Fisher Scientific). Then cDNAs were treated with terminal de-
oxynucleotidyl transferase (Thermo Fisher Scientific) and subjected to PCRs with GSPs, abridged anchor
primer, and universal amplification primer. All these PCR products were purified, and their nucleic
sequences were analyzed by Sanger sequencing (36).

Antibodies. A polyclonal antibody raised against the HRTV recombinant N protein (rabbit anti-N)
was produced in the present study. The HRTV recombinant N protein tagged with a histidine-tag at the
C terminus was expressed in a baculovirus expression system as described previously (9). Anti-N protein
sera were raised in rabbits by immunization with purified HRTV-N (rabbit anti-N). A polyclonal antibody
raised against the SFTSV NSs protein (rabbit anti-NSs) was provided by Hiroki Kato, Kyoto University
(Kyoto, Japan). The cross-reactivity of rabbit anti-NSs against HRTV NSs was confirmed, and rabbit anti-
NSs was used to detect HRTV NSs. A monoclonal antibody against a-tublin (T5168; Sigma-Aldrich) and a
polyclonal antibody against c-myc (C3956; Sigma-Aldrich) served as primary antibodies in Western blot
assays.
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Immunofocus, immunofluorescence (IFA), and plaque formation assays. The infectious dose of
HRTV was determined using a viral immunofocus assay. Briefly, after 1-h adsorption of virus solution to
Vero 9013 cells cultured in 12-well plates, cells were overlaid with 1 mL of maintenance medium (Eagle’s
MEM containing 1% methylcellulose, 2 mM L-glutamine, 0.22% sodium bicarbonate, and 2% FBS) and
further cultured for 7 days at 37°C. The cell monolayers were then fixed with 10% formalin in phos-
phate-buffered saline (PBS), permeabilized using 0.2% Triton X-100 in PBS, and reacted with rabbit anti-
N and horseradish peroxidase (HRP)-goat anti-rabbit IgG (H1L) DS Grd (917439A; Life Technologies).
Cells were then stained using a peroxidase stain oxidized by hydrogen peroxide (DAB) kit (Nacalai tes-
que), and the number of stained foci was counted. The immunofluorescence assay (IFA) employed Alexa
Fluor 488 goat anti-rabbit IgG (H1L) (Life Technologies) as the secondary antibody. The cells were
observed to detect HRTV using a fluorescence microscope (BZ-9000; Keyence, Osaka, Japan). In the pla-
que formation assay, fixed cells were stained using methylene blue, washed with tap water, and dried.

Comparison of viral growth kinetics of authentic and recombinant viruses. The viral growth
kinetics of authentic virus and the recombinant virus (wtHRTV versus rwtHRTV) in Vero 9013 cells were
analyzed. Briefly, confluent monolayers of Vero 9013 cells cultured in 12-well plates were infected with
each virus at a multiplicity of infection (MOI) of 0.1. Cells were washed three times with MEM supple-
mented with 2% FBS (MEM-2FBS) after a 1-h adsorption period at 37°C, and 1 mL of MEM-2FBS was
added to each well. Supernatant samples were collected at 0, 24, 48, 72, and 96 h postinfection. The
supernatants were centrifuged at 8,000 � g for 2 min to remove cell debris and were stored at 280°C
until the infectious dose was measured using a viral immunofocus assay. Virus growth curves were gen-
erated using GraphPad Prism 7 software and analyzed using Welch’s t test at each sampling time.

Comparison of viral growth kinetics of WT and NSs-KO viruses. The growth kinetics of recombi-
nant the wt virus and NSs-KO virus (rwtHRTV versus rHRTV-NSsKO) in Vero 9013 and A549 cells were ana-
lyzed. Briefly, confluent monolayers of Vero 9013 and A549 cells cultured in 12-well plates were infected
with each virus at an MOI of 0.01 per cell. Cells were washed three times with MEM-2FBS (Vero 9013 cells) or
DMEM supplemented with 2% FBS (DMEM-2FBS) (A549 cells) after a 1-h adsorption period at 37°C, and 1 mL
of MEM-2FBS or DMEM-2FBS was added to each well. Supernatant samples were collected at 0, 24, 48, 72,
and 96 h postinfection. The supernatants were centrifuged at 8,000 � g for 2 min to remove cell debris and
were stored at280°C until the infectious dose was measured using a viral immunofocus assay. Virus growth
curves were generated using GraphPad Prism 7 software and analyzed using Welch’s t test at each sampling
time. Infected and uninfected A549 cells were harvested 24 h postinfection, and RNA was extracted using
the TRIzol reagent (Thermo Fisher Scientific).

IFN-b and ISRE reporter assays. For the transient NSs expression assay, 100 mL of 2.0 � 105/mL
293T cells were added to a 96-well black/clear flat-bottom TC-treated imaging microplate and cultured
to approximately 80% confluence. The cells were transfected using the TansIT-LT1 DNA transfection rea-
gent with 20 ng pISRE-TA-luc or pTA-luc, 10 ng pRL-TK, and 10 ng pKS-HRTV-NSs-c-myc or pKS336
(empty vector). Cells were incubated for 48 h at 37°C in an atmosphere containing 5% CO2 and then
treated with 100 units of IFN-b (407318; Sigma-Aldrich). After 18 h, the activities of Fluc and Rluc were
measured using a dual-luciferase reporter assay system (Promega). The expression levels of Rluc served
to normalize the results obtained for Fluc.

For assays of the authentic virus, 100 mL of 2.0 � 105/mL 293T cells were added to 96-well black/
clear flat-bottom TC-treated imaging microplate and cultured to reach approximately 80% confluence.
The cells were transfected using the TansIT-LT1 DNA transfection reagent with 20 ng pISRE-TA-luc or
pTA-luc and 10 ng pRL-TK. Cells were incubated for 15 h at 37°C (5% CO2) and then inoculated with
recombinant viruses at an MOI of 2. After 48 h, the activities of Fluc and Rluc were measured using a
dual-luciferase reporter assay system (Promega). The expression levels of Rluc served to normalize all
the results obtained for Fluc. One-way analysis of variance (ANOVA) and Tukey’s multiple-comparison
test were used to analyze the RLU levels.

Quantitative RT-PCR (qRT-PCR) analysis of relative mRNA expression levels of host immune-
related genes. Total RNA extracted from infected and uninfected A549 cells were reverse transcribed
using ReverTra Ace quantitative PCR (qPCR) RT master mix with genomic DNA (gDNA) remover (Toyobo,
Osaka, Japan). Thunderbird SYBR qPCR mix (Toyobo) and a QuantStudio 5 real-time PCR system (Thermo
Fisher Scientific) were used for qRT-PCR with the primers listed in Table 3 (19, 23, 37). The relative mRNA
levels of the indicated genes were analyzed using the threshold cycle (22DDCT) method using qRT-PCR
(38). The CT of GAPDH was used as internal reference. One-way ANOVA and Tukey’s multiple-comparison
test were used to analyze the mRNA expression levels.

Western blot analysis. Cell lysates (60 mL) were mixed with 20 mL of a 4� sample buffer solution
containing 20 vol% 2-mercaptoethanol (191-13272; Wako, Osaka, Japan). Proteins were separated on a
sodium dodecyl sulfate (SDS) 4% to 12% gradient polyacrylamide gel (Thermo Fisher Scientific, Carlsbad,
CA). Proteins were transferred electrophoretically to a polyvinylidene difluoride membrane (Bio-Rad
Laboratories, Hercules, CA), and the membrane was then blocked by incubating in saturation buffer
(Tris-buffered saline [TBS] containing 0.25% skim milk and 0.05% Tween 20). The membrane was then
incubated with the primary antibodies described above. After being washed with TBS containing 0.05%
Tween 20, the membrane was incubated with the HRP-labeled secondary antibodies HRP-conjugated
goat anti-rabbit IgG (H1L) DS Grd (31460; Life Technologies) or HRP-conjugated goat anti-mouse IgG
(H1L) (62-6520; Thermo Fisher Scientific). Protein expression was detected using the Immobilon
western chemiluminescent HRP substrate (Millipore, Burlington) according to the manufacturer’s instruc-
tions. Bands were visualized using an LAS-3000 mini instrument (Fujifilm, Tokyo, Japan).

Mouse experiments. Animal experiments were performed in an animal biosafety level 3 laboratory.
All experiments were performed following the Guidelines for Animal Experimentation of the NIID, Japan,
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which were approved by the Committee on Experimental Animals at NIID (numbers 119174 and
120079). Specific pathogen-free 4- to 5-week-old female AG129 mice were bred and used in the present
study.

Replication kinetics of the NSs knockout virus in mice.Mice were infected s.c. with 1.0 � 102 FFU of
rwtHRTV, rHRTV-NSsKO, or medium (n = 5/group). Mice infected with rwtHRTV or rHRTV-NSsKO were eutha-
nized using deep isoflurane anesthesia, and blood samples were collected by cardiac puncture at 7 dpi.
Organ tissues were collected and immersed in TRIzol (Thermo Fisher Scientific) or 4% paraformaldehyde-
phosphate buffer solution (Fujifilm, Tokyo, Japan). Blood samples were centrifuged, and plasma samples
were collected.

Evaluation of the virulence of rHRTV-NSsKO in mice and its evaluation as vaccine candidates.
Mice were infected s.c. with 1.0 � 102 FFU of rwtHRTV, rHRTV-NSsKO, or medium (n = 10/group). Mice
were monitored daily for 14 days for clinical symptoms, body weight, and survival. Mice with .20%
weight loss were euthanized to avoid suffering to the extent possible. After the first infection, half of
rHRTV-NSsKO- and medium-infected mice (n = 5/group) were inoculated s.c. with 1.0 � 102 FFU of
rwtHRTV 35 dpfi (0 dpsi) and monitored daily for 14 days for clinical symptoms, body weight, and survival.
After 14 dpsi, mice were euthanized using deep isoflurane anesthesia. Blood was collected from the caudal
vein of each mouse on 21 dpfi, 21 dpsi, 2 dpsi, and 5 dpsi. Blood samples were collected in Microtainer
blood collection tubes (BD, Franklin Lakes, NJ) and centrifuged at 8,000 � g for 5 min. Separated plasma
was stored at 280°C. We used GraphPad Prism 7 software to generate survival curves, which were ana-
lyzed using the log-rank (Mantel-Cox) test. The curves of body weight changes were generated using
GraphPad Prism 7 software and those after the initial infection were analyzed using multiple t tests.
Discovery was determined using two-stage linear step-up produced by Benjamini, Krieger, and Yekutieli,
with a Q (the desired maximum percent of discoveries that are false discoveries) of 1% (35).

Analysis of viral genome copy number in mouse samples. Plasma samples were mixed with the
binding buffer included in the high pure viral RNA purification kit (Roche Diagnostics, Indianapolis, IN) to
extract RNA. Liver, spleen, kidney, and intestine samples were immersed immediately in 1 mL of TRIzol
(Thermo Fisher Scientific) and stored at 280°C. Then, samples were thawed, and RNA was extracted accord-
ing to the manufacturer’s instructions. Viral genome copy numbers were determined using qRT-PCR as fol-
lows: the forward and reverse primers and probes for HRTV are listed in Table 3 (39). The qRT-PCR assays
were performed using a QuantStudio 5 real-time PCR system (Thermo Fisher Scientific) with TaqMan fast vi-
rus 1-step master mix (Thermo Fisher Scientific). The qRT-PCR protocol was as follows: reverse transcription
(48°C for 5 min), denaturation (95°C for 20 s), 40 cycles of amplification, and quantification (95°C for 3 s and
57°C for 30 s). In the present study, the standard control for HRTV was 10-fold serial dilutions of the RNAs
containing the partial amplicons of the N genes of HRTV. These RNAs were synthesized using an in vitro tran-
scription assay (40). Viral genome copy numbers were calculated as the ratio of the copy number of each
standard control. Viral genome copy numbers were plotted using GraphPad Prism software, and the results
were analyzed using the Mann–Whitney test. The viral RNA detection limits in the plasma, spleen, liver, intes-
tine, and kidney were 2.5 � 103 copies/mL, 5.6 � 101 copies/mg, 1.5 � 101 copies/mg, 1.9 � 101 copies/mg,
and 1.1� 101 copies/mg, respectively.

Histopathology and immunohistochemistry (IHC). Tissue samples were immersed in 4% paraformal-
dehyde-phosphate buffer solution (Fujifilm, Tokyo, Japan) and fixed, and the fixed tissue specimens
were embedded in paraffin. Tissue sections (3 mm) were cut and mounted onto glass slides for standard
hematoxylin and eosin staining or IHC analysis of viral antigens. Rabbit anti-N was used as the primary
antibody, and a peroxidase-labeled polymer-conjugated anti-rabbit immunoglobulin (EnVision/HRP;
Dako) served as the secondary antibody. Immune complexes were visualized using 3,39-diaminobenzi-
dine tetrahydrochloride. Hematoxylin (modified Mayer’s) was used as a nuclear counterstain in IHC.
Histopathological and IHC images were acquired using a Slideview VS200 device (Olympus, Tokyo,
Japan).

TABLE 3 List of real-time PCR primers and probes used in this study

Name Primer or probe Sequence Target Reference
HRTV4-forward Primer CCTTTGGTCCACATTGATTG HRTV NSs 39
HRTV4-reverse Primer CACTGATTCCACAGGCAGAT HRTV NSs 39
HRTV4-probe Probe FAM-TGGATGCCTATTCCCTTTGGCAA-TAMRAa HRTV NSs 39
human GAPDH-Fw Primer GAAGGTGAAGGTCGGAGTC Human GAPDH 23
human GAPDH-Rv Primer GAAGATGGTGATGGGATTTC Human GAPDH 23
human IFN-b Fw Primer CTCCTGGCTAATGTCTATCA Human IFN-b 19
human IFN-b Rv Primer GCAGAATCCTCCCATAATAT Human IFN-b 19
human ISG15-Fw Primer CGCAGATCACCCAGAAGATT Human ISG15 37
human ISG15-Rv Primer GCCCTTGTTATTCCTCACCA Human ISG15 37
human MxA-Fw Primer GTGCATTGCAGAAGGTCAGA Human mxa 37
human MxA-Rv Primer CTGGTGATAGGCCATCAGGT Human mxa 37
human RIG-I-Fw Primer CTTGGCATGTTACACAGCTGAC Human RIG-I 37
human RIG-I-Rv Primer GCTTGGGATGTGGTCTACTCA Human RIG-I 37
human TLR3-Fw Primer TCCCAAGCCTTCAACGACTG Human TLR3 37
human TLR3-Rv Primer TGGTGAAGGAGAGCTATCCACA Human TLR3 37
aFAM, 6-carboxyfluorescein; TAMRA, 6-carboxytetramethylrhodamine.
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Neutralization assay. Heat-inactivated (56°C for 30 min) plasma was serially diluted 2-fold (1:20 to
1:640) with MEM-2FBS, and the diluted samples were mixed with an equal volume of MEM-2FBS contain-
ing 50 to 150 FFU/50 mL wtHRTV. The mixtures were incubated for 1 h at 37°C. Vero cells cultured in 12-
well plates were inoculated with 100 mL of each mixture and cultured at 37°C for 1 h for adsorption. The
cells were overlaid with 1 mL of maintenance medium (Eagle’s MEM containing 1% methylcellulose,
2 mM L-glutamine, 0.22% sodium bicarbonate, and 2% FBS). The plates were incubated at 37°C (5% CO2)
for 7 days. Cells were fixed with 10% formaldehyde, permeabilized by incubation with PBS containing
0.2% Triton X-100 (Sigma-Aldrich, St. Louis, MO) and then stained with rabbit anti-N serum and HRP-
goat anti-rabbit IgG (H1L) DS Grd (Life Technologies). The cells were then stained with a peroxidase
stain DAB kit (Nacalai tesque). The number of stained foci was counted as described above, and the 50%
focus reduction of neutralization titer (FRNT50) was measured. The FRNT50 titers were defined as the re-
ciprocal of the serum dilution with a focus number of ,50% of the control, and the foci in the control
wells were inoculated with the mixture of plasma-free MEM-2FBS and MEM-2FBS containing 50 to 150
FFU/50 mL of wtHRTV.
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