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Abstract

Belonging to genus Bandavirus in Phenuiviridaefamily, Guertu bandavirus (GTV) is a potential pathogen closely related
to severe fever with thrombocytopenia syndrome virus (SFTSV) and heartland virus (HRTV) associated with human dis-
eases. Although the medical significance of GTV is not clear, there was serological evidence suggesting past infection with
this virus has occurred, indicating its potential threat to human health. So, it is important to prepare for detection of GTV
infection so as to control virus transmission and promote disease diagnosis and treatment. This study is aimed at obtaining
monoclonal antibodies (mAbs) against GTV nucleoprotein (NP) and evaluating their activities in recognizing viral antigens
from genetic-related bandaviruses, SFTSV and HRTV. Eight mAbs were obtained and four of them (22G1, 25C2, 25E2, and
26F8) recognize linear epitopes of GTV NP. The four mAbs showed cross-reactivity to SFTSV but were unable to react with
HRTV. Two fine epitopes were identified by the four mAbs, Expl (**YNSFRDPLHAAV?%) and Eyp2 (***GPDGLP?!),
which are highly conserved in the NPs of GTV and SFTSV but are distinct in HRTV NP. The features of epitopes, including
their hydrophilicity, antibody accessibility, flexibility, antigenicity, and spatial locations, were predicted and analyzed, and
their potential functional impacts on virus infection and replication and their use for virus detection were discussed. Our
results promote the understanding of the molecular basis of GTV and SFTSV NP in inducing antibody responses. The NP-
specific mAbs generated in this study are promising fundamental materials for developing viral antigen detection methods
for GTV and SFTSV.
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Introduction

Emerging pathogenic tick-borne viruses (TBVs) that can
infect animals and humans have attracted considerable atten-
tion because of the increasing incidence of tick-borne viral
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cases in Eastern Asian countries and in the United States,
respectively [5—10]. In China, SFTSV was first isolated from
patients with severe fever and thrombocytopenia syndrome
disease (SFTS). The clinical signs of SFTS include fever,
thrombocytopenia, and leukocytopenia, among others [8].
From 2010 to 2020, over 10000 SFTS cases were reported
in 23 provinces in China, resulting in mortality rates rang-
ing from 5 to 30% [1]. Additionally, SFTSV was identified
and isolated from patients in Japan and South Korea [11],
and there was serological evidence of SFTSV prevalence in
Vietnam and Pakistan [12, 13], suggesting the wide distri-
bution of this virus. In 2009, patients in the United States
with clinical symptoms similar to those observed for SFTS
were found to have infection with HRTV, a novel TBV with
a close genetic relationship to SFTSV [9]. To date, over 50
HRTYV cases, including three deaths, have been reported in
the United States [14].

In 2018, Shen et al. isolated a novel virus that dis-
played a strong evolutionary relationship with SFTSV
from Dermacentor nuttalli ticks in Xinjiang, China [15].
The phylogenetic tree constructed for this virus showed
that it belongs to the group SFTS/heartland of genus
Bandavirus in the family Phenuiviridae and is named
Guertu bandavirus (GTV) [15, 16]. Two human cases
with neutralization of this virus have been identified in
serological surveys, indicating that GTV is a potential
pathogen to humans [15]. In Xinjiang, GTV is widely
distributed along with its tick vectors; thus, it may pose
a threat to residents. In addition, a case report suggested
that SFTSV is prevalent in Xinjiang [17]. To prepare for
emerging diseases associated with SFTSV, GTV, or other
related viruses, it is important to develop fundamental
materials for establishing effective techniques for virus
detection and identification as well as strategies for rapid
response to emerging outbreaks.

Similar to SFTSV and HRTV, GTV contains three seg-
mented negative-sense single-stranded RNAs (ssRNAs)
[15]. The S segment encodes a nonstructural protein (NSs,
285 amino acids (AAs)) and nucleoprotein (NP, 245 AAs),
whereas the M and L segments encode glycoprotein (GP)
and RNA-dependent RNA polymerase, respectively. The
ability of SFTSV NP to bind viral RNA and form a ribonu-
cleoprotein complex is an important role in RNA transcrip-
tion and replication [18]. Detected NP expression in cells
commonly represents virus invasion [19]. SFTSV NP is the
primary antigen detected in infected cells and patient or ani-
mal tissues [20]. To date, a panel of SFTS patient-derived
human monoclonal antibodies (mAbs) has been obtained,
and epitopes have been identified, indicating the important
role of NP in inducing strong humoral responses to SFTSV
infection and the ideal molecular basis for establishing
methods for the detection and diagnosis of SFTSV infection
using mAbs against NP [21]. A sandwich antigen-capture

@ Springer

enzyme-linked immunosorbent assay (ELISA) for detect-
ing SFTSV has been developed and evaluated using mAbs
[22], which provides an additional method for the virological
diagnosis of SFTS besides viremia detection. Murine mAbs
against HRTV NP were developed and showed potential for
inclusion in future HRTV diagnostic assays [23]. However,
there is still a lack of GTV NP mAb preparations, which
may hinder the development of diagnostic strategies for this
virus. Moreover, the mAbs against NP may have serological
cross-reactions among the three bandaviruses, which share
close phylogenetic and serological correlations. Therefore,
identifying fine antigenic epitopes of viral proteins could
provide a research basis to improve the specificity of detec-
tion methods using mAbs and to promote the design of
detection strategies to distinguish bandaviruses.

In this study, we obtained mAbs against GTV NP using
hybridoma cell screening techniques and identified the
epitopes recognized by mAbs. Further, we assessed the
cross-recognition ability of the anti-GTV NP mAbs against
SFTSV and HRTV and analyzed the fine epitopes mapped
in NPs of GTV, SFTSV, and HRTYV, respectively, through
multiple sequence alignment and three-dimensional (3D)
structure models. Our results provide foundation materials
and suggest their promising use in developing specific and
broad-spectrum methods for detecting bandaviruses.

Materials and methods
Cells and viruses

Vero (ATCC number: CCL-81), HeLa (ATCC number:
CCL-2), and mouse myeloma cells (ATCC number: PTA-
9396) were obtained from the American Type Culture Col-
lection (ATCC, Manassas, VA, USA) and cultured in Dul-
becco’s Modified Eagle’s medium-high glucose (DMEM,
NZK Biotech, Wuhan, China) containing 10% fetal bovine
serum (FBS, Gibco, Australia). The National Virus Resource
Center (NVRC, Wuhan, China) preserved GTV strain DXM
(GenBank accession number: KT328591), SFTSV strain
WCH (GenBank accession number: AFJ15061), and HRTV
strain patient 1 (GenBank accession number: NC024496).
Infection assays for GTV, SFTSV, and HRTV were con-
ducted in a biosafety level (BSL)-2 laboratory.

Plasmids and antibodies

The eukaryotic expression plasmid pCAGGS and the
prokaryotic expression plasmid pXXGST-3 expressing short
peptide fused with GST-188 protein were preserved at the
NVRC. An anti-His antibody (Abcam, Shanghai, China) was
used as the primary antibody to verify the expression of
GTV/SFTSV/HRTV NP. Goat anti-mouse IgG H&L (Alexa
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Fluor ®488) (Abcam) was used as the secondary antibody
to verify the expression of GTV/SFTSV/HRTV NP and to
detect mAb binding. Rabbit polyclonal antibodies against
SFTSV nucleoprotein (anti-SFTSV NP PAbs) were used as
positive controls [24], and goat anti-rabbit IgG H&L con-
jugated with horseradish peroxidase (HRP) (Proteintech,
Rosemont, USA) or goat anti-rabbit IgG H&L (Alexa Fluor
®488) (Abcam) were used as secondary antibodies. Serum
collected from healthy C57/BL6 mice was used as the nega-
tive control.

Production of mAbs

Vero cells were infected with GTV at a multiplicity of infection
(MQI) of 1. Three days post-infection, culture supernatants con-
taining viral particles were harvested and concentrated using
ultrafiltration centrifugation as previously described [25], which
was followed by an endpoint dilution assay to determine virus
titers. Six C57/BL6 mice aged 68 weeks were immunized with
100 pL of supernatant containing GTV (8x 107 TCIDs, per
mouse). On day 10, serum samples from mice were collected
and used to detect antibody responses to GTV using indirect
immunofluorescence assay (IFA). On day 14, two mice that
had anti-GTV NP antibodies were selected, and their spleens
were harvested. Hybridoma cells were produced as previously
described by the fusion of SP2/0 myeloma cells with mouse
spleen cells using polyethylene glycol (Glpbio, Montclair,
USA) [25]. The culture supernatants of hybridoma cells were
screened for antibodies against GTV NP by IFA and Western
blot. Positive cells were diluted to approximately 1 cell/well by
limiting dilution, and positive single stable clones were sub-
sequently transferred to culture flasks. All experiments were
conducted in a biosafety level (BSL)-2 laboratory. Reverse
transcriptase polymerase chain reaction (RT-PCR) was used
to detect GTV in the supernatants of the single stable clones
collected when the cell density reached 80% to rule out the
presence of this virus, as previously described [15].

Eukaryotic expression of GTV/SFTSV/HRTV NP

The NP genes of GTV, HRTV, and SFTSV were ampli-
fied from viral cDNA using PCR and cloned into the
vector pCAGGS in fusion with a 6 X His-tag to generate
NP-expressing plasmids (pCAGGS-GTV-NP, pCAGGS-
SFTSV-NP, and pCAGGS-HRTV-NP), which were veri-
fied by Sanger sequencing. HeLa cells were transfected with
plasmids using Lipofectamine™ 3000 transfection reagent
(Thermo Fisher Scientific, USA) for IFAs.

Indirectimmunofluorescence assay

Using virus-infected or plasmid-transfected cells, IFAs were
performed to detect antibody responses from mAbs. Briefly,

Vero cells were seeded in 96-well plates and infected with
GTV (MOI=1.0), and HeLa cells were transfected with the
GTV-, SFTSV-, or HRTV-NP-expressing plasmids (100 ng/
well). Cells were harvested three days after infection and two
days after transfection and were fixed with 4% paraformal-
dehyde for 20 min at room temperature, permeabilized with
0.2% Triton X-100, and blocked with phosphate-buffered
saline (PBS) containing 5% bovine serum albumin. The
supernatants of hybridoma cells were inactivated at 56 °C
for 30 min and then incubated with the fixed cells for 60 min
at 37 °C. The polyclonal antibody anti-SFTSV NP was used
as a positive control, and the serum of healthy mice was used
as a negative control. Binding of antibodies was detected
using Alexa Fluor ®488 and observed under an immuno-
fluorescence microscope.

Determination of epitopes in GTV NP recognized
by mAbs

To identify fine antigenic epitopes in GTV NP recognized by
mAbs, the GTV NP ORF (238 amino acids) residues were
truncated into thirty-two 16mer-peptides numbered P1-32
with overlaps of eight AAs between adjacent peptides. Frag-
ments of DNA encoding each short peptide were cloned into
the pXXGST-3 vector fused with GST188-tagged protein,
which was transformed into Escherichia coli (E. coli) BL21
cells [26]. Peptide expression was induced at 42 °C, cells
were harvested, and peptide expression was verified by SDS-
PAGE. Western blotting was used to identify the reaction
between mAbs and truncated peptides. Then, 8mer-peptides
or 9—-12mer-peptides with overlaps of 7 or 8—11 AA between
adjacent peptides were generated according to the sequence
of the 16mer-peptides which were blotted by mAbs. The AA
sequences of the expressed 16/12/8mer peptides and their
positions on GTV NP are listed in Tables S1 and S2.

SDS-PAGE and Western blot analysis

The collected E. coli cells expressing truncated peptides
were immersed in a water bath at 95 °C for 10 min. Pro-
teins were resolved by 12% SDS-PAGE. The gel was stained
with Coomassie brilliant blue R-250 to analyze whether
the proteins were expressed correctly, and the confirmed
r-clones were further verified by Sanger sequencing. Cul-
ture supernatants of GTV, SFTSV, and HRTV were treated
with B-propiolactone (SERVA Electrophoresis GmbH, Hei-
delberg, Germany) inactivation, removal of cell debris, and
ultracentrifugation. The purified virions, together with the
proteins expressed correctly, were resolved by 12% SDS-
PAGE gel electrophoresis and then electrotransferred onto
a 0.2 pM polyvinylidene fluoride (PVDF) membrane for
Western blotting. For the specific antigen—antibody reaction,
the PVDF membrane was blocked with 5% skimmed milk
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Fig. 1 Eight mAbs against GTV NP were identified by IFAs and
Western blot assays. IFA assays identified eight mAbs reactive with
GTV infected cells (A) and with pCAGGS-GTV-NP transfected
cells (B). (C) Western blot assays identified four of the eight mAbs

powder in PBS, incubated with anti-GTV NP mAbs or anti-
SFTSV NP PAbs (1:2000 dilution) as the primary antibody
overnight at 4 °C, and then incubated with goat anti-mouse/
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(22Gl, 25C2, 25E2, and 26F8) reactive with GTV NP using the puri-
fied GTV virions as antigen. PC, the positive control which was blot-
ted by GTV NP antibody; NC, the negative control

rabbit IgG H&L conjugated with HRP at 1:2000 dilution
as the secondary antibody after washing with Tris-buffered
saline-Tween 20 (TBS-T). Finally, the PVDF membrane was
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Fig.2 Western blot assays for mapping the epitopes recognized by
the four mAbs which react with linearized GTV NP antigen. (A)
Western blot analysis for mapping reactive 16mer-peptides in P26—

washed with TBS-T, and blotted bands were developed using
the enhanced chemiluminescence color reagent. A hyper-
sensitive chemiluminescence imager was used to visualize
immunoblots.

Cellular ELISA

The supernatants from hybridoma cells containing anti-
GTV NP mAbs were serially diluted from 1:1 to 1:213.
Each dilution was incubated with fixed cells infected with
GTYV or SFTSV for 60 min at 37 °C, followed by incubation
with HRP-conjugated goat anti-mouse IgG (1:4,000 dilu-
tion) at 37 °C for 1 h. Then, 3,3',5,5'-tetramethylbenzidine
and chromogen solution was added, and the optical den-
sity (OD) value was measured by dual wavelength detec-
tion at 450/630 nm. Each test was performed in dual mode,
and OD values higher than twice the negative control were
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P32 (negative results of P1-P25 were not shown). (B) Western blot
analysis for mapping reactive 8mer-peptides in P42—-P50. (C) Western
blot analysis for mapping reactive 12mer-peptides in P5S1-P55

considered positive [25]. The dose-response curves of mAb-
antigen reactions were fitted using GraphPad Prism (ver-
sion 8) by the log(agonist) vs. normalized response-variable
slope mode.

Bioinformatic analyses

To analyze the similarity of each mapped fine antigenic epitope
among homologous proteins, NP sequences of GTV (GenBank
accession number: KT328591), SFTSV (GenBank accession
number: AFJ15061), and HRTV (GenBank accession number:
NC024496) were downloaded from GenBank. The location of
the experimentally identified fine epitopes in the 3D structure
of the NP protein was analyzed using PyYMOL™ software
(https://pymol.org/2/) based on the crystal structure of SFTSV
NP (PDB:4J4U). The secondary structure was analyzed using
the phyre2 website (http://www.sbg.bio.ic.ac.uk/phyre2/)
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Fig.3 Evaluation of the cross-recognition of mAbs against GTV NP
with the GTV-related viruses, SFTSV, and HRTV. (A) Western blot
assays showed that the four selected mAbs (22G1, 25C2, 25E2, and
26F8) reactive with GTV NP had cross-reaction with SFTSV NP, but
not with HRTV NP using cells transfected with pCAGGS-GTV NP,
pCAGGS- SFTSV NP, or pCAGGS-HRTV NP plasmids. (B) West-
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ern blot assays showed the four selected mAbs reactive with GTP NP
were cross-reactive with linear epitopes of SFTSV NP but not with
HRTV NP by using purified virions of GTV, SFTSV, and HRTV as
antigens, respectively. M, the protein molecular marker; PC, positive
control; NC, negative control
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Fig.4 Graphic representation of the protein sequence alignment of
GTV-, SFTSV-, and HRTV-NPs (A) and the bio-properties of these

proteins (B). (A) Sequence alignment of GTV NP, SFTSV NP, and
HRTV NP shows the locations of the Eypl and Eyp2. The second-

and the DNAStar-Protean software. Sequences of GTV NP,
SFTSV NP, and HRTV NP were aligned using MEGA software
(https://megasoftware.net/) and the ESPript website (https://
espript.ibcp.fti/ESPript/ESPript/).

Results

Eight murine mAbs specific to GTV NP were
identified

Eight mAbs against GTV NP were generated from different
clones of hybridoma cells, designated as 17F9, 21B7, 22Gl1,
23B9, 24D9, 25C2, 25E2, and 26F8. Due to the inability of
RT-PCR to detect GTV RNA, GTV presence was excluded

ary structures were illustrated according to SFTSV NP crystal struc-
ture. (B) Prediction of the bio-properties of Eypl and Ep2 in GTV/

SFTSV/HRTYV NP, including the hydrophilicity, flexibility, antigenic-
ity, and surface probability

from these clones (Fig. S1). According to the IFA results,
these mAbs could react with GT V-infected cells (Fig. 1A)
and GTV NP-expressing plasmid transfected cells (Fig. 1B).
The results of Western blotting showed that GTV NP was
blotted by four (22G1, 25C2, 25E2, and 26F8) of the eight
mAbs (Fig. 1C), suggesting that these four mAbs recognize
linear epitopes of GTV NP, while the other four recognize
spatial structures.

Two different epitopes recognized by mAbs were
identified in GTV NP

Expression plasmids containing overlapping 16mer-peptides
fused with the GST188 tag were generated as described in
the Materials and Methods section, and their expression was
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Table2 AA mutations of GTV/SFTSV/HRTV-NP (the mutated AAs
are highlighted in red)

Epitopes AA GTV NP SFTSV NP HRTV NP
position

194 Y Y Y
195 N N A
196 S S K
197 F F F
198 R R R
199 D D D

Ewl
200 P P P
201 L L L
202 H H H
203 A A A
204 A A A
205 V V v
226 G G T
227 P P A
228 D D T

Ew2
229 G G K
230 IL v B
231 P P A

*Non-polar amino acids are shaded by grey color, neutral AAs
by yellow, acidic AAs by dusty blue, and alkaline AAs by purple.
Changes in AAs compared with GTV NP are indicated in red

validated by SDS-PAGE (Fig. S2A and B). Subsequently,
Western blotting results indicated that the four mAbs,
which react with linearized GTV NP, specifically recog-
nize two 16mer-petides (Fig. 2A). 22G1 and 26F8 reacted
with P31 (223-238 AA), and 25C2 and 25E2 reacted with
P27 (191-206 AA). Nine sets of overlapping 8mer-petides
(P33-P50) were then constructed (Fig. S2 B). Two mAbs
(22G1 and 26F8) reacted with three peptides, P43 (224-231
AA), P44 (225-232 AA), and P45 (226-233 AA), which are
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derived from the 16mer peptide P31 (Fig. 2B). This suggests
that 22G1 and 26F8 recognize a consensus epitope among
the three peptides. However, reactions of the mAbs 25C2
and 25E2 were not found with any of the 8mer-peptides.
Five 12mer-peptides with an overlap of 11 AAs derived from
P27 were constructed. As expected, mAbs 25C2 and 25E2
could react with the same peptide P54 (Fig. 2C), since they
were derived from the same cell clone in the last dilution.

Therefore, the sequence of the 12mer peptide P54 (YNS-
FRDPLHAAYV, 194-205 AA) recognized by mAbs 25C2 and
25E2 was designated as epitope 1 (Eypl), and the consensus
sequence of the 8mer peptides P43, P44, and P45 recognized
by mAbs 22G1 and 26F8 was designated as epitope 2 (Exp2)
(Table 1).

MAbs had a cross reaction with SFTSV and not HRTV

We further evaluated whether the GTV-derived mAbs can
cross-react with the NPs of SFTSV and HRTV because GTV
is closely related to SFTSV and HRTV. As shown in the results
of IFAs and Western blotting, the four mAbs cross-reacted
with SFTSV NP but not with HRTV NP (Fig. 3A and B).
The sequences of Eypl and Eyp2 in the NPs of GTV,
SFTSV, and HRTV were compared by aligning these NP
proteins. The sequence similarity between GTV NP and
SFTSV NP (88.6%) was higher than that between HRTV
NP and GTV NP (61.4%). Based on the secondary struc-
ture of the SFTSV NP crystal, Eypl and Eyp2 are located
in the helix all and a short turn between helices al12 and
al3, respectively. (Fig. 4A). Eypl is highly conserved
between GTV and SFTSV, whereas in HRTV NP, two
amino acids (NS, 195-196 AA) in this epitope are replaced
by AK. The antigenicity of this epitope was predicted to
be greater in GTV and SFTSV than in HRTV (Fig. 4B),
suggesting that the N195S196 in GTV and SFTSV mutated
to A195K196 in HRTYV, resulting in the change of polarity
from neutral to alkaline in these positions. This may affect
the antigenicity and antibody accessibility to this epitope.
Except for L230 in GTV NP, which was mutated to
V230 in SFTSV NP, Eyp2 is conserved among the five
amino acids in SFTSV and GTV NPs. In HRTV NP, the
sequence of this epitope is completely distinct from that
of GTV NP and SFTSV NP (Fig. 4A), which may form a

Table 3 The titer of mAbs

X MADb Titer Titer
against GTV and SFTSV against against
GTV SFTSV

22G1  1:212 1: 211

26F8  1:212 1: 211

25C2  1:212 1: 212

2582 1:2' 1: 21
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Fig.5 The dose-dependent response curves of mAbs reacting with
GTV and SFTSV tested by ELISA. The mAbs were serially diluted
from 1:1 to 1:2'3. The cut-off value was set at 0.024. The dose—

differential structure that is not accessible to GTV-derived
mAbs. Eyp2 exhibited better hydrophilicity and higher
flexibility than Eypl (Fig. 4B). L230 in GTV mutated to
V230 while in SFTSV it did not change the polarity of this
position (Table 2), which did not affect GTV deriving mAb
recognition of Eyp2 in SFTSV. In addition, Eyp2 of GTV
and SFTSV had stronger antigenicity than that of HRTV
NP (Fig. 4B), as the epitope of HRTV NP had different
amino acids and altered AA features at three positions
(T228K229E230) (Table 2).

MAb-based cellular ELISA showed efficient reaction
with SFTSV and GTV NPs

We developed a cellular ELISA method to investigate the
capacity of these mAbs to recognize GTV and SFTSV anti-
gens. The titers of mAbs were expressed as the reciprocal
of the dilutions that reacted with cellular antigens by end-
point dilution assays. 22G1 and 26F8 were slightly more
efficient (both titers were 2!2) in reacting with GTV antigen
than SFTSV (both titers were 2!!). 25C2 and 25E2 showed
comparable efficiencies in reacting with GTV and SFTSV
antigens (titers of 2!2 and 211, respectively) (Table 3). The
dose-response curves of mAbs-antigens reactions fitted by

response curves of mAb-antigen reactions were fitted using GraphPad
Prism (version 8) by the log(agonist) vs. normalized response-varia-
ble slope mode

GraphPad Prism were shown in Fig. 5. By analyzing the
efficiencies of the four mAbs in serial dilutions to react with
GTV and SFTSV antigens, we found that all four mAbs
showed higher OD values at low dilutions to detect GTV
than SFTSV, which suggested different efficiencies of GTV
NP deriving mAbs reacting with their own antigen and
SFTSV antigen. Nevertheless, this difference was not obvi-
ous when the dilution fold of the mAb increased (Fig. 5).

Discussion

Due to their high purity and strong specificity, mAbs have
been widely used to establish detection methods for protein
antigens from pathogens or disease-associated biomarkers
[27, 28]. Due to their ability to block virus binding to hosts
and prevent virus infection, neutralizing mAbs, which target
viral GP, are promising candidates for new antiviral drugs
and/or vaccines for improving disease prevention and treat-
ment, more than their use in detecting viral antigens [29,
30]. As for bunyaviruses containing three RNA segments,
the NP encoded by the S segment generally has the most
abundant expression and has been shown to be the immuno-
dominant protein of phleboviruses, such as Rift Valley fever
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SFTSV-NP

HRTV-NP

Fig.6 The 3D structures showing the locations of Eypl and Eyp2
in the GTV, SFTSV, and HRTV NPs. (A) The localizations of each
epitope in the monomer of GTV/SFTSV/HRTV NPs. GTV NP and
HRTV NP were predicted based on the crystal structure of SFTSV
NP. The N-terminal arm, N lobe, and C lobe are indicated in white,
light blue, and green, respectively; Eypl and Egp2 were indicated
in purple and red, respectively. (B) The structures of monomer and

virus, Toscana virus, and SFTSV [19, 31, 32]. By generating
and screening the Fab antibody phage library from humans
recovered from SFTSV infection, over 400 mAbs were found
to react with NP, and 16 with GP. This showed an important
role of SFTSV NP in inducing humoral responses and sug-
gested the advantage of developing methods for detecting
viruses using NP as a target. Developing mAbs against this
viral antigen would promote understanding of the molecular
basis of virus antigenicity and provide fundamental materi-
als for developing detection methods to facilitate infection
diagnosis and epidemiological investigations. In a previous
study [22], the mAb-based IgG sandwich ELISA and IgM
capture ELISA methods for the diagnosis of SFTSV were
established. This method could be used to detect IgG or IgM

@ Springer

HRTV-NP

180°

hexamer of GTV, SFTSV, and HRTV NPs showing Eypl locating in
the RNA binding cavity and buried in the inner side of hexamers and
Ey\p2 exposed on the surface of the outer side of hexamers. The RNA
binding cavity was indicated by gray; the conserved residues (P200
and A203) in both Eypl and the RNA binding cavity were indicated
in green; the epitopesEypl and Eyp2 were indicated in purple and red,
respectively

antibodies separately, which helps to distinguish a previ-
ous infection from a recent one in humans. Another antigen
capture ELISA using mAbs was developed to detect SFTSV
in serum samples from suspected SFTS patients and was fur-
ther applied to detect SFTSV antigens in autopsied materials
[21]. Murine derived mAbs were generated; however, these
mAbs did not show any neutralizing activity against HRTV.
Instead, they were reactive to linear epitopes in HRTV
NP, and one of them was found to be cross-reactive with
SFTSV. These HRTV mAbs could be applied in ELISAs
for the detection of HRTV-specific IgM and IgG in human
infections [23].

The notorious human disease-associated viruses SFTSV
and HRTYV share a very close evolutionary relationships with
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GTYV, which is a potential tick-borne viral pathogen [15]. It
is essential to establish rapid and sensitive methods to detect
GTV as well as its related viruses in order to prepare for the
first-aid response to identify emerging infections and distin-
guish them from other agents. Before this study, there have
been no reports on the generation and characterization of
GTV mAbs. In this study, we generated eight murine mAbs
specific to GTV NP. Four (17F9, 21B7, 23B9, and 24D9)
of the eight mAbs were found to react only to spatial struc-
tures, whereas the other four mAbs (22G1, 25C2, 25E2, and
26F8) could recognize linear epitopes. Two distinct linear
epitopes were identified, Eypl (194YNSFRDPLHAAV205)
and Eyp2 (226GPDGLP231). As the four mAbs recogniz-
ing linear epitopes could cross-react with SFTSV NP other
than HRTV NP, we analyzed the sequence similarities of the
three viruses. The results showed that Eypl is conserved in
GTYV and SFTSV while two amino acids changed in HRTYV,
and GTV and SFTSV Eyp2 had one amino acid differ-
ence from each other, while the sequence of this epitope
is completely distinct in HRTV. To better understand the
differential amino acids affecting the reaction of mAbs to
these viruses, the 3D structures of GTV NP and HRTV NP
were predicted based on the crystal structure of SFTSV NP
(Fig. 6). Three domains make up SFTSV NP: an N-termi-
nal arm (M1-D34), an N-lobe (P35-L111), and a C-lobe
(P112-1.245) [33]. The GTV, SFTSV, and HRTV share simi-
lar protein structures. The root-mean-square deviation val-
ues between GTV NP and SFTSV NP, GTV NP and HRTV
NP, and SFTSV NP and HRTV NP were 0.006, 0.035, and
0.294, respectively, and Eypl and Eyp2 were located in the
C-lobe of NPs (Fig. 6A). Although the AA change in the
two epitopes did not significantly affect protein structures,
their significant difference in AA features had an impact on
the accessibility of GTV-derived mAbs to HRTV NP. This
indicates that the molecular basis of HRTV NP induces a
humoral response different from that of SFTSV and GTV.
In the viral replication cycle of bunyaviruses, NP plays
a critical role. It binds to viral RNA and polymerizes into
large oligomers to protect the entire length of the viral RNA
genome [34]. The N-terminal arm and N-lobe of SFTSV
NP are mainly responsible for the oligomerization of NPs,
whereas the C-lobe, which contains Egpl and Eyp2, is
responsible for binding viral RNA. We found that the con-
served P200 and A203 located in Eyp1 of all the three viruses
are strictly conserved residues located in the RNA-binding
cavity critical for RNA binding (Fig. 6B) [35]. Therefore,
we speculated that mAbs against Eypl might have the poten-
tial to block the RNA binding of GTV and SFTSV, which
could be further clarified by in vitro and in vivo assays. Fur-
thermore, the SFTSV NP oligomer exhibited a ring-shaped
hexameric architecture [33]. Based on the NP hexameric
structure analysis, unlike Eypl located on the inner side of
the NP, Exp2 is present on the external side of the bottom

(Fig. 6B), which may provide great antibody accessibility to
this epitope. Thus, mAbs against this epitope could become
ideal materials for developing new methods to detect GTV
and SFTSV antigens. Moreover, we analyzed their efficien-
cies to react with GTV and SFTSV NP antigens using cel-
lular ELISA. It was found that reactions to GTV and SFTSV
could be distinguished using mAbs diluted in low folds and
were commonly identified using mAbs of high-fold dilutions.
This suggests that these mAbs are promising candidates for
developing methods to detect GTV and SFTSV infections.

In conclusion, this study reported the generation of eight
mAbs against GTV NP, of which four mAbs recognized lin-
ear epitopes of GTV NP and showed cross-reactivity with
SFTSV NP other than HRTV. Moreover, two new epitopes
were identified, distinct from the SFTV epitopes identified
in previous studies [21]. Overall, these results improve our
understanding of the antigenic characteristics of NPs in ban-
daviruses. It also provides fundamental materials (mAbs) for
developing new antigen detection methods for bandaviruses,
such as SFTSV and GTV, which may promote the diagnosis
and early invention of associated diseases.
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