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Abstract: In the last decade, the emergence of several, novel tickborne viruses have caused significant
disease in humans. Of interest are the tickborne banyangviruses: Severe fever with thrombocytopenia
syndrome virus (SFTSV), Heartland virus (HRTV), and Guertu virus (GTV). SFTSV and HRTV
infection in humans cause viral hemorrhagic fever-like disease leading to mortality rates ranging
from 6-30% of the cases. The systemic inflammatory response syndrome (SIRS) associated with
SFTSV infection is hypothesized to contribute significantly to pathology seen in patients. Despite
the severe disease caused by HRTV and SFTSV, there are no approved therapeutics or vaccines.
Investigation of the immune response during and following infection is critical to the generation of
fully protective vaccines and/or supportive treatments, and overall understanding of viral immune
evasion mechanisms may aid in the development of a new class of therapeutics.

Keywords: heartland; HRTV; severe fever with thrombocytopenia syndrome virus; SFTSV; SFTS;
Banyangvirus; Guertu virus; interferon antagonism

1. Introduction

Tickborne banyangviruses, known causing viral hemorrhagic fever (VHF)-like disease in humans,
are a recent emerging threat to human health worldwide. Taxonomically, tickborne Banyangvirus
belong to the genus Banyangvirus in the family Phenuiviridae of the order Bunyavirales. The genus
Banyanguirus consists of three species: Huiayangshan banyanguvirus, Heartland banyangvirus, and Guertu
banyangvirus, which are represented by SFTSV, HRTV, and GTV, respectively [1]. In this review, we
discuss in detail the innate/adaptive immune responses and pro-inflammatory response, and their
respective roles in pathogenesis during tickborne banyangvirus infection as it relates to disease severity
and patient outcome.

2. Tick-Borne Banyangviruses

2.1. Severe Fever with Thrombocytopenia Syndrome Virus (SFTSV)

SFTSV was identified in 2009 in the Hubei and Henan provinces in eastern China when several
patients presented with febrile illness similar to anaplasmosis, a tickborne rickettsial disease [2].
Following its isolation and initial characterization, human cases of SFTSV were subsequently reported
in South Korea [3-5], and Japan [6]. Most recently, samples from patients in Vietnam suggested
endemic SFTSV [7]. Importantly, there were 5360 cases of SFTSV from 2011-2016 in China with 343
fatalities (6.4% case fatality rate) [8]. Between 2013-2015, there were 172 reported cases of SFTSV in
South Korea including 56 fatal cases (32.5% case fatality rate) [9]. From 4 March 2013 through 31
March 2019, 394 cases of SFTSV were reported in Japan with an estimated case fatality rate of 27% [10].
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The predominant vector of SFTSV is the Asian long-horned tick, Haemaphysalis longicornis among
other tick species, which transmit SFTSV [3,4,11-13]. Epidemiological sampling of mammalian hosts,
such as sheep, cattle, dogs, goats, pigs, cheetahs in zoos, and chickens and tick vectors have further
established endemic SFTSV in China, South Korea, and Japan [14-17]. In addition to transmission from
the H. longicornis vector, and other tick vectors, there have been cases of human-to-human transmission
of SFTSV via contact with blood and bodily fluids, including nosocomial settings [15,18-23], and
potential of SFTSV transmission from companion animals to humans poses a risk to pet owners as well
as veterinary professionals [15,24]. Because of the pathogenic potential and ability of SFTSV to cause
nosocomial human-to-human transmission, SFTSV is classified as a Category C Priority Pathogen by
National Institutes of Health (NIH) and included on the List of Blueprint priority diseases by World
Health Organization (WHO).

2.2. Heartland Virus (HRTV)

In the United States, HRTV was first identified in Missouri in two male patients who reported tick
bites followed by fever, fatigue, and headache [25]. HRTV shares 73% and 63% sequence identity to the
RNA-dependent RNA polymerase protein and the nucleoprotein of SFTSV, respectively [25]. The vector
for HRTV has been identified as the Lone Star tick, Amblyomma americanum, through sampling of
captured nymph and adult ticks as well as studies using experimentally infected ticks [26,27]. Wildlife
sampling studies of mammals, such as raccoons, white-tailed deer, horses, coyotes, and moose, in
the geographic range of A. americanum have shown neutralizing antibodies to HRTV in 13 states [28].
As of this writing, 40 cases of HRTV disease have been reported to the Centers for Disease Control
and Prevention (CDC) with three fatalities [29]. Some reports estimated the seroprevalence of HRTV
neutralizing antibodies from blood donor samples to be 0.9% in northwestern Missouri, U.S. suggesting
the potential for HRTV disease to remain undetected in populations [30]. The disease severity, and
pathogenic potential for HRTV has led to its classification as a BSL3 pathogen and as a Category C
Priority Pathogen by the NIH.

2.3. Guertu Virus (GTV)

The identification and isolation of GTV in Xinjiang province in China from Dercamentor muttalli
ticks was reported in 2018 [31]. Sequencing of GTV from pooled tick samples revealed 77-86%
amino acid similarity to SFTSV [31]. Human and animal-derived cell lines showed susceptibility to
GTV similar to SFTSV [31]. While limited studies have been conducted on GTV due to its recent
identification, serological evidence of herdsmen and farmers supports endemic GTV infection in
humans [31]. Importantly, most recently, one laboratory-confirmed case of human SFTSV infection
was reported in the Xinjiang province [32]; ticks sampled from the Xinjiang province were also shown
to be SFTSV positive. This indicates an overlapped distribution of SFTSV and GTV in Xinjiang
province. Since SFTSV and GTV are serologically cross-reactive, future laboratory tests should have
high specificity in order to distinguish between SFTSV and GTV that prevents potential misdiagnosis
of infected patients.

3. Basic Virology of Banyangviruses

3.1. Genome Organization

SFTSV, HRTV, and GTV belong to the Banyanguirus genus in the Phenuiviridae family and order
Bunyavirales [33]. Viruses in this family contain a segmented, tripartite genome: Large (L), Medium (M),
and Small (S) segments; the L and M segments are encoded in the negative-sense orientation, while the
S segment is in ambisense orientation (Figure 1) [34]. The L segment encodes the RNA-dependent
RNA polymerase (RdRp) which mediates transcription and replication of the viral genome. The M
segment encodes a polyprotein precursor that is cleaved into two glycoproteins, Gn and Gc, which
mediate viral entry into cells, and incorporation of the nucleocapsid/ribonucleoprotein complex
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into the viral particle [35]. Finally, the S segment encodes the nucleocapsid protein (N) and the
non-structural protein (NSs). The N protein encapsidates the viral genome RNA, and is essential for
genome transcription/replication [36]. The NSs protein, an interferon (IFN) antagonist, has been widely
studied in the field due to its functional similarity to the NSs proteins of viruses in the Phenuiviriade
family [37,38]. The IFN-antagonistic function of NSs proteins from SFISV, HRTV, and GTV are
discussed in detail in Section 4 below.
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Figure 1. Genome organization and viral particle of tickborne banyangviruses. The tripartite segmented

genome is comprised of three segments: Large (L), Medium (M), and Small (S). The L segment encodes
the viral RNA-dependent RNA polymerase. The M segment encodes two glycoproteins, Gn and
Gc. The S segment is encoded in ambisense orientation and encodes the viral nucleoprotein (N) and
the non-structural protein (NSs), which is encoded in the opposite orientation to the N protein and
therefore is written in upside down text. Viral particles measure 80-100 nm in diameter for tickborne
banyangyviruses. The length of each segment for SFTSV, HRTV, and GTV is noted in the table.

3.2. Target Tissues/Cells and Cellular Receptors

Autopsies from patients with SFTS and HRTV disease have shown viral antigen present in
infiltrating lymphocytes in various tissues, including but not limited to spleen, kidneys, lungs and
heart [39—42]. In particular, specific studies have shown HRTV antigen positive macrophages and
Kupffer cells in the liver of a patient with HRTV-associated death [43]. Moreover, autopsy studies
from SFTS-associated deaths have shown SFTSV antigen-positive lymphoid and hematopoietic cells in
lymph nodes, palatine tonsils, and other organs [39].

The cellular receptor for SFTSV and HRTV has been identified as dendritic cell-specific intercellular
adhesion molecule-3-grabbing non-integrin (DC-SIGN), which is expressed on macrophages and
dendritic cells, implying that these cells are the primary cellular target for viral replication [44,45].
Indeed, in vitro studies have demonstrated the ability of immortalized human and mouse macrophage
cell lines to support replication of SFTSV [46—48]. Moreover, other C-type lectins such as DC-SIGN
related (DC-SIGNR) and liver and lymph node sinusoidal endothelial cell C-type lectin (LSECtin),
when expressed on non-permissive cells, can support viral entry [49]. One report, however, implicated
the involvement of non-muscle myosin heavy chain IIA in SFTSV entry in several mammalian cell
lines [50]. Further studies are required to establish the relevance of this receptor as well as DC-SIGN
during pathogenesis.
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3.3. Clinical Disease Course

The clinical disease courses for SFTS and HRTV disease has been well-described by several
groups, which is characterized by three phases: Stage I (fever stage), Stage II (multiorgan dysfunction
(MOD)/multiorgan failure (MOF) stage), and Stage III (convalescent stage) (Figure 2) [42,51-53]. The
fever stage follows a 3-7-day incubation period after a suspected tick bite, exposure to SFIS patients
(nosocomial transmission, bodily fluid contact), or contact with an SFTSV-infected animals [42]. For
HRTYV, while the incubation period from exposure to symptom onset is not well-known, patients have
reported 14 days from suspected tick bite to symptom onset [29]. In Phase I, patients infected with
SFTSV and HRTV initially experience fever, diarrhea, myalgia, and headache. Laboratory parameters
of infected patients have been reported as: thrombocytopenia, leukopenia, and elevated aspartate
amino transferase (AST) and alanine aminotransferase (ALT) levels [52]. In the case of SFTS, further
clinical evaluation has also shown elevated pro-inflammatory cytokine and chemokine levels in patients
correlated to severe disease further discussed in Section 4. Within the first week post-symptom onset,
thrombocytopenia, leukopenia, and other clinical indicators return to normal levels in mild SFTS
patients while viral titers decline out to 14 days post initial symptoms onset. Following the first
clinical stage, severe SFTS patients reach the MOD/MOF stage, which is characterized clinically by
elevated AST/ALT, and high viral titer reaching 1 x 10® viral copies/mL and can experience secondary
bacterial or fungal infections, hemorrhagic manifestations, central nervous system (CNS) disorders,
disseminated intravascular coagulation, shock, and acute respiratory distress [39,42,51,54,55].
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Figure 2. Clinical disease progression of SFTSV and HRTV. Clinical disease progression of HRTV and
SFTSV infection is described above including laboratory parameters, and symptoms seen in both mild
and severe patients. Induction of inflammatory cytokines is seen during the acute phase of infection,
and returns to normal levels in mild patients. MOF: multi-organ failure; MOD: multi-organ dysfunction.

3.4. Pathology

Gross pathological findings in both HRTV and SFTS patients have found hemorrhage in the
gastrointestinal tract, abdomen and lungs, liver necrosis, and lymphadenopathy closest to tick bite
region [39,40,43,56-59]. Indeed, there is severe necrosis and infiltration of lymphocytes, histocytes,
atypical lymphoid cells, and abundant nuclear debris in the lymph node closest to the region of the tick
bite while other lymph nodes did not show necrotizing lymphadenitis [6,39,56,58]. Upon autopsy, the
lungs of deceased SFTS patients have shown pulmonary edema in addition to hemorrhage, infarction,
and diffuse alveolar damage indicating acute lung injury [39,56]. The liver of SFTS and HRTV patients
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showed single cell necrosis and mild periportal lymphocytic infiltration [39,43,56,57]. Examination
of the heart indicated pericardial fluid retention and vacuolar degradation of the pericardium likely
caused by SFTSV infection as the patient had been previously healthy with no reported cardiac
issues [6]. Indeed, a separate case of an SFTS patient who also had no previous cardiac issues
was reported to have fulminant myocarditis caused by SFTSV infection [60]. Immunohistochemical
staining for SFTSV or HRTV antigen showed antigen (N protein) positive cells in atypical lymphoid
cells of systemic lymph nodes and the spleen of both SFTS or HRTV disease patients [40,56-59,61].
Studies of parenchymal cells of various organs from SFTS patients did not show SFTSV antigen
present [39,56-58,61]. Furthermore, bone marrow aspirates of SFTS and HRTV disease patients
also demonstrated hemophagocytic lymphohistiocytosis (HLH) secondary to viral infection [6,43,62].
The engulfment of blood cells, including erythrocytes and leukocytes by macrophages is apparent in
hematoxylin and eosin (H&E) staining from bone marrow aspirates in both severe and non-severe
SFTS and HRTV disease patients [6]. The degree of HLH is likely correlated with severity of disease,
since hemophagocytosis causes thrombocytopenia and lymphopenia due to the engulfment of platelets
and lymphocytes, respectively. Several reports also suggested the involvement of HLH in the CNS
disorder seen in SFTS patients [39,40,43,56,58,59,61,62]. It has been known that the over-production of
pro-inflammatory cytokines resulting in systemic inflammatory response syndrome (SIRS) in SFTS
patients leads to the overactivation of T-cells and macrophages, causing HLH and clinical disease in
patients [63]; the cytokine and chemokine profiles seen in SFTS patients and their potential role in HLH
and disease severity are discussed in detail in Section 4.

3.5. Animal Models of Tickborne Banyanguiruses

Extensive studies have focused on the development of animal models for SFTSV and HRTV in
order to gain insights into pathogenesis of these viruses and evaluate medical countermeasures such
as therapeutics and vaccines. The generation of a lethal animal model for both SFTSV and HRTV
has been restricted by the lack of susceptibility of immunocompetent animals, such as C57/BL6 mice,
and hamsters to the infection [64—66]. Although infection of C57/BL6 mice with SFTSV demonstrated
SFTSV antigen positive-macrophage and platelets in the spleen of infected animals, the clinical signs do
not mirror clinical symptoms seen in severe/fatal SFTS patients; infected C57/BL6 mice only exhibited
leukopenia at one time point post-infection, which was resolved days later [64]. Susceptibility of
animals to either SFTSV or HRTV is achieved when components of the innate immune system are
abolished [65-69]. SFTSV caused lethal infection in IFN «/f receptor knockout (IFNAR™/~) mice, and
signal transduction and activator of transcription 2 knockout (STAT27/~) mice and hamsters [66,68,69].
HRTV infection was lethal in IFN «/f/y receptor knockout (AG129) mice [67]. Larger animal models
such as macaques have been assessed for SFTSV infection as well, however, they do not exhibit all
clinical signs seen in SFTS patients [66,70]. An aged-ferret model was demonstrated to be susceptible to
lethal SFTSV infection; aged ferrets succumbed with clinical signs of fever, reduction of platelet count
and white blood cell count compared to young ferrets [71]. Notably, it was most recently demonstrated
that SFTSV infection was lethal in cats and infected cats showed clinical signs such as weight loss,
thrombocytopenia, and leukopenia [72]. Upon necropsy of moribund animals, severe gastrointestinal
hemorrhage and hemophagocytosis in the bone marrow, lymph nodes, and spleen were observed [72].
Although great strides have been made in the generation of animal models for the study of tickborne
banyangvirus infection, further studies examining the role of the immune response following viral
infection are needed in order to shed light on pathogenesis of these viruses.

4. Host Immune Response to Banyangviruses

Mammalian hosts possess multiple immune barriers that prevent virus to establish successful
infection in the host [73]. The IFN response, host innate immunity, is the first line of defense against
viral infection that is important for elimination of initial virus replication [73,74]. Pro-inflammatory
response also plays a critical role in innate immunity by evoking inflammation, and also aids in the
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stimulation of adaptive immunity [75]. While the innate immunity is an immediate, non-specific
defense against virus infection, the adaptive immune response (humoral and cell-mediated responses)
takes days to weeks following infection to generate highly-specific immunity, and also can provide
long-lasting protection in the host [76].

Viruses, on the other hand, have also evolved a variety of mechanisms to counteract and/or
disrupt host immune system, resulting in the efficient viral replication and severe outcome in the host.
IFN antagonism and its molecular mechanism mediated by viral IFN-antagonistic protein have been
well-studied in many viruses [77,78]. There are also several reports demonstrated the involvement of
viral IFN-antagonistic function in impairment of dendritic cell maturation that disrupts signaling cascade
bridging from innate to adaptive immunity [79-82]. Moreover, clinical studies have been demonstrated
that uncontrolled, aberrant pro-inflammatory response following virus infection is associated with
disease severity; the systemic inflammatory response syndrome (SIRS) has been observed in severe/fatal
diseases, including viral hemorrhagic fevers [82]. Taken together, immune evasion/disturbance by virus
significantly contributes to disease severity, and thus investigation of the immune response following
infection is critical to not only elucidate pathogenesis but also generate effective vaccines and/or antiviral
treatments. In this section, we will focus on host immune responses to tickborne banyangviruses, and
discuss about molecular mechanisms of banyangvirus-mediated immune antagonism.

4.1. Innate Immune Evasion by Interferon-Antagonistic Function of Banyanguvirus NSs

The IFNs, grouped into three subfamilies (type I, II or III), are a group of host secretary proteins
that are produced in response to viral infection, playing indispensable roles in eliciting innate antiviral
responses [38,83]. The IFN pathway can be explained as two phases, IFN induction and signaling
(Figure 3): IFN induction is triggered by pathogen recognition via pattern recognition receptors in the
cytoplasm of the infected cells, whereas IFN signaling is activated by binding of secreted IFNs to their
cognate receptors expressed on adjacent cells that leads to the expression of antiviral proteins [38].
Important sensing proteins for IFN induction are members of the retinoic inducible gene I (RIG-I)-like
family, which trigger signaling cascades following recognition of pathogen associated molecular
patterns (PAMPs) [38]. Downstream of RIG-I and the mitochondrial antiviral signaling (MAVS),
TANK binding kinase-1 (TBK1) in conjunction with IkB kinase epsilon (Ikkepsilon; Ikke), mediates
phosphorylation of interferon regulatory factor 3 and 7 (IRF3 and IRF?) [38]. Phosphorylation of either
IRF3 or IRF7 leads to their homodimerzation and subsequent nuclear translocation for the activation
of IFN o/ expression [38]. Type I IEN signaling in virus infection occurs following IFN-«, IFN-(3,
or IFEN-y binding to their receptors and signaling through the signal transduction and activator of
transcription (STAT) proteins [38]. STAT1 and STAT2 heterodimers are important for Type I IFN
signaling while STAT1 homodimers play a key role in Type II IFN signaling [84]. Nuclear translocation
of STAT homo or heterodimers, with other transcription factors, results in transcriptional activation of
IFN-stimulated genes (ISGs) leading to antiviral state in the host [38,84].

It has been well-demonstrated that viruses have evolved to encode their own IFN-antagonistic
proteins to counteract both the IFN induction and signaling steps [77,78]: the VP35 protein from Ebola
virus antagonizes the IFN response by inhibiting activation of RIG-I through its interaction with the
protein activator of the interferon-induced protein kinase (PACT), a cellular protein which can promote
RIG-I activation [85,86]. The IFN antagonism mediated by NS4B protein of the flaviviruses, such as West
Nile virus and dengue virus, is achieved by blocking TBK1 activation [87]. The V proteins from several
paramyxoviruses antagonize the IFN signaling through binding with STAT2 protein [88-96]. Within the
Phenuiviridae family, the IFN antagonistic functions of the non-structural (NSs) proteins of Rift Valley
Fever Virus (RVFV) and Uukuniemi virus (UUKV) have been extensively studied and reviewed [97-99].
RVFV NSs localizes to the nucleus where it directly inhibits IFN-3 promoter activity, and directly prevents
the export of host mRNA to the cytoplasm [100,101]. UUKYV has not been shown to cause disease in
humans; UUKV NSs has weak IFN antagonism activity through its interaction with MAVS [98,99].
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Figure 3. Antagonism of the innate immune response by SFTSV and HRTV. The non-structural proteins
of SFTSV and HRTV are responsible for the antagonism of the host interferon response. SFTSV NSs
blocks signaling cascades through sequestration of host proteins into viral inclusion bodies; HRTV does

nuclear translocation nuclear translocation

not form inclusion bodies, but still interacts and restricts induction of type-I interferons. The SFTSV
NSs and HRTV NSs also differentially antagonize the signal component of the interferon response
through direct interaction with STAT proteins thereby preventing downstream production of ISGs.

Previous reports showed that SFTSV NSs binds and sequesters several host proteins that are
important for type I IFN induction, such as TBK1, Ikkepsilon (Ikke), IRF-3, IRF-7, and tripartite
motif 25 (TRIM25), into the NSs-induced “inclusion bodies” or “viroplasm-like structures” [102-106];
the “inclusion bodies” or “viroplasm-like structures” is observed in both SFTSV-infected cells and
SFTSV NSs-expressed cells (Figure 3) [104]. The formation of these structures induced by the NSs in
SFTSV-infected cells play two roles: (1) formation of viral replication factories, and (2) spatial
re-distribution of host proteins important for the type I IFN response [104]. The SFTSV NSs
also inhibits type I IFN signaling pathway by interacting with STAT1 and STAT2 heterodimers,
inhibiting their phosphorylation status, and nuclear translocation, which leads to suppression of
ISGs expression [99,107-111]. Another study implicated the role of the SFTSV NSs in the type Il IFN
response by demonstrating that SFTSV NSs prevents STAT1 homodimerization, and reduces STAT1
protein level overall thereby reducing IFN-y production [112]. HRTV NSs, similar to SFTSV NSs,
has also been shown to interact with TBK-1 and STAT2 [113,114]. It is hypothesized that HRTV NSs
binds STAT?2 to inhibit its phosphorylation and subsequent dimerization with STAT1 prior to their
nuclear translocation [99,114]. Protein mapping of the SFTSV and HRTV NSs have demonstrated the
N-terminal domain, which contains two conserved amino acids position at 21 and 23 was found to be
essential for both SFTSV and HRTV NSs to interact with TBK1; binding of the SFTSV NSs prevents
TBK1 autophosphorylation and downstream type I IFN activity [105]. Although SFTSV NSs has been
reported to sequester several host proteins required for IFN induction and signaling in NSs-induced
“inclusion bodies”, it was also shown that forming the inclusion bodies is dispensable for SFTSV
NSs-mediated IFN antagonism [105]. Furthermore, two mutations in a PxxP motif in the SFTSV NSs
protein that are important for the formation of inclusion bodies reduced, but did not completely abolish
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IFN antagonism activity of the NSs [102]. Indeed, HRTV NSs also binds to host proteins, but does not
form inclusion bodies [99,113,114]. Taken together, role of the inclusion bodies during banyangvirus
infection remains to be further investigated.

Several groups have demonstrated the importance of IFN antagonism in banyangvirus infection
by the use of animal models. Interestingly, whereas SFTSV does not cause lethal infection in wild-type
mice and hamsters, STAT2 knockout mice and hamsters become susceptible to SFTSV infection; this
is likely explained by the fact that SFTSV NSs cannot prevent phosphorylation of mouse or hamster
STAT2 due to its lack of ability to bind STAT2 from those species [110]. AG129 mice, which lack IFN
/B /v receptors are susceptible to lethal HRTV infection, while Syrian golden hamsters lacking STAT2
infected with HRTV show clinical signs of disease such as weight loss, and liver lesions but are not
fully-susceptible to fatal HRTV infection [65,67].

GTV NSs, much like SFTSV and HRTV NSs, has been reported to antagonize IFN-f3 promoter
activity and expression of ISGs [6]. Similar to SFTSV NSs, GTV NSs also forms inclusion bodies [6].
Subsequent studies are required to fully characterize the IFN-antagonistic capabilities of the GTV NSs.

4.2. Pro-Inflammatory Activation and Suppression by Banyangvirus NSs

As well as the IFN system, the host pro-inflammatory response is required in innate
immunity and aids in the stimulation of adaptive immunity subsequent virus clearance. This
pro-inflammatory response must be balanced with the induction of an anti-inflammatory response,
since the excessive pro-inflammatory activation can be a critical contributor to disease severity [82].
Uncontrolled pro-inflammatory response characterized by aberrant production of pro-inflammatory
cytokines/chemokines, has been observed in bacteria sepsis and the infection of Ebola virus, Crimean
Congo hemorrhagic fever virus, and influenza virus [82,115]. Tumor Necrosis Factor-« (TNF-w),
Interleukin-1f3 (IL-1p3), Interleukin-8 (IL-8, CXCL8), and monocyte chemoattractant protein-1 (MCP-1)
are notably elevated during the early phases of infection in the case for sepsis, while IL-6 gradually
increases over time [116]. The elevated level of IL-10, anti-inflammatory cytokine, is also observed in
patient serum following the production of pro-inflammatory cytokines [116]. Systemic inflammatory
response syndrome (SIRS) coupled with mixed/compensatory anti-inflammatory response syndrome
(MARS/CARS) can result in tissue damage, coagulation abnormalities, and vascular leakage leading to
hemorrhage, eventual multi-organ failure, and fatality [117,118].

Much like other viruses causing hemorrhagic fever, SFTSV and HRTV infection likely cause
an aberrant pro-inflammatory response through production of pro-inflammatory cytokines and
chemokines: the elevated cytokine and chemokine levels during SFTS infection has been well-described,
and is hypothesized to correlate to disease severity and HLH as discussed in Section 3.4 [57,58,62,119].
Both fatal and surviving patients have elevated cytokine and chemokine levels during the acute phase
of infection, which returns to normal levels in surviving patients at the end of the first week [63].
SFTS patients have increased concentration of TNF-«, IFN-y, Interleukin-1 (IL-1) receptor agonist
(IL1-RA), IFN-«, granulocyte-colony stimulating factor (G-CSF), Interleukin-6 (IL-6), Interleukin-10
(IL-10), IFN-y-inducible protein-10 (IP-10) with decreased IFN-3, RANTES, platelet derived growth
factor-BB (PDGEF-BB), and toll-like receptor-3 (TLR-3) expression compared to healthy controls; IL-6,
G-CSF, IFN-y, and MIP-1x were significantly higher in severe SFTS patients compared to mild SFTS
patients [63,119]. Furthermore, a separate study identified a unique pattern of the cytokines and
chemokines IL-13, IL-8, MIP-1x, MIP-13, in fatal SFTS patients, but not surviving patients or healthy
controls [120].

The nuclear factor-kappa-light-chain enhancer of activated B cells (NF-«B) is a major transcription
factor complex involved in driving inflammation. The activation of canonical NF-«B pathway is
represented by phosphorylation and nuclear translocation of NF-«kB subunit complex, p65 (RelA)/p50,
followed by proteasomal degradation of the inhibitor of kB-« (IkBx), leading to the expression of their
target pro-inflammatory genes. Previous reports have been shown the various mechanisms mediated
viruses to evade or activate the inflammatory response via NF-«B pathway. Indeed, vaccinia virus,
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West Nile virus, human immunodeficiency virus, and herpes simplex virus prevent NF-«B signaling
by encoding different antagonists that block at various steps of the pathway [121]. On the other
hand, influenza A virus has been reported to be dependent on active NF-«B signaling for active viral
replication [122]. Rabies virus disturbs stability of TPL2/p105/ABIN2 complex via binding to another
host interaction partner participating in this complex, RelAp43 (spliced variant of RelA), leading to
the suppression of target gene expression [123,124]. In addition to the role of the banyangvirus NSs
protein in evasion of the innate immune response, SFTSV NSs is considered to be involved in the
induction of the pro-inflammatory response via activation of NF-«B [46,125]. One group demonstrated
transient NF-kB activation during SFTSV infection in human leukemia monocytic cell line, THP-1 [46].
Moreover, it was also shown that the expression of SFTSV NSs induced NF-kB promoter activity
in the liver hepatocellular carcinoma cell line, HepG2 [125]. In contrast, studies using HeLa cells
derived from human cervical cancer and in 293T, derived from human embryonic kidney cells, showed
inhibition of NF-«B activity by SFTSV NSs suggesting that NF-«B activation by SFTSV NSs might be
cell-type or tissue specific [125]. Strikingly, it has been shown that pre-treatment of THP-1 cells with an
NF-«B inhibitor, 6-amino-4-(phenoxyphenyl-ethylamino)quinozoline, prior to infection with SFTSV,
reduced viral titers [46]. Moreover, pre-treatment of liver hepatocellular carcinoma cell line, HepG2,
with the NF-«B inhibitor, BAY 11-7082, followed by SFTSV infection led to the reduction of not only
pro-inflammatory cytokines and chemokines such as IL-6, IL-8, IP-10, and RANTES, but also viral
S gene copy numbers [125]. These insights suggest that inflammatory response induced via NF-«B
activation by NSs might enhance viral replication in specific cell types and tissues.

Despite reports indicating that the SFTSV NSs may induce NF-«B-mediated pro-inflammatory
response, there are also some reports demonstrating the suppression of inflammatory response by SFTSV
infection or expression of SFTSV NSs [46,47]. Microarray and pathway analysis of SFTSV-infected
THP-1 monocytes showed an upregulation of several host proteins that inhibit activation of NF-«B
subunit complex, p50/p65 and the p52/RelB, indicating suppression of the NF-kB response by SFTSV [46].
Moreover, a previous study demonstrated that the SFTSV NSs binds and inhibits A20-binding inhibitor
of NF-«B 2 (ABIN2) to form complex with its interaction partners, tumor progression locus 2 (TPL2)
and p105, resulted in the marked upregulation of anti-inflammatory cytokine IL-10 (Figure 4) [47];
p105/TPL2 complex regulates the expression of inflammatory genes, including anti-inflammatory
gene IL10, in which the signaling cascade is inhibited by ABIN2 binding to this complex. Thus, the
interaction of SFTSV NSs with ABIN2 turns out upregulation of IL-10 that can be a cause to dampen
host defense and promote viral replication. The infection of recombinant SFTSV possessing NSs
with a mutation at the amino acid position 102 from proline to alanine (NSs-P1pA) reduced the
expression of IL-10. Moreover, whereas the infection of SFTSV possessing wild-type NSs was lethal in
IFNAR™/~ mice, recombinant SFTSV possessing NSs-P1g, A rescued 70% of mice, suggesting IL-10
expression might be a key factor that contributes to the pathogenesis of SFISV [47]. Interestingly, other
reports demonstrated that SFTSV or SFTSV NSs induces the expression of micro-RNA (miRNA)-146b,
which is known to mediate macrophage differentiation by upregulation of IL-10, resulting in THP-1
monocytes skewing towards an anti-inflammatory M2 phenotype [48]. The upregulation of IL-10
and generation of an M2 phenotype may indeed be beneficial in the context of a viral infection in
order to establish persistence as has been described for other viruses [126]. These results suggest that
the SFTSV NSs-mediated induction of IL-10 production via the TPL2 pathway leads to a subsequent
anti-inflammatory response, likely due to miRNA-146b inducing M2 macrophage phenotypes to
an immunosuppressive phenotype at sites of infection, which may significantly contribute to the
pathogenesis of SFTSV. The over-production of IL-10 may be an indication of mixed anti-inflammatory
response or compensatory anti-inflammatory response syndrome (MARS/CARS), which is production
of anti-inflammatory cytokines mixing with the pro-inflammatory mediators leading to severe disease
and has been seen during other viral and bacterial infections [127]. Taken together, these reports
indicate that the SFTSV NSs may play a key role in mediating both pro-inflammatory activation
and suppression, which may contribute to pathogenesis of SFTSV. Thus far, there have been no



Vaccines 2019, 7, 125 10 of 21

published reports demonstrating the effects of the HRTV and GTV NSs proteins on the NF-kB-mediated
pro-inflammatory response, or immune suppression via the NF-kB pathway.
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Figure 4. Induction of the TPL2 signaling pathway by SFTSV NSs. The SFTSV NSs binds ABIN2, an
inhibitor of TPL-2 and p105, which frees the complex to induce downstream MEK/ERK signaling and
production of regulated genes, such as IL-10.

4.3. Humoral Immune Response to Banyanguviruses

The humoral arm of the adaptive immune response is driven by B-lymphocytes. Immunoglobulin-
producing B-cells, plasmablasts and plasma cells secrete antibodies which can bind and inactivate
pathogens, direct the phagocytosis of the antigen-antibody complexes by phagocytic cells, or induce the
complement system [76]. During viral infection, B-cell activation is driven with the aid of helper CD4+
T-cells which drive the proliferation and class-switching events that lead to a weak, IgM response.
Long-term immunity is established through the production of IgG, which can take several weeks to
generate [128]. Importantly, B-cells also play a role in the cell-mediated response, which is described
in Section 4.4, through their roles as antigen presenting cells for naive T-cells [76]. Induction of the
humoral response is vital for clearance of viral infection, and long-term immunity driven by memory
B-cells in cases of future infections [76].

A study of both surviving and deceased SFTS patients in China showed that deceased patients
failed to mount either IgM or IgG-specific immune responses for both the SFTSV N and Gn [129].
In contrast, survived patients mounted an IgM-specific response against SFTSV N during the acute
phase of infection and developed a Gn-specific IgG response 2-3 weeks post-symptom onset, indicating
the humoral immune response is crucial for recovery from SFTS [129]. Investigation of the role of
B-cell responses during SFTSV infection demonstrated large B-cell expansion associated with severe
SFTS and poor prognosis, while survivors showed a transient increase in B-cells during the mid-phase
of infection, which returned to normal level during the convalescent phase [130]; this finding was
confirmed by another group indicating a rapid expansion but subsequent exhaustion of B-cells in severe
SFTS patients likely contributing to a lack of adaptive response [131]. Importantly, analysis of B-cell
subsets from patient cohorts exhibited stark differences between the survived and deceased groups:
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deceased patients had an increased double negative B-cells (CD27- IgD~ cells) and plasmablasts
(CD27+ IgD~ cells), whereas the proportion of marginal zone B-cells (CD27+ IgD+ cells) in deceased
patients reduced compared to survived patients [129]. Additionally, the number of naive B-cells
(CD27- IgD+) in both the survived and deceased group decreases overall, but the total number of
naive B-cells is higher in the survived group [129]. Taken together, these data examining B-cell subsets
in SFTS-infected patients indicate dysfunction of B-cell maturation and subsequent failure of humoral
immune responses in fatal SFTS patients (Figure 5). Further characterization of plasmablasts from fatal
patients exhibited a downregulation of three transcription factors, which are known to be important
for class-switching in B-cells: BLIMP-1, IRF-4, and XBP-1 [129]. Thus, these results suggest that
abnormalities in B-cell subsets, and failed class-switching in B-cells in patients is a key feature in fatal
SFTS-disease. Noteworthy, infection of SFTSV in IFNAR™~ mice, a lethal animal model of SFTSV,
followed by histopathological studies demonstrated SFTSV antigens present in immature B-cells in the
spleen and lymph node of infected animals [66]. Although there are no current in vitro studies using
B-cells from human patients or clinical indications of SFTSV antigen positive B-cells in human patients,
B-cells could be a secondary target of SFTSV. Further study is needed to elucidate the role of B-cells in
banyangvirus pathogenesis and also in protection from banyangvirus disease.

* Cell-Mediated Response

-Transient reduction in CD4+,
and CD8+ T-cells
-Transient reduction in NK cells

SFTSV/ HRTV
Infection

Humoral Inmune Response

- IgM or IgG-specific responses
to viral infection

- Neutralizing antibody
production and present up to 4
years post-infection

MILD

MILD

FATAL
FATAL

Figure 5. Adaptive Immune Response during SFTSV and HRTV infection. The humoral and
cell-mediated responses are described. Fatal patients exhibit a lack of efficient antibody production
coupled with the reduction of CD4+ and CD8+ T-cells indicating dysfunction of mounting a robust
immune response. Neutralizing antibody responses can be detected years post-hospitalization.

4.4. Cell-Mediated Immune Response to Banyangviruses

The cell mediated immune response is driven by T-cells, such as helper T-cells (CD4+) and effector
T-cells (CD8+) [76]: helper T cells regulate/assist in the adaptive immune response via cytokine secretion,
while cytotoxic T cells directly kill virus-infected cells by induction of apoptosis. The maturation
of naive T cells is driven via antigen presentation by professional antigen presenting cells, such as
dendritic cells, macrophages, and B-cells [76]. These cells are all key players of the cell-mediated arm
of the adaptive immune response that must work together in concert in order to establish long-term
immunity in the host. Failure of one of several events necessary for each subset of lymphocyte
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maturation, antigen presentation, or even reduction in overall lymphocyte populations can cause
severe disease in the context of a viral infection [76,132,133].

One of the key hematological features found in both surviving and fatal SFTS patients is a lower
lymphocyte count compared to healthy controls upon hospital admission. Importantly, CD4+ and CD8+
T-cells from SFTS patients were found to express higher levels of annexin V and Fas/Fas Ligand (FasL),
cellular proteins mediating apoptosis, on the cell surface, suggesting the reduction of lymphocytes
in patients is due to apoptotic cell death [130,134]. Despite these findings, CD4+ and CD8+ T-cells
from surviving patients were also found to proliferate throughout the clinical disease course, and were
active as illustrated by high levels of IFN-y and granzyme B secretion when compared to healthy
controls [134]. This indicates that surviving patients are able to rebound following massive lymphocyte
apoptosis and mount an immune response to clear SFTSV infection. A previous study showed that
poor prognosis SFTS-patients had reduced CD3+, CD4+ and CD8+ T-cell subsets compared to healthy
controls and recovery group both at 7-10 days post-symptom onset and at the late stage of infection
(>11 days), suggesting the idea that T-cell subsets might be useful to predict prognosis of SFTS patients
(Figure 5) [130].

Dendritic cells have been known to be essential for antigen presentation and elicitation of the
humoral immune response. However, recent reports indicate that myeloid dendritic cells (mDCs),
but not plasmacytoid dendritic cells (pDCs), may also play an important role in SFTS prognosis
by aiding in the presentation of antigen to induce an adaptive immune response [135]. Moreover,
extensive apoptosis of mDCs from fatal SFTS patients has also been reported, which may play a role in
the failure for antigen presentation, and subsequent class-switching for protective immunity combined
with dysfunction of T-follicular helper cells [129]. By contrast, in vitro infection of THP-1 monocytes,
has not led to induction of apoptosis by SFTSV [46]. These data indicate that the rapid depletion of
mDCs may play a key role in the deficient humoral response seen in fatal SFTS patients, and possibly
leads to immune paralysis due to the disruption of DC function and DC-T-cell network as observed in
Ebola virus disease [80,81]. Moreover, both recovered and fatal SFTS patients had decreased natural
killer (NK) cell populations during the later phases of infection at both 7-10 days and >11 days
post-symptom onset; NK cell depletion most likely contributes to increased viral load [130]. Taken
together, lymphopenia seen in SFTS patients impacts T-cell subsets and NK cell populations, which
may hinder the mounting of an immune response and subsequent clearance of the viral infection.

4.5. Establishment of Long-Term Immunity

Most recently, a follow-up study of previous SFTS patients identified SFTSV neutralizing antibodies
up to four years post-hospitalization [136,137]. While it is not known how long these neutralizing
antibodies against SFTSV persist in humans, this indicates the importance of establishment of
neutralizing antibody response for recovery from SFTS, and potentially other tickborne banyangviruses.
Insights into the immunogens responsible for neutralizing antibodies against tickborne banyangvirus
infection have come from generation of vaccines against several banyangvirus proteins. A single
dose of recombinant vesicular stomatitis virus (VSV)-based vaccine expressing either SFTSV or HRTV
Gn/Gc completely protected immunocompromised mice from lethal SFTSV infection [138], while
immunization with SFTSV NSs protein and subsequent SFTSV challenge in C57/BL6 mice did not
result in virus clearance [139]. It was also shown that a DNA vaccine encoding only SFTSV Gn/Gc
efficiently induces protection against SFTSV infection in an aged ferret model [140]. These results
indicate that the viral glycoproteins of tickborne banyangviruses may be important for generation of
the humoral response, and long-term protection, however the role of other viral proteins still remain to
be elucidated for long-term protection.

5. Discussion

Tickborne banyangviruses, specifically SFTSV and HRTV, pose a great threat to human health,
and despite their prevalence in eastern Asia and the U.S., respectively, there are no current approved
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therapeutics or vaccines against these viruses. Furthermore, expanding tick vectors are likely to
contribute to cases of SFTSV and HRTV. Although studies assessing the immune cell subsets during
SFTS infection and role of the NSs protein in modulating the immune response have been conducted,
further studies are required to elucidate the pathogenesis of these significant pathogens causing
VHF-like disease.

Innate immune evasion and induction of the pro-inflammatory response likely play dual roles in
the pathogenesis of tick-borne banyangviruses. The NSs proteins of these viruses evade the host innate
immune response through their IFN-antagonistic functions, which lead to productive viral replication.
SFTSV NSs was shown to also induce anti-inflammatory responses mediated by IFN-y, and IL-10.
While SFTSV and HRTYV infection drive the induction of high levels of pro-inflammatory cytokines
and chemokines which contribute significantly to pathogenesis, this has not been studied extensively
in available animal models, nor is it clearly understood what key factors lead to the SIRS induced by
tickborne banyangviruses. Further studies are needed to understand the cytokine dynamics over time
in patients infected with tickborne banyangviruses.

The impairment of both humoral and cell-mediated immune responses in SFIS fatal
patients demonstrate immense immune dysregulation induced by virus infection and likely the
immunosuppressive environment leading to lack of antigen presentation and subsequent impairment
of class-switching in B-cells. While the studies described in this review shed light on lymphocyte
subsets during mild and fatal SFTS infection, further studies are required to elucidate the mechanisms
leading to lymphocyte and platelet loss seen in patients, and determine viral proteins responsible for
dysregulation of the adaptive response. Moreover, studies in HRTV patients and animal models needs
to be conducted to understand these responses, and identify conserved mechanisms among these two
genetically related viruses. The clinical impact of GTV remains to be explored. Investigation into the
immune responses contributing to VHF-like illness induced by infection of tickborne banyangviruses
is a critical area of study for the knowledge of pathogenesis and development of novel therapeutics.

6. Conclusions

In this review, we have focused on the impact of tickborne banyangvirus infection on host innate,
humoral, and cell-mediated immune responses. While the examination of host immune dysregulation
and its mechanism have been mainly conducted in the context of SFTSV infection, further studies
will also be required to fully understand the impact of HRTV or GTV in immune responses during
infection. Understanding of the molecular mechanisms underlying host immune responses induced
by banyangvirus infection will not only lead to the development of novel therapeutics and vaccines
against banyangviruses, but also shed light on the mechanisms of immune disturbance during infection
of other viruses causing viral-hemorrhagic fever-like illness.

Author Contributions: Conceptualization—C.A.M., and H.E., Writing—original draft preparation: C.A.M. and
S.Y. Writing—review and editing: C.A.M,, S.Y., and H.E.

Funding: C.A.M was funded by a T32 appointment (T32 A132165) and the Mayo Clinic Graduate School of
Biomedical Sciences.

Acknowledgments: We acknowledge BioRender for their technical support with figures.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Walker, PJ.; Siddell, S.G.; Lefkowitz, E.J.; Mushegian, A.R.; Dempsey, D.M.; Dutilh, B.E.; Harrach, B.;
Harrison, R.L.; Hendrickson, R.C.; Junglen, S.; et al. Changes to virus taxonomy and the International Code
of Virus Classification and Nomenclature ratified by the International Committee on Taxonomy of Viruses
(2019). Arch. Virol. 2019, 164, 2417-2429. [CrossRef] [PubMed]


http://dx.doi.org/10.1007/s00705-019-04306-w
http://www.ncbi.nlm.nih.gov/pubmed/31187277

Vaccines 2019, 7, 125 14 of 21

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Yu, X.-J.; Liang, M.-F,; Zhang, S.-Y.; Liu, Y; Li, ].-D.; Sun, Y.-L.; Zhang, L.; Zhang, Q.-E; Popov, V.L.; Li, C,;
et al. Fever with thrombocytopenia associated with a novel bunyavirus in China. N. Engl. |. Med. 2011, 364,
1523-1532. [CrossRef] [PubMed]

Park, S.-W.; Song, B.G.; Shin, E.-H.; Yun, S.-M.; Han, M.-G.; Park, M.Y.; Park, C.; Ryou, J. Prevalence of severe
fever with thrombocytopenia syndrome virus in Haemaphysalis longicornis ticks in South Korea. Ticks
Tick-Borne Dis. 2014, 5, 975-977. [CrossRef] [PubMed]

Yun, S.-M.; Lee, W.-G.; Ryou, J.; Yang, S.-C.; Park, S.-W.; Roh, ].Y;; Lee, Y.-].; Park, C.; Han, M.G. Severe fever
with thrombocytopenia syndrome virus in ticks collected from humans, South Korea, 2013. Emerg. Infect.
Dis. 2014, 20, 1358-1361. [CrossRef] [PubMed]

Kim, Y.R,; Yun, Y,; Bae, S.G.; Park, D.; Kim, S.; Lee, ].M.; Cho, N.-H.; Kim, Y.S.; Lee, K.H. Severe Fever with
Thrombocytopenia Syndrome Virus Infection, South Korea, 2010. Emerg. Infect. Dis. 2018, 24, 2103-2105.
[CrossRef] [PubMed]

Takahashi, T.; Maeda, K.; Suzuki, T.; Ishido, A.; Shigeoka, T.; Tominaga, T.; Kamei, T.; Honda, M.; Ninomiya, D.;
Sakai, T.; et al. The first identification and retrospective study of Severe Fever with Thrombocytopenia
Syndrome in Japan. J. Infect. Dis. 2014, 209, 816-827. [CrossRef] [PubMed]

Tran, X.C.; Yun, Y.; Van An, L.; Kim, S.-H.; Thao, N.T.P,; Man, PK.C.; Yoo, ].R.; Heo, S.T.; Cho, N.-H.; Lee, K.H.
Endemic Severe Fever with Thrombocytopenia Syndrome, Vietnam. Emerg. Infect. Dis. 2019, 25, 1029-1031.
[CrossRef] [PubMed]

Sun, J; Lu, L.; Wu, H,; Yang, J.; Ren, ].; Liu, Q. The changing epidemiological characteristics of severe fever
with thrombocytopenia syndrome in China, 2011-2016. Sci. Rep. 2017, 7, 9236. [CrossRef] [PubMed]

Choi, S.J.; Park, 5.-W.; Bae, L.-G.; Kim, S.-H.; Ryu, S.Y,; Kim, H.A.; Jang, H.-C.; Huz, J.; Jun, ].-B.; Jung, Y.; et al.
Severe Fever with Thrombocytopenia Syndrome in South Korea, 2013-2015. PLoS Negl. Trop. Dis. 2016, 10,
€0005264. [CrossRef]

National Institute of Infectious Diseases and Tuberculosis and Infectious Diseases, Control Division Severe Fever with
Thrombocytopenia Syndrome (SFTS) in Japan, as of June 2019; Infectious Agents Surveillance Report; National
Institute of Infectious Diseases: Tokyo, Japan, 2019; pp. 111-112.

Luo, L.-M.,; Zhao, L.; Wen, H.-L.; Zhang, Z.-T.; Liu, ].-W.; Fang, L.-Z.; Xue, Z.-F.; Ma, D.-Q.; Zhang, X.-S.;
Ding, S.-].; et al. Haemaphysalis longicornis Ticks as Reservoir and Vector of Severe Fever with
Thrombocytopenia Syndrome Virus in China. Emerg. Infect. Dis. 2015, 21, 1770-1776. [CrossRef]

Wang, S.; Li, ].; Niu, G.; Wang, X,; Ding, S.; Jiang, X.; Li, C.; Zhang, Q.; Liang, M.; Bi, Z; et al. SFTS Virus in
Ticks in an Endemic Area of China. Am. J. Trop. Med. Hyg. 2015, 92, 684—689. [CrossRef] [PubMed]

Yun, S.-M.; Song, B.G.; Choi, W,; Roh, ].Y;; Lee, Y.-J.; Park, W.I.; Han, M.G.; Ju, Y.R.; Lee, W.-]. First Isolation
of Severe Fever with Thrombocytopenia Syndrome Virus from Haemaphysalis longicornis Ticks Collected
in Severe Fever with Thrombocytopenia Syndrome Outbreak Areas in the Republic of Korea. Vector Borne
Zoonotic Dis. 2016, 16, 66-70. [CrossRef] [PubMed]

Niu, G,; Li, J.; Liang, M.; Jiang, X; Jiang, M.; Yin, H.; Wang, Z.; Li, C.; Zhang, Q.; Jin, C,; et al. Severe Fever
with Thrombocytopenia Syndrome Virus among Domesticated Animals, China. Emerg. Infect. Dis. 2013, 19,
756-763. [CrossRef] [PubMed]

Lee, S.H.; Kim, H.J.; Byun, ].W.; Lee, M.].; Kim, N.H.; Kim, D.H.; Kang, H.E.; Nam, H.M. Molecular detection
and phylogenetic analysis of severe fever with thrombocytopenia syndrome virus in shelter dogs and cats in
the Republic of Korea. Ticks Tick-Borne Dis. 2017, 8, 626—630. [CrossRef] [PubMed]

Kang, J.-G.; Cho, Y.-K;; Jo, Y.-S.; Chae, J.-B.; Oh, S.-S.; Kim, K.-H.; Ko, M.-K.; Yi, J.; Choi, K.-S,; Yu, D.-H.; et al.
Prevalence of severe fever with thrombocytopenia syndrome virus in black goats (Capra hircus coreanae) in
the Republic of Korea. Ticks Tick-Borne Dis. 2018, 9, 1153-1157. [CrossRef] [PubMed]

Matsuno, K.; Nonoue, N.; Noda, A.; Kasajima, N.; Noguchi, K.; Takano, A.; Shimoda, H.; Orba, Y,;
Muramatsu, M.; Sakoda, Y.; et al. Fatal Tickborne Phlebovirus Infection in Captive Cheetahs, Japan. Emerg.
Infect. Dis. 2018, 24, 1726-1729. [CrossRef] [PubMed]

Bao, C.; Guo, X,; Qi, X;; Hu, J.; Zhou, M.; Varma, J.K.; Cui, L.; Yang, H.; Jiao, Y,; Klena, ].D.; et al.
A family cluster of infections by a newly recognized bunyavirus in eastern China, 2007: Further evidence of
person-to-person transmission. Clin. Infect. Dis. 2011, 53, 1208-1214. [CrossRef]

Liu, Y,; Li, Q.; Hu, W.; Wu, J.; Wang, Y.; Mei, L.; Walker, D.H.; Ren, J.; Wang, Y.; Yu, X.-J. Person-to-person
transmission of severe fever with thrombocytopenia syndrome virus. Vector Borne Zoonotic Dis. 2012, 12,
156-160. [CrossRef]


http://dx.doi.org/10.1056/NEJMoa1010095
http://www.ncbi.nlm.nih.gov/pubmed/21410387
http://dx.doi.org/10.1016/j.ttbdis.2014.07.020
http://www.ncbi.nlm.nih.gov/pubmed/25164614
http://dx.doi.org/10.3201/eid2008.131857
http://www.ncbi.nlm.nih.gov/pubmed/25061851
http://dx.doi.org/10.3201/eid2411.170756
http://www.ncbi.nlm.nih.gov/pubmed/30334706
http://dx.doi.org/10.1093/infdis/jit603
http://www.ncbi.nlm.nih.gov/pubmed/24231186
http://dx.doi.org/10.3201/eid2505.181463
http://www.ncbi.nlm.nih.gov/pubmed/31002059
http://dx.doi.org/10.1038/s41598-017-08042-6
http://www.ncbi.nlm.nih.gov/pubmed/28835633
http://dx.doi.org/10.1371/journal.pntd.0005264
http://dx.doi.org/10.3201/eid2110.150126
http://dx.doi.org/10.4269/ajtmh.14-0008
http://www.ncbi.nlm.nih.gov/pubmed/25711611
http://dx.doi.org/10.1089/vbz.2015.1832
http://www.ncbi.nlm.nih.gov/pubmed/26745758
http://dx.doi.org/10.3201/eid1905.120245
http://www.ncbi.nlm.nih.gov/pubmed/23648209
http://dx.doi.org/10.1016/j.ttbdis.2017.04.008
http://www.ncbi.nlm.nih.gov/pubmed/28442241
http://dx.doi.org/10.1016/j.ttbdis.2018.04.018
http://www.ncbi.nlm.nih.gov/pubmed/29724620
http://dx.doi.org/10.3201/eid2409.171667
http://www.ncbi.nlm.nih.gov/pubmed/30124411
http://dx.doi.org/10.1093/cid/cir732
http://dx.doi.org/10.1089/vbz.2011.0758

Vaccines 2019, 7, 125 15 of 21

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

36.

37.

38.

39.

Gai, Z,; Liang, M.; Zhang, Y.; Zhang, S.; Jin, C.; Wang, S.-W.; Sun, L.; Zhou, N.; Zhang, Q.; Sun, Y.; et al.
Person-to-Person Transmission of Severe Fever With Thrombocytopenia Syndrome Bunyavirus Through
Blood Contact. Clin. Infect. Dis. 2012, 54, 249-252. [CrossRef]

Kim, W.Y;; Choi, W.; Park, S.-W.; Wang, E.B.; Lee, W.-].; Jee, Y,; Lim, K.S.; Lee, H.-].; Kim, S.-M.; Lee, S.-O.;
et al. Nosocomial Transmission of Severe Fever With Thrombocytopenia Syndrome in Korea. Clin. Infect.
Dis. 2015, 60, 1681-1683. [CrossRef]

Hwang, J.; Kang, J.-G.; Oh, S.-S.; Chae, J.-B.; Cho, Y.-K,; Cho, Y.-S.; Lee, H.; Chae, ].-S. Molecular detection of
severe fever with thrombocytopenia syndrome virus (SFTSV) in feral cats from Seoul, Korea. Ticks Tick-Borne
Dis. 2017, 8, 9-12. [CrossRef] [PubMed]

Jung, L.Y.; Choi, W.; Kim, J.; Wang, E.; Park, S.-W.; Lee, W.-].; Choi, ].Y.; Kim, H.Y.; Uh, Y.; Kim, Y.K. Nosocomial
person-to-person transmission of severe fever with thrombocytopenia syndrome. Clin. Infect. Dis. 2019, 25,
633.e1-633.e4. [CrossRef] [PubMed]

Chen, C.; Li, P; Li, K.-F; Wang, H.-L,; Dai, Y.-X.; Cheng, X.; Yan, J.-B. Animals as amplification hosts in the
spread of severe fever with thrombocytopenia syndrome virus: A systematic review and meta-analysis.
Int. J. Infect. Dis. 2019, 79, 77-84. [CrossRef] [PubMed]

McMullan, LK.; Folk, SM.; Kelly, A.J.; MacNeil, A.; Goldsmith, C.S.; Metcalfe, M.G.; Batten, B.C,;
Albarifio, C.G.; Zaki, S.R.; Rollin, P.E.; et al. A New Phlebovirus Associated with Severe Febrile Illness in
Missouri. N. Engl. J. Med. 2012, 367, 834-841. [CrossRef] [PubMed]

Savage, HM.; Godsey, M.S.; Lambert, A.; Panella, N.A.; Burkhalter, K.L.; Harmon, J.R,; Lash, R.R;;
Ashley, D.C.; Nicholson, W.L. First Detection of Heartland Virus (Bunyaviridae: Phlebovirus) from Field
Collected Arthropods. Am. J. Trop. Med. Hyg. 2013, 89, 445-452. [CrossRef] [PubMed]

Godsey, M.S.; Savage, H.M.; Burkhalter, K.L.; Bosco-Lauth, A.M.; Delorey, M.]. Transmission of Heartland
Virus (Bunyaviridae: Phlebovirus) by Experimentally Infected Amblyomma americanum (Acari: Ixodidae).
J. Med. Entomol. 2016, 53, 1226-1233. [CrossRef]

Riemersma, K.K.; Komar, N. Heartland Virus Neutralizing Antibodies in Vertebrate Wildlife, United States,
2009-2014. Emerg. Infect. Dis. 2015, 21, 1830-1833. [CrossRef]

Statistics & Maps- Heartland virus- CDC. Available online: https://www.cdc.gov/heartland-virus/statistics/
index.html (accessed on 19 August 2019).

Lindsey, N.P.; Menitove, ].E.; Biggerstaff, B.].; Turabelidze, G.; Parton, P.; Peck, K.; Basile, A.].; Kosoy, O.1;
Fischer, M.; Staples, J.E. Seroprevalence of Heartland Virus Antibodies in Blood Donors, Northwestern
Missouri, USA. Emerg. Infect. Dis. 2019, 25, 358-360. [CrossRef]

Shen, S.; Duan, X.; Wang, B.; Zhu, L.; Zhang, Y.; Zhang, J.; Wang, J.; Luo, T.; Kou, C.; Liu, D.; et al. A novel
tick-borne phlebovirus, closely related to severe fever with thrombocytopenia syndrome virus and Heartland
virus, is a potential pathogen. Emerg. Microbes Infect. 2018, 7, 95. [CrossRef]

Zhu, L; Yin, F; Moming, A.; Zhang, J.; Wang, B.; Gao, L.; Ruan, J.; Wu, Q.; Wu, N.; Wang, H.; et al. First case
of laboratory-confirmed severe fever with thrombocytopenia syndrome disease revealed the risk of SFTSV
infection in Xinjiang, China. Emerg. Microbes Infect. 2019, 8, 1122-1125. [CrossRef]

International Committee on Taxonomy of Viruses (ICTV). Available online: https://talk.ictvonline.org/
/taxonomy/p/taxonomy-history?taxnode_id=201856224 (accessed on 18 August 2019).

Elliott, R.M.; Brennan, B. Emerging phleboviruses. Curr. Opin. Virol. 2014, 5, 50-57. [CrossRef] [PubMed]
Spiegel, M.; Plegge, T.; Pohlmann, S. The Role of Phlebovirus Glycoproteins in Viral Entry, Assembly and
Release. Viruses 2016, 8, 202. [CrossRef] [PubMed]

Zhou, H.; Sun, Y.; Wang, Y.; Liu, M,; Liu, C.; Wang, W,; Liu, X.; Li, L.; Deng, F.; Wang, H.; et al. The
nucleoprotein of severe fever with thrombocytopenia syndrome virus processes a stable hexameric ring to
facilitate RNA encapsidation. Protein Cell 2013, 4, 445-455. [CrossRef] [PubMed]

Elliott, R.M.; Weber, F. Bunyaviruses and the Type I Interferon System. Viruses 2009, 1, 1003-1021. [CrossRef]
[PubMed]

Wauerth, ].D.; Weber, F. Phleboviruses and the Type I Interferon Response. Viruses 2016, 8, 174. [CrossRef]
[PubMed]

Hiraki, T.; Yoshimitsu, M.; Suzuki, T.; Goto, Y.; Higashi, M.; Yokoyama, S.; Tabuchi, T.; Futatsuki, T.;
Nakamura, K.; Hasegawa, H.; et al. Two autopsy cases of severe fever with thrombocytopenia syndrome
(SFTS) in Japan: A pathognomonic histological feature and unique complication of SFTS. Pathol. Int. 2014,
64, 569-575. [CrossRef] [PubMed]


http://dx.doi.org/10.1093/cid/cir776
http://dx.doi.org/10.1093/cid/civ128
http://dx.doi.org/10.1016/j.ttbdis.2016.08.005
http://www.ncbi.nlm.nih.gov/pubmed/27542506
http://dx.doi.org/10.1016/j.cmi.2019.01.006
http://www.ncbi.nlm.nih.gov/pubmed/30677496
http://dx.doi.org/10.1016/j.ijid.2018.11.017
http://www.ncbi.nlm.nih.gov/pubmed/30500443
http://dx.doi.org/10.1056/NEJMoa1203378
http://www.ncbi.nlm.nih.gov/pubmed/22931317
http://dx.doi.org/10.4269/ajtmh.13-0209
http://www.ncbi.nlm.nih.gov/pubmed/23878186
http://dx.doi.org/10.1093/jme/tjw080
http://dx.doi.org/10.3201/eid2110.150380
https://www.cdc.gov/heartland-virus/statistics/index.html
https://www.cdc.gov/heartland-virus/statistics/index.html
http://dx.doi.org/10.3201/eid2502.181288
http://dx.doi.org/10.1038/s41426-018-0093-2
http://dx.doi.org/10.1080/22221751.2019.1645573
https://talk.ictvonline.org//taxonomy/p/taxonomy-history?taxnode_id=201856224
https://talk.ictvonline.org//taxonomy/p/taxonomy-history?taxnode_id=201856224
http://dx.doi.org/10.1016/j.coviro.2014.01.011
http://www.ncbi.nlm.nih.gov/pubmed/24607799
http://dx.doi.org/10.3390/v8070202
http://www.ncbi.nlm.nih.gov/pubmed/27455305
http://dx.doi.org/10.1007/s13238-013-3901-4
http://www.ncbi.nlm.nih.gov/pubmed/23702688
http://dx.doi.org/10.3390/v1031003
http://www.ncbi.nlm.nih.gov/pubmed/21994579
http://dx.doi.org/10.3390/v8060174
http://www.ncbi.nlm.nih.gov/pubmed/27338447
http://dx.doi.org/10.1111/pin.12207
http://www.ncbi.nlm.nih.gov/pubmed/25329676

Vaccines 2019, 7, 125 16 of 21

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Muehlenbachs, A.; Fata, C.R.; Lambert, A.].; Paddock, C.D.; Velez, J.O.; Blau, D.M.; Staples, ].E.; Karlekar, M.B.;
Bhatnagar, J.; Nasci, R.S.; et al. Heartland virus-associated death in tennessee. Clin. Infect. Dis. 2014, 59,
845-850. [CrossRef]

Li, S.; Li, Y.,; Wang, Q.; Yu, X.; Liu, M,; Xie, H.; Qian, L.; Ye, L.; Yang, Z.; Zhang, J.; et al. Multiple organ
involvement in severe fever with thrombocytopenia syndrome: An immunohistochemical finding in a fatal
case. J. Virol. 2018, 15, 97. [CrossRef]

Saijo, M. Pathophysiology of severe fever with thrombocytopenia syndrome and development of specific
antiviral therapy. J. Infect. Chemother. 2018, 24, 773-781. [CrossRef]

Fill, M.M.A.; Compton, M.L.; McDonald, E.C.; Moncayo, A.C.; Dunn, J.R.; Schaffner, W.; Bhatnagar, J.;
Zaki, S.R.; Jones, T.E,; Shieh, W.]J. Novel clinical and pathologic findings in a heartland virus-associated death.
Clin. Infect. Dis. 2017, 64, 510-512.

Lozach, P-Y.; Kiihbacher, A.; Meier, R.; Mancini, R.; Bitto, D.; Bouloy, M.; Helenius, A. DC-SIGN as a receptor
for phleboviruses. Cell Host Microbe 2011, 10, 75-88. [CrossRef] [PubMed]

Hofmann, H.; Li, X.; Zhang, X.; Liu, W.; Kiihl, A.; Kaup, E,; Soldan, S.S.; Gonzélez-Scarano, F.; Weber, F.;
He, Y.; et al. Severe fever with thrombocytopenia virus glycoproteins are targeted by neutralizing antibodies
and can use DC-SIGN as a receptor for pH-dependent entry into human and animal cell lines. J. Virol. 2013,
87,4384-4394. [CrossRef] [PubMed]

Qu, B; Qi, X.; Wu, X,; Liang, M,; Li, C.; Cardona, C.J.; Xu, W,; Tang, F,; Li, Z.; Wu, B; et al. Suppression of the
Interferon and NF-«B Responses by Severe Fever with Thrombocytopenia Syndrome Virus. J. Virol. 2012, 86,
8388-8401. [CrossRef] [PubMed]

Choi, Y.; Park, S.-J.; Sun, Y.; Yoo, J.-S.; Pudupakam, R.S.; Foo, S.-S.; Shin, W.-].; Chen, S.B.; Tsichlis, PN.;
Lee, W.-].; et al. Severe fever with thrombocytopenia syndrome phlebovirus non-structural protein activates
TPL2 signalling pathway for viral immunopathogenesis. Nat. Microbiol. 2019, 4, 429-437. [CrossRef]
[PubMed]

Zhang, L; Fu, Y,; Wang, H.; Guan, Y.; Zhu, W.; Guo, M.; Zheng, N.; Wu, Z. Severe Fever With
Thrombocytopenia Syndrome Virus-Induced Macrophage Differentiation Is Regulated by miR-146.
Front. Immunol. 2019, 10, 1095. [CrossRef]

Tani, H.; Shimojima, M.; Fukushi, S.; Yoshikawa, T.; Fukuma, A.; Taniguchi, S.; Morikawa, S.; Saijo, M.
Characterization of Glycoprotein-Mediated Entry of Severe Fever with Thrombocytopenia Syndrome Virus.
J. Virol. 2016, 90, 5292-5301. [CrossRef] [PubMed]

Sun, Y,; Qi, Y,; Liu, C,; Gao, W.; Chen, P; Fu, L.; Peng, B.; Wang, H.; Jing, Z.; Zhong, G.; et al. Nonmuscle
Myosin Heavy Chain ITA Is a Critical Factor Contributing to the Efficiency of Early Infection of Severe Fever
with Thrombocytopenia Syndrome Virus. J. Virol. 2014, 88, 237-248. [CrossRef]

Liu, S.; Chai, C.; Wang, C.; Amer, S.; Lv, H.; He, H.; Sun, J.; Lin, J. Systematic review of severe fever with
thrombocytopenia syndrome:virology, epidemiology, and clinical characteristics. Rev. Med. Virol. 2014, 24,
90-102. [CrossRef]

Li, D.X. Severe fever with thrombocytopenia syndrome: A newly discovered emerging infectious disease.
Clin. Microbiol. Infect. 2015, 21, 614—620. [CrossRef]

Robles, N.J.C.; Han, H.J.; Park, S.-J.; Choi, Y.K. Epidemiology of severe fever and thrombocytopenia syndrome
virus infection and the need for therapeutics for the prevention. Clin. Exp. Vaccine Res. 2018, 7, 43-50.
[CrossRef]

Kwon, J.-S.; Kim, M.-C.; Kim, J.Y,; Jeon, N.-Y.; Ryu, B.-H.; Hong, J.; Kim, M.-]J.; Chong, Y.P; Lee, S.-O.;
Choi, S.-H.; et al. Kinetics of viral load and cytokines in severe fever with thrombocytopenia syndrome.
J. Clin. Virol. 2018, 101, 57-62. [CrossRef] [PubMed]

Zhu, Y.; Wu, H,; Gao, J.; Zhou, X.; Zhu, R.; Zhang, C.; Bai, H.; Abdullah, A.S.; Pan, H. Two confirmed cases of
severe fever with thrombocytopenia syndrome with pneumonia: Implication for a family cluster in East
China. BMC Infect. Dis. 2017, 17, 537. [CrossRef]

Uehara, N.; Yano, T.; Ishihara, A.; Saijou, M.; Suzuki, T. Fatal Severe Fever with Thrombocytopenia Syndrome:
An Autopsy Case Report. Intern. Med. Tokyo Jpn. 2016, 55, 831-838. [CrossRef]

Nakano, A.; Ogawa, H.; Nakanishi, Y.; Fujita, H.; Mahara, F; Shiogama, K.; Tsutsumi, Y.; Takeichi, T.
Hemophagocytic Lymphohistiocytosis in a Fatal Case of Severe Fever with Thrombocytopenia Syndrome.
Intern. Med. 2017, 56, 1597-1602. [CrossRef]


http://dx.doi.org/10.1093/cid/ciu434
http://dx.doi.org/10.1186/s12985-018-1006-7
http://dx.doi.org/10.1016/j.jiac.2018.07.009
http://dx.doi.org/10.1016/j.chom.2011.06.007
http://www.ncbi.nlm.nih.gov/pubmed/21767814
http://dx.doi.org/10.1128/JVI.02628-12
http://www.ncbi.nlm.nih.gov/pubmed/23388721
http://dx.doi.org/10.1128/JVI.00612-12
http://www.ncbi.nlm.nih.gov/pubmed/22623799
http://dx.doi.org/10.1038/s41564-018-0329-x
http://www.ncbi.nlm.nih.gov/pubmed/30617349
http://dx.doi.org/10.3389/fimmu.2019.01095
http://dx.doi.org/10.1128/JVI.00110-16
http://www.ncbi.nlm.nih.gov/pubmed/26984731
http://dx.doi.org/10.1128/JVI.02141-13
http://dx.doi.org/10.1002/rmv.1776
http://dx.doi.org/10.1016/j.cmi.2015.03.001
http://dx.doi.org/10.7774/cevr.2018.7.1.43
http://dx.doi.org/10.1016/j.jcv.2018.01.017
http://www.ncbi.nlm.nih.gov/pubmed/29427908
http://dx.doi.org/10.1186/s12879-017-2645-9
http://dx.doi.org/10.2169/internalmedicine.55.5262
http://dx.doi.org/10.2169/internalmedicine.56.6904

Vaccines 2019, 7, 125 17 of 21

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Kaneko, M.; Shikata, H.; Matsukage, S.; Maruta, M.; Shinomiya, H.; Suzuki, T.; Hasegawa, H.;
Shimojima, M.; Saijo, M. A patient with severe fever with thrombocytopenia syndrome and hemophagocytic
lymphohistiocytosis-associated involvement of the central nervous system. J. Infect. Chemother. 2018, 24,
292-297. [CrossRef]

Carlson, A.L.; Pastula, D.M.; Lambert, A.J.; Staples, ]J.E.; Muehlenbachs, A.; Turabelidze, G.; Eby, C.S.;
Keller, J.; Hess, B.; Buller, R.S.; et al. Heartland Virus and Hemophagocytic Lymphohistiocytosis in
Immunocompromised Patient, Missouri, USA. Emerg. Infect. Dis. 2018, 24, 893—-897. [CrossRef]

Miyamoto, S.; Ito, T.; Terada, S.; Eguchi, T.; Furubeppu, H.; Kawamura, H.; Yasuda, T.; Kakihana, Y. Fulminant
myocarditis associated with severe fever with thrombocytopenia syndrome: A case report. BMC Infect. Dis.
2019, 19, 266. [CrossRef]

Nakamura, S.; Iwanaga, N.; Hara, S.; Shimada, S.; Kashima, Y.; Hayasaka, D.; Abe, K.; Izumikawa, K.;
Yanagihara, K.; Miyazaki, Y.; et al. Viral load and inflammatory cytokine dynamics associated with the
prognosis of severe fever with thrombocytopenia syndrome virus infection: An autopsy case. ]. Infect.
Chemother. 2019, 25, 480-484. [CrossRef]

Kim, K.-H.; Lee, M.].; Ko, M.K;; Lee, E.Y.; Yi, J. Brief Communication Severe Fever with Thrombocytopenia
Syndrome Patients with Hemophagocytic Lymphohistiocytosis Retrospectively Identified in Korea. J. Korean
Med. Sci. 2018, 33, 319. [CrossRef]

Deng, B.; Zhang, S.; Geng, Y.; Zhang, Y.; Wang, Y.; Yao, W.; Wen, Y.; Cui, W.; Zhou, Y.; Gu, Q.; et al. Cytokine
and chemokine levels in patients with severe fever with thrombocytopenia syndrome virus. PLoS ONE 2012,
7,e41365. [CrossRef]

Jin, C; Liang, M.; Ning, J.; Gu, W,; Jiang, H.; Wu, W.; Zhang, F.; Li, C.; Zhang, Q.; Zhu, H.; et al. Pathogenesis
of emerging severe fever with thrombocytopenia syndrome virus in C57/BL6 mouse model. Proc. Natl. Acad.
Sci. USA 2012, 109, 10053-10058. [CrossRef] [PubMed]

Bosco-Lauth, A.M.; Calvert, A.E.; Root, J.J.; Gidlewski, T.; Bird, B.H.; Bowen, R.A.; Muehlenbachs, A.;
Zaki, S.R.; Brault, A.C. Vertebrate host susceptibility to Heartland Virus. Emerg. Infect. Dis. 2016, 22,
2070-2077. [CrossRef] [PubMed]

Matsuno, K.; Orba, Y.; Maede-White, K.; Scott, D.; Feldmann, F.; Liang, M.; Ebihara, H. Animal models
of emerging tick-borne phleboviruses: Determining target cells in a lethal model of SFTSV infection.
Front. Microbiol. 2017, 8. [CrossRef] [PubMed]

Westover, ].B.; Rigas, ].D.; Van Wettere, A.]J.; Li, R.; Hickerson, B.T.; Jung, K.H.; Miao, J.; Reynolds, E.S.;
Conrad, B.L.; Nielson, S.; et al. Heartland virus infection in hamsters deficient in type I interferon signaling:
Protracted disease course ameliorated by favipiravir. Virology 2017, 511, 175-183. [CrossRef] [PubMed]
Liu, Y.; Wu, B.; Paessler, S.; Walker, D.H.; Tesh, R.B.; Yu, X.-]. The Pathogenesis of Severe Fever with
Thrombocytopenia Syndrome Virus Infection in Alpha/Beta Interferon Knockout Mice: Insights into the
Pathologic Mechanisms of a New Viral Hemorrhagic Fever. J. Virol. 2014, 88, 1781-1786. [CrossRef] [PubMed]
Gowen, B.B.; Westover, ].B.; Miao, J.; Van Wettere, A.].; Rigas, J.D.; Hickerson, B.T.; Jung, K.-H.; Li, R.;
Conrad, B.L.; Nielson, S.; et al. Modeling Severe Fever with Thrombocytopenia Syndrome Virus Infection
in Golden Syrian Hamsters: Importance of STAT2 in Preventing Disease and Effective Treatment with
Favipiravir. J. Virol. 2017, 91. [CrossRef] [PubMed]

Jin, C,; Jiang, H.; Liang, M.; Han, Y.; Gu, W.; Zhang, E; Zhu, H.; Wu, W,; Chen, T.; Li, C,; et al. SFTS Virus
Infection in Nonhuman Primates. J. Infect. Dis. 2015, 211, 915-925. [CrossRef]

Park, S.-J.; Kim, Y.-L; Park, A.; Kwon, H.-L; Kim, E.-H,; Si, Y.-].; Song, M.-S; Lee, C.-H.; Jung, K.; Shin, W.-].;
et al. Ferret animal model of severe fever with thrombocytopenia syndrome phlebovirus for human lethal
infection and pathogenesis. Nat. Microbiol. 2019, 4, 438—446. [CrossRef]

Park, E.-S.; Shimojima, M.; Nagata, N.; Ami, Y.; Yoshikawa, T.; Iwata-Yoshikawa, N.; Fukushi, S.; Watanabe, S.;
Kurosu, T.; Kataoka, M.; et al. Severe Fever with Thrombocytopenia Syndrome Phlebovirus causes lethal
viral hemorrhagic fever in cats. Sci. Rep. 2019, 9, 11990. [CrossRef]

Koyama, S.; Ishii, K.J.; Coban, C.; Akira, S. Innate immune response to viral infection. Cytokine 2008, 43,
336-341. [CrossRef]

Takeuchi, O.; Akira, S. Innate immunity to virus infection. Immunol. Rev. 2009, 227, 75-86. [CrossRef]
[PubMed]

Mogensen, T.H. Pathogen recognition and inflammatory signaling in innate immune defenses. Clin. Microbiol.
Rev. 2009, 22, 240-273. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.jiac.2017.10.016
http://dx.doi.org/10.3201/eid2405.171802
http://dx.doi.org/10.1186/s12879-019-3904-8
http://dx.doi.org/10.1016/j.jiac.2019.01.013
http://dx.doi.org/10.3346/jkms.2018.33.e319
http://dx.doi.org/10.1371/journal.pone.0041365
http://dx.doi.org/10.1073/pnas.1120246109
http://www.ncbi.nlm.nih.gov/pubmed/22665769
http://dx.doi.org/10.3201/eid2212.160472
http://www.ncbi.nlm.nih.gov/pubmed/27869591
http://dx.doi.org/10.3389/fmicb.2017.00104
http://www.ncbi.nlm.nih.gov/pubmed/28194148
http://dx.doi.org/10.1016/j.virol.2017.08.004
http://www.ncbi.nlm.nih.gov/pubmed/28865344
http://dx.doi.org/10.1128/JVI.02277-13
http://www.ncbi.nlm.nih.gov/pubmed/24257618
http://dx.doi.org/10.1128/JVI.01942-16
http://www.ncbi.nlm.nih.gov/pubmed/27881648
http://dx.doi.org/10.1093/infdis/jiu564
http://dx.doi.org/10.1038/s41564-018-0317-1
http://dx.doi.org/10.1038/s41598-019-48317-8
http://dx.doi.org/10.1016/j.cyto.2008.07.009
http://dx.doi.org/10.1111/j.1600-065X.2008.00737.x
http://www.ncbi.nlm.nih.gov/pubmed/19120477
http://dx.doi.org/10.1128/CMR.00046-08
http://www.ncbi.nlm.nih.gov/pubmed/19366914

Vaccines 2019, 7, 125 18 of 21

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Bonilla, FA.; Oettgen, H.C. Adaptive immunity. J. Allergy Clin. Immunol. 2010, 125, S33-S40. [CrossRef]
[PubMed]

Schulz, K.S.; Mossman, K.L. Viral Evasion Strategies in Type I IFN Signaling - A Summary of Recent
Developments. Front. Immunol. 2016, 7, 498. [CrossRef] [PubMed]

Garcia-Sastre, A. Ten Strategies of Interferon Evasion by Viruses. Cell Host Microbe 2017, 22, 176-184.
[CrossRef] [PubMed]

Engelmayer, J.; Larsson, M.; Subklewe, M.; Chahroudi, A.; Cox, W.I; Steinman, R.M.; Bhardwaj, N. Vaccinia
virus inhibits the maturation of human dendritic cells: A novel mechanism of immune evasion. J. Immunol.
1999, 163, 6762-6768. [PubMed]

Yen, B.; Mulder, L.C.E,; Martinez, O.; Basler, C.F. Molecular basis for ebolavirus VP35 suppression of human
dendritic cell maturation. J. Virol. 2014, 88, 12500-12510. [CrossRef] [PubMed]

Yen, B.C.; Basler, C.F. Effects of Filovirus Interferon Antagonists on Responses of Human Monocyte-Derived
Denderitic Cells to RNA Virus Infection. J. Virol. 2016, 90, 5108-5118. [CrossRef] [PubMed]

Basler, C.F. Molecular pathogenesis of viral hemorrhagic fever. Semin. Immunopathol. 2017, 39, 551-561.
[CrossRef]

Lee, A.J.; Ashkar, A.A. The Dual Nature of Type I and Type II Interferons. Front. Immunol. 2018, 9, 2061.
[CrossRef]

Gough, D.J.; Messina, N.L.; Hii, L.; Gould, J.A.; Sabapathy, K.; Robertson, A.P.S.; Trapani, J.A.; Levy, D.E,;
Hertzog, PJ.; Clarke, C.].P; et al. Functional crosstalk between type I and II interferon through the regulated
expression of STAT1. PLoS Biol. 2010, 8, €1000361. [CrossRef] [PubMed]

Basler, C.F,; Wang, X.; Miihlberger, E.; Volchkov, V.; Paragas, J.; Klenk, H.D.; Garcia-Sastre, A.; Palese, P.
The Ebola virus VP35 protein functions as a type I IFN antagonist. Proc. Natl. Acad. Sci. USA 2000, 97,
12289-12294. [CrossRef] [PubMed]

Luthra, P; Ramanan, P.; Mire, C.E.; Weisend, C.; Tsuda, Y.; Yen, B.; Liu, G.; Leung, D.W.; Geisbert, TW.;
Ebihara, H.; et al. Mutual antagonism between the Ebola virus VP35 protein and the RIG-I activator PACT
determines infection outcome. Cell Host Microbe 2013, 14, 74-84. [CrossRef]

Dalrymple, N.A.; Cimica, V.; Mackow, E.R. Dengue Virus NS Proteins Inhibit RIG-I/MAVS Signaling by
Blocking TBK1/IRF3 Phosphorylation: Dengue Virus Serotype 1 NS4A Is a Unique Interferon-Regulating
Virulence Determinant. mBio 2015, 6, €00553-15. [CrossRef]

Didcock, L.; Young, D.F.; Goodbourn, S.; Randall, R.E. The V protein of simian virus 5 inhibits interferon
signalling by targeting STAT1 for proteasome-mediated degradation. . Virol. 1999, 73, 9928-9933. [PubMed]
Didcock, L.; Young, D.E; Goodbourn, S.; Randall, R.E. Sendai virus and simian virus 5 block activation of
interferon-responsive genes: Importance for virus pathogenesis. J. Virol. 1999, 73, 3125-3133.

Kubota, T.; Yokosawa, N.; Yokota, S.; Fujii, N. C terminal CYS-RICH region of mumps virus structural V
protein correlates with block of interferon alpha and gamma signal transduction pathway through decrease
of STAT 1-alpha. Biochem. Biophys. Res. Commun. 2001, 283, 255-259. [CrossRef]

Nishio, M.; Tsurudome, M.; Ito, M.; Kawano, M.; Komada, H.; Ito, Y. High resistance of human parainfluenza
type 2 virus protein-expressing cells to the antiviral and anti-cell proliferative activities of alpha/beta
interferons: Cysteine-rich V-specific domain is required for high resistance to the interferons. J. Virol. 2001,
75,9165-9176. [CrossRef]

Andrejeva, J.; Poole, E.; Young, D.E; Goodbourn, S.; Randall, R.E. The p127 subunit (DDB1) of the UV-DNA
damage repair binding protein is essential for the targeted degradation of STAT1 by the V protein of the
paramyxovirus simian virus 5. J. Virol. 2002, 76, 11379-11386. [CrossRef]

Park, M.-S.; Garcia-Sastre, A.; Cros, ].E; Basler, C.F; Palese, P. Newcastle disease virus V protein is a
determinant of host range restriction. J. Virol. 2003, 77, 9522-9532. [CrossRef]

Palosaari, H.; Parisien, ].-P.; Rodriguez, J.J.; Ulane, C.M.; Horvath, C.M. STAT protein interference and
suppression of cytokine signal transduction by measles virus V protein. ]. Virol. 2003, 77, 7635-7644.
[CrossRef] [PubMed]

Nishio, M.; Tsurudome, M.; Ito, M.; Garcin, D.; Kolakofsky, D.; Ito, Y. Identification of paramyxovirus V
protein residues essential for STAT protein degradation and promotion of virus replication. J. Virol. 2005, 79,
8591-8601. [CrossRef] [PubMed]

Devaux, P; Priniski, L.; Cattaneo, R. The measles virus phosphoprotein interacts with the linker domain of
STAT1. Virology 2013, 444, 250-256. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.jaci.2009.09.017
http://www.ncbi.nlm.nih.gov/pubmed/20061006
http://dx.doi.org/10.3389/fimmu.2016.00498
http://www.ncbi.nlm.nih.gov/pubmed/27891131
http://dx.doi.org/10.1016/j.chom.2017.07.012
http://www.ncbi.nlm.nih.gov/pubmed/28799903
http://www.ncbi.nlm.nih.gov/pubmed/10586075
http://dx.doi.org/10.1128/JVI.02163-14
http://www.ncbi.nlm.nih.gov/pubmed/25142601
http://dx.doi.org/10.1128/JVI.00191-16
http://www.ncbi.nlm.nih.gov/pubmed/26962215
http://dx.doi.org/10.1007/s00281-017-0637-x
http://dx.doi.org/10.3389/fimmu.2018.02061
http://dx.doi.org/10.1371/journal.pbio.1000361
http://www.ncbi.nlm.nih.gov/pubmed/20436908
http://dx.doi.org/10.1073/pnas.220398297
http://www.ncbi.nlm.nih.gov/pubmed/11027311
http://dx.doi.org/10.1016/j.chom.2013.06.010
http://dx.doi.org/10.1128/mBio.00553-15
http://www.ncbi.nlm.nih.gov/pubmed/10559305
http://dx.doi.org/10.1006/bbrc.2001.4764
http://dx.doi.org/10.1128/JVI.75.19.9165-9176.2001
http://dx.doi.org/10.1128/JVI.76.22.11379-11386.2002
http://dx.doi.org/10.1128/JVI.77.17.9522-9532.2003
http://dx.doi.org/10.1128/JVI.77.13.7635-7644.2003
http://www.ncbi.nlm.nih.gov/pubmed/12805463
http://dx.doi.org/10.1128/JVI.79.13.8591-8601.2005
http://www.ncbi.nlm.nih.gov/pubmed/15956600
http://dx.doi.org/10.1016/j.virol.2013.06.019
http://www.ncbi.nlm.nih.gov/pubmed/23856440

Vaccines 2019, 7, 125 19 of 21

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

Ly, HJ.; Ikegami, T. Rift Valley fever virus NSs protein functions and the similarity to other bunyavirus NSs
proteins. J. Virol. 2016, 13, 118. [CrossRef] [PubMed]

Rezelj, V.V,; Overby, AK,; Elliott, R M. Generation of mutant Uukuniemi viruses lacking the nonstructural
protein NSs by reverse genetics indicates that NSs is a weak interferon antagonist. J. Virol. 2015, 89, 4849-4856.
[CrossRef]

Rezelj, V.V; Li, P; Chaudhary, V,; Elliott, RM,; Jin, D.-Y.; Brennan, B. Differential Antagonism of Human
Innate Inmune Responses by Tick-Borne Phlebovirus Nonstructural Proteins. mSphere 2017, 2, e00234-17.
[CrossRef] [PubMed]

Billecocq, A.; Spiegel, M.; Vialat, P.; Kohl, A.; Weber, F.; Bouloy, M.; Haller, O. NSs protein of Rift Valley
fever virus blocks interferon production by inhibiting host gene transcription. J. Virol. 2004, 78, 9798-9806.
[CrossRef]

Copeland, A.M.; Van Deusen, N.M.; Schmaljohn, C.S. Rift Valley fever virus NSS gene expression correlates
with a defect in nuclear mRNA export. Virology 2015, 486, 88-93. [CrossRef]

Ning, Y.-J.; Wang, M.; Deng, M.; Shen, S.; Liu, W.; Cao, W.-C.; Deng, F.; Wang, Y.-Y,; Hu, Z.; Wang, H. Viral
suppression of innate immunity via spatial isolation of TBK1/IKKe from mitochondrial antiviral platform.
J. Mol. Cell Biol. 2014, 6, 324-337. [CrossRef]

Santiago, EW.; Covaleda, L.M.; Sanchez-Aparicio, M.T,; Silvas, ].A.; Diaz-Vizarreta, A.C.; Patel, ].R.; Popov, V.;
Yu, X.; Garcia-Sastre, A.; Aguilar, P.V. Hijacking of RIG-I signaling proteins into virus-induced cytoplasmic
structures correlates with the inhibition of type I interferon responses. J. Virol. 2014, 88, 4572-4585. [CrossRef]
Wu, X; Qi, X,; Liang, M.; Li, C.; Cardona, C.J.; Li, D.; Xing, Z. Roles of viroplasm-like structures formed by
nonstructural protein NSs in infection with severe fever with thrombocytopenia syndrome virus. FASEB J.
2014, 28, 2504-2516. [CrossRef] [PubMed]

Moriyama, M.; Igarashi, M.; Koshiba, T.; Irie, T.; Takada, A.; Ichinohe, T. Two Conserved Amino Acids within
the NSs of Severe Fever with Thrombocytopenia Syndrome Phlebovirus Are Essential for Anti-interferon
Activity. J. Virol. 2018, 92, e00706-18. [CrossRef] [PubMed]

Hong, Y.; Bai, M.; Qi, X,; Li, C.; Liang, M,; Li, D.; Cardona, C.J.; Xing, Z. Suppression of the IFN-« and -3
Induction through Sequestering IRF7 into Viral Inclusion Bodies by Nonstructural Protein NSs in Severe
Fever with Thrombocytopenia Syndrome Bunyavirus Infection. J. Immunol. 2019, 202, 841-856. [CrossRef]
[PubMed]

Chaudhary, V;; Zhang, S.; Yuen, K.-S.; Li, C.; Lui, P-Y,; Fung, S.-Y,; Wang, P.-H.; Chan, C.-P;; Li, D.; Kok, K.-H.;
et al. Suppression of type I and type III IEN signalling by NSs protein of severe fever with thrombocytopenia
syndrome virus through inhibition of STAT1 phosphorylation and activation. J. Gen. Virol. 2015, 96,
3204-3211. [CrossRef] [PubMed]

Ning, Y.-J.; Feng, K.; Min, Y.-Q.; Cao, W.-C.; Wang, M.; Deng, F.; Hu, Z.; Wang, H. Disruption of type I
interferon signaling by the nonstructural protein of severe fever with thrombocytopenia syndrome virus via
the hijacking of STAT2 and STAT1 into inclusion bodies. J. Virol. 2015, 89, 4227-4236. [CrossRef] [PubMed]
Kitagawa, Y.; Sakai, M.; Shimojima, M.; Saijo, M.; Itoh, M.; Gotoh, B. Nonstructural protein of severe fever with
thrombocytopenia syndrome phlebovirus targets STAT2 and not STATT1 to inhibit type I interferon-stimulated
JAK-STAT signaling. Microbes Infect. 2018, 20, 360-368. [CrossRef] [PubMed]

Yoshikawa, R.; Sakabe, S.; Urata, S.; Yasuda, ]J. Species-Specific Pathogenicity of Severe Fever with
Thrombocytopenia Syndrome Virus Is Determined by Anti-STAT2 Activity of NSs. ]. Virol. 2019, 93,
€02226-18. [CrossRef] [PubMed]

Chen, X; Ye, H; Li, S; Jiao, B.; Wu, J.; Zeng, P; Chen, L. Severe fever with thrombocytopenia syndrome
virus inhibits exogenous Type i IFN signaling pathway through its NSs in vitro. PLoS ONE 2017, 12, 1-12.
[CrossRef] [PubMed]

Ning, Y.-J.; Mo, Q.; Feng, K.; Min, Y.-Q.; Li, M.; Hou, D.; Peng, C.; Zheng, X.; Deng, F.; Hu, Z.; et al.
Interferon-y-Directed Inhibition of a Novel High-Pathogenic Phlebovirus and Viral Antagonism of the
Antiviral Signaling by Targeting STAT1. Front. Immunol. 2019, 10, 1182. [CrossRef]

Ning, Y.-J.; Feng, K,; Min, Y.-Q.; Deng, F.; Hu, Z.; Wang, H. Heartland virus NSs protein disrupts host defenses
by blocking the TBK1 kinase-IRF3 transcription factor interaction and signaling required for interferon
induction. J. Biol. Chem. 2017, 292, 16722-16733. [CrossRef] [PubMed]


http://dx.doi.org/10.1186/s12985-016-0573-8
http://www.ncbi.nlm.nih.gov/pubmed/27368371
http://dx.doi.org/10.1128/JVI.03511-14
http://dx.doi.org/10.1128/mSphere.00234-17
http://www.ncbi.nlm.nih.gov/pubmed/28680969
http://dx.doi.org/10.1128/JVI.78.18.9798-9806.2004
http://dx.doi.org/10.1016/j.virol.2015.09.003
http://dx.doi.org/10.1093/jmcb/mju015
http://dx.doi.org/10.1128/JVI.03021-13
http://dx.doi.org/10.1096/fj.13-243857
http://www.ncbi.nlm.nih.gov/pubmed/24599967
http://dx.doi.org/10.1128/JVI.00706-18
http://www.ncbi.nlm.nih.gov/pubmed/30021900
http://dx.doi.org/10.4049/jimmunol.1800576
http://www.ncbi.nlm.nih.gov/pubmed/30598516
http://dx.doi.org/10.1099/jgv.0.000280
http://www.ncbi.nlm.nih.gov/pubmed/26353965
http://dx.doi.org/10.1128/JVI.00154-15
http://www.ncbi.nlm.nih.gov/pubmed/25631085
http://dx.doi.org/10.1016/j.micinf.2018.05.007
http://www.ncbi.nlm.nih.gov/pubmed/29886262
http://dx.doi.org/10.1128/JVI.02226-18
http://www.ncbi.nlm.nih.gov/pubmed/30814285
http://dx.doi.org/10.1371/journal.pone.0172744
http://www.ncbi.nlm.nih.gov/pubmed/28234991
http://dx.doi.org/10.3389/fimmu.2019.01182
http://dx.doi.org/10.1074/jbc.M117.805127
http://www.ncbi.nlm.nih.gov/pubmed/28848048

Vaccines 2019, 7, 125 20 of 21

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

Feng, K,; Deng, F; Hu, Z.; Wang, H.; Ning, Y.-J. Heartland virus antagonizes type I and III interferon antiviral
signaling by inhibiting phosphorylation and nuclear translocation of STAT2 and STAT1. J. Biol. Chem. 2019,
294,9503-9517. [CrossRef] [PubMed]

Gentile, L.F; Moldawer, L.L. DAMPs, PAMPs, and the origins of SIRS in bacterial sepsis. Shock Augusta Ga
2013, 39, 113-114. [CrossRef] [PubMed]

Chaudhry, H.; Zhou, J.; Zhong, Y.; Ali, M.M.; McGuire, F; Nagarkatti, P.S.; Nagarkatti, M. Role of cytokines
as a double-edged sword in sepsis. Vivo Athens Greece 2013, 27, 669-684.

Oberholzer, A.; Oberholzer, C.; Moldawer, L.L. Sepsis syndromes: Understanding the role of innate and
acquired immunity. Shock Augusta Ga 2001, 16, 83-96. [CrossRef] [PubMed]

Ebihara, H.; Rockx, B.; Marzi, A.; Feldmann, F.; Haddock, E.; Brining, D.; LaCasse, R.A.; Gardner, D.;
Feldmann, H. Host response dynamics following lethal infection of rhesus macaques with Zaire ebolavirus.
J. Infect. Dis. 2011, 204, S991-5999. [CrossRef] [PubMed]

Liu, M.-M.; Lei, X.-Y;; Yu, H.; Zhang, ].-Z.; Yu, X.-J. Correlation of cytokine level with the severity of severe
fever with thrombocytopenia syndrome. Virol. J. 2017, 14, 6. [CrossRef]

Sun, Y,; Jin, C,; Zhan, F; Wang, X; Liang, M.; Zhang, Q.; Ding, S.; Guan, X.; Huo, X; Li, C.; et al. Host
cytokine storm is associated with disease severity of severe fever with thrombocytopenia syndrome. J. Infect.
Dis. 2012, 206, 1085-1094. [CrossRef]

Zhao, J.; He, S.; Minassian, A.; Li, J.; Feng, P. Recent advances on viral manipulation of NF-kB signaling
pathway. Curr. Opin. Virol. 2015, 15, 103-111. [CrossRef]

Nimmerjahn, E; Dudziak, D.; Dirmeier, U.; Hobom, G.; Riedel, A.; Schlee, M.; Staudt, L.M.; Rosenwald, A.;
Behrends, U.; Bornkamm, G.W,; et al. Active NF-kappaB signalling is a prerequisite for influenza virus
infection. J. Gen. Virol. 2004, 85, 2347-2356. [CrossRef]

Luco, S.; Delmas, O.; Vidalain, P.-O.; Tangy, F.; Weil, R.; Bourhy, H. RelAp43, a member of the NF-«B family
involved in innate immune response against Lyssavirus infection. PLoS Pathog. 2012, 8, e1003060. [CrossRef]
Besson, B.; Sonthonnax, F.; Duchateau, M.; Ben Khalifa, Y.; Larrous, F.; Eun, H.; Hourdel, V.; Matondo, M.;
Chamot-Rooke, J.; Grailhe, R.; et al. Regulation of NF-«B by the p105-ABIN2-TPL2 complex and RelAp43
during rabies virus infection. PLoS Pathog. 2017, 13, e1006697. [CrossRef] [PubMed]

Sun, Q.; Jin, C.; Zhu, L.; Liang, M.; Li, C.; Cardona, C.J.; Li, D.; Xing, Z. Host Responses and Regulation
by NFkB Signaling in the Liver and Liver Epithelial Cells Infected with A Novel Tick-borne Bunyavirus.
Sci. Rep. 2015, 5, 11816. [CrossRef] [PubMed]

Sang, Y.; Miller, L.C.; Blecha, F. Macrophage Polarization in Virus-Host Interactions. J. Clin. Cell. Immunol.
2015, 6, 311. [PubMed]

Ward, N.S.; Casserly, B.; Ayala, A. The compensatory anti-inflammatory response syndrome (CARS) in
critically ill patients. Clin. Chest Med. 2008, 29, 617-625. [CrossRef] [PubMed]

Kurosaki, T.; Kometani, K.; Ise, W. Memory B cells. Nat. Rev. Immunol. 2015, 15, 149-159. [CrossRef]
[PubMed]

Song, P; Zheng, N.; Liu, Y,; Tian, C.; Wu, X.; Ma, X,; Chen, D.; Zou, X.; Wang, G.; Wang, H.; et al. Deficient
humoral responses and disrupted B-cell immunity are associated with fatal SFTSV infection. Nat. Commun.
2018, 9, 3328. [CrossRef] [PubMed]

Liu, J.; Wang, L.; Feng, Z.; Geng, D.; Sun, Y.; Yuan, G. Dynamic changes of laboratory parameters and
peripheral blood lymphocyte subsets in severe fever with thrombocytopenia syndrome patients. Int. J. Infect.
Dis. 2017, 58, 45-51. [CrossRef]

Takahashi, T.; Suzuki, T.; Hiroshige, S.; Nouno, S.; Matsumura, T.; Tominaga, T.; Yujiri, T.; Katano, H.; Sato, Y.;
Hasegawa, H. Transient Appearance of Plasmablasts in the Peripheral Blood of Japanese Patients With
Severe Fever With Thrombocytopenia Syndrome. J. Infect. Dis. 2019, 220, 23-27. [CrossRef]

Bradfute, S.B.; Braun, D.R.; Shamblin, J.D.; Geisbert, ].B.; Paragas, ].; Garrison, A.; Hensley, L.E.; Geisbert, T.W.
Lymphocyte death in a mouse model of Ebola virus infection. J. Infect. Dis. 2007, 196, S296-S304. [CrossRef]
Reed, D.S.; Hensley, L.E.; Geisbert, ].B.; Jahrling, P.B.; Geisbert, T.W. Depletion of peripheral blood T
lymphocytes and NK cells during the course of ebola hemorrhagic Fever in cynomolgus macaques.
Viral Immunol. 2004, 17, 390-400. [CrossRef]

Li, M.M,; Zhang, W.J; Liu, J.; Li, M.Y,; Zhang, Y.F; Xiong, Y.; Xiong, S.E.; Zou, C.C; Xiong, L.Q.; Liang, B.Y.;
et al. Dynamic changes in the immunological characteristics of T lymphocytes in surviving patients with
severe fever with thrombocytopenia syndrome (SFTS). Int. |. Infect. Dis. 2018, 70, 72-80. [CrossRef] [PubMed]


http://dx.doi.org/10.1074/jbc.RA118.006563
http://www.ncbi.nlm.nih.gov/pubmed/31040183
http://dx.doi.org/10.1097/SHK.0b013e318277109c
http://www.ncbi.nlm.nih.gov/pubmed/23247128
http://dx.doi.org/10.1097/00024382-200116020-00001
http://www.ncbi.nlm.nih.gov/pubmed/11508871
http://dx.doi.org/10.1093/infdis/jir336
http://www.ncbi.nlm.nih.gov/pubmed/21987781
http://dx.doi.org/10.1186/s12985-016-0677-1
http://dx.doi.org/10.1093/infdis/jis452
http://dx.doi.org/10.1016/j.coviro.2015.08.013
http://dx.doi.org/10.1099/vir.0.79958-0
http://dx.doi.org/10.1371/journal.ppat.1003060
http://dx.doi.org/10.1371/journal.ppat.1006697
http://www.ncbi.nlm.nih.gov/pubmed/29084252
http://dx.doi.org/10.1038/srep11816
http://www.ncbi.nlm.nih.gov/pubmed/26134299
http://www.ncbi.nlm.nih.gov/pubmed/26213635
http://dx.doi.org/10.1016/j.ccm.2008.06.010
http://www.ncbi.nlm.nih.gov/pubmed/18954697
http://dx.doi.org/10.1038/nri3802
http://www.ncbi.nlm.nih.gov/pubmed/25677494
http://dx.doi.org/10.1038/s41467-018-05746-9
http://www.ncbi.nlm.nih.gov/pubmed/30127439
http://dx.doi.org/10.1016/j.ijid.2017.02.017
http://dx.doi.org/10.1093/infdis/jiz054
http://dx.doi.org/10.1086/520602
http://dx.doi.org/10.1089/vim.2004.17.390
http://dx.doi.org/10.1016/j.ijid.2018.03.010
http://www.ncbi.nlm.nih.gov/pubmed/29550447

Vaccines 2019, 7, 125 21 of 21

135.

136.

137.

138.

139.

140.

Zhang, W.; Li, M; Xiong, S.; Wang, H.; Xiong, Y.; Li, M.; Lu, M.; Yang, D.; Peng, C.; Zheng, X. Decreased
myeloid dendritic cells indicate a poor prognosis in patients with severe fever with thrombocytopenia
syndrome. Int. |. Infect. Dis. 2017, 54, 113-120. [CrossRef]

Huang, Y.; Zhao, L.; Wen, H.; Yang, Y.; Yu, H.; Yu, X. Neutralizing Antibodies to Severe Fever with
Thrombocytopenia Syndrome Virus 4 Years after Hospitalization, China. Emerg. Infect. Dis. 2016, 22,
1985-1987. [CrossRef] [PubMed]

Li, D.; Shao, L.; Bi, Y;; Niu, G. Neutralizing antibodies to Severe Fever with Thrombocytopenia Syndrome
Virus in general population, Shandong Province, China. Sci. Rep. 2018, 8, 15401. [CrossRef] [PubMed]
Dong, F.; Li, D.; Wen, D.; Li, S.; Zhao, C.; Qi, Y.; Jangra, R.K.; Wu, C; Xia, D.; Zhang, X.; et al. Single dose of a
rVSV-based vaccine elicits complete protection against severe fever with thrombocytopenia syndrome virus.
NP]J Vaccines 2019, 4, 5. [CrossRef] [PubMed]

Liu, R;; Huang, D.-D.; Bai, J.-Y.; Zhuang, L.; Lu, Q.-B.; Zhang, X.-A.; Liu, W.; Wang, J.-Y.; Cao, W.-C.
Immunization with Recombinant SFTSV/NSs Protein Does Not Promote Virus Clearance in SFTSV-Infected
C57BL/6] Mice. Viral Immunol. 2015, 28, 113-122. [CrossRef] [PubMed]

Kwak, J.-E.; Kim, Y.-I; Park, S.-J.; Yu, M.-A.; Kwon, H.-L; Eo, S.; Kim, T.-S.; Seok, J.; Choi, W.-S,; Jeong, ] H.;
et al. Development of a SFTSV DNA vaccine that confers complete protection against lethal infection in
ferrets. Nat. Commun. 2019, 10, 3836. [CrossRef]

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.ijid.2016.11.418
http://dx.doi.org/10.3201/eid2211.160414
http://www.ncbi.nlm.nih.gov/pubmed/27767907
http://dx.doi.org/10.1038/s41598-018-33884-z
http://www.ncbi.nlm.nih.gov/pubmed/30337627
http://dx.doi.org/10.1038/s41541-018-0096-y
http://www.ncbi.nlm.nih.gov/pubmed/30701094
http://dx.doi.org/10.1089/vim.2014.0100
http://www.ncbi.nlm.nih.gov/pubmed/25594805
http://dx.doi.org/10.1038/s41467-019-11815-4
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Tick-Borne Banyangviruses 
	Severe Fever with Thrombocytopenia Syndrome Virus (SFTSV) 
	Heartland Virus (HRTV) 
	Guertu Virus (GTV) 

	Basic Virology of Banyangviruses 
	Genome Organization 
	Target Tissues/Cells and Cellular Receptors 
	Clinical Disease Course 
	Pathology 
	Animal Models of Tickborne Banyangviruses 

	Host Immune Response to Banyangviruses 
	Innate Immune Evasion by Interferon-Antagonistic Function of Banyangvirus NSs 
	Pro-Inflammatory Activation and Suppression by Banyangvirus NSs 
	Humoral Immune Response to Banyangviruses 
	Cell-Mediated Immune Response to Banyangviruses 
	Establishment of Long-Term Immunity 

	Discussion 
	Conclusions 
	References

