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Abstract: Viral non-structural proteins, such as NSs of the newly emerging severe fever with thrombocytopenia syndrome virus, are well established virulence factors, mediating viral pathogenesis
and disease progression through various mechanisms. NSs has been described as a potent interferon
antagonist and NF-κB agonist, two divergent signaling pathways in many immune responses upon
a viral encounter. In this review, we highlight the many mechanisms used by NSs on the host that
promote viral replication and hyper-inflammation. Understanding these host-pathogen interactions
is crucial for antiviral therapy development.
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1. Introduction
Severe fever with thrombocytopenia syndrome virus (SFTSV), also recently called
Dabie virus (DABV), is a newly discovered banyangvirus in the family Phenuiviridae [1]. It
causes severe viral hemorrhagic fever with a mortality rate as high as 30% [2,3]. SFTSV
infection is often characterized by acute fever, myalgia, and gastrointestinal symptoms.
These symptoms are accompanied by thrombocytopenia and leukocytopenia, which cause
bleeding and have severe consequences. In response to this heavy disease burden, in
addition to the lack of efficient vaccine or treatment, the World Health Organization lists
SFTSV as one of the top prioritized pathogens for research and development for effective
treatment [4]. The high fatality rate can be attributed to virus-induced cytokine storms,
coagulopathies caused by disseminated intravascular coagulation, and the progression of
multi-organ dysfunction to multi-organ failure [5,6].
The non-structural protein NSs, which is encoded by the small segment of the SFTSV
ambisense genome, is the main virulence factor for the virus. NSs was shown to control
innate immune responses of the host and to facilitate viral replication. These observations
suggest that NSs plays an important role in the disease progression.
Although our understanding of the host–virus interactions and pathogenesis of SFTSV
is limited, many studies have investigated these mechanisms and the development of
antiviral measures. In this review, we provide a collective picture of the role of NSs in
SFTSV infection.

This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses/by/
4.0/).

2. Influence of NSs on Innate Immunity
2.1. Induction of Interferon
Interferons (IFNs) are secreted cytokines that play various roles in innate and adaptive
immune responses and classified into three types: I, II, and III [7]. IFNs represent the first
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line of defense against invading viral pathogens. Type I IFNs are characterized by their
strong antiviral activities, which limit viral replication and spread. Type II IFNs also share
antiviral activities, but these are more prominent in immune responses against bacteria and
parasites [7,8]. The receptors of type I and II IFNs are ubiquitously expressed; however, the
expression of type III IFN receptors is tissue-specific. Normally the expression of type I
and III IFN genes are suppressed, but they are induced by viral infection.
Intracellular and endosomal pattern recognition receptors, such as RIG-I-like receptors (RLRs) and toll-like receptors (TLRs), recognize viral RNA and trigger downstream
signaling that ultimately results in the expression of IFNs and inflammatory cytokines [9].
In the case of SFTSV, RIG-I was shown to be the main receptor detecting the viral genome
in the cytoplasm of infected cells. TLR3 also participates in SFTSV recognition, but MDA-5
contributes only minimally to this function [10,11]. Downstream of RIG-I and TLR-3, MAVS
and TRIF, respectively, mediate the induction of IFN through TBK1 and IκB kinase (IKK)
activation [12]. The anti-IFN function of NSs was first described in 2012 [13]. However, the
mechanism behind IFN antagonism is still being investigated, although SFTSV NSs may
disrupt the IFN pathway at multiple steps [11–16]. SFTSV NSs has the unique property
of forming cytoplasmic granules, in which NSs entraps several host proteins and factors,
blocking their functions. The E3 ubiquitin ligase TRIM25 is entrapped by NSs, hindering the TRMI25-mediated ubiquitination of RIG-I, a step required for its activation, and
inhibiting the antiviral IFN production at the early level of PRR [11]. Additionally, the
critical protein kinase TBK1 is physically trapped into the NSs granule, thus activation of
IRF-3 is blocked [14]. Whether SFTSV also directs its antagonism against IRF7-mediated
IFN-α production was also addressed. IRF-7 interacts directly with NSs in transfected and
SFTSV-infected cells [12]. Collectively, NSs is a strong inhibitor of IFN production.
Notably, NSs interaction with TBK1 was also reported in mice [15], but not yet in other
species. In contrast, STAT2 antagonism by NSs is absent in mice [15]. It will be merited if
future research addresses species-specific functions of NSs protein.
2.2. Action of Interferon
Type I and III IFNs share a common signaling pathway, culminating in the activation
of IFN-stimulated gene factor 3 (ISGF3), a heterotrimer consisting of the signal transducer
and activator of transcription 1 (STAT1) and STAT2 heterodimer and IFN regulatory factor
9 (IRF-9). ISGF3 transcriptionally regulates numerous IFN-stimulated genes (ISGs) that
encode a wide range of antiviral proteins to establish an antiviral state. Type II IFN
signaling, however, involves STAT1 homodimers as the downstream transcription complex.
Thus, while STAT1 protein is required for the induction of all types of IFNs, STAT2 is not
involved in type II IFN-induced signaling. NSs directly interacts with STAT2 and sequesters
it into NSs granules [16]. The interaction of STAT1 with NSs is controversial [17–19], as
is the role of type II IFN in anti-SFTSV function [18,20,21]. Figure 1 summarizes the viral
induction of type I and III IFN production and action, and the NSs antagonism.
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Figure 1. Type I IFN antagonism by SFTSV NSs. In virus-infected cells, various viral RNA species
Figure 1. Type I IFN antagonism by SFTSV NSs. In virus-infected cells, various viral RNA species
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Determining which outcome dominates the pathological scenario in human SFTS requires
more study.
Another report linked the SFTSV-induced IL-10 upregulation to the expression of miR146b, an endogenous non-coding RNA that modulates the expression of specific genes posttranscriptionally. MiR-146b targets STAT1 to skew macrophage differentiation into antiinflammatory M2 type during the late stages of the infection [35]. SFTSV replicates higher
in the presence of M2 than in M1 [35]; thus, this skewed differentiation of macrophages
may have an important role in the pathogenesis of SFTSV.
5. Conclusions
In this review, we addressed recent progress in host responses against SFTSV and the
role of the main virulence factor for this virus, NSs, in the viral pathogenesis. We explain
how NSs aggravates the disease progression by interacting with host proteins inside NSsformed cytoplasmic granules. NSs interacts with TBK1, leading to the suppression of antiviral IFN production and a hyper-activation that causes pro-inflammatory cytokine storms.
This effect gives the virus a state of uncontrolled replication inside its target hematopoietic
cells. NSs also interacts with several other proteins (summarized in Table 1) inside the
granules to manipulate immune signaling pathways and evade anti-viral responses. This
characteristic of SFTSV NSs is unique and has not been reported among other Phenuiviridae.
Comparably, NSs protein of Rift Valley fever virus (RVFV NSs) assembles into nuclear and
cytosolic aggregates in infected cells. In the nucleus, it forms filamentous structure. While
in the cytosol, amorphous granules are observed [36,37].
Table 1. List of host proteins to which NSs interacts.
Protein

Effect of Interaction

TBK1
LC3-II
TRIM25
IRF3
IRF7
STAT2
IKKε
CDK1
ABIN2
p62
Lamp2b

Suppressed IFN responses and activated NF-κB signaling [14,32]
Promoted viral replication and autophagy regulation during SFTSV infection [23]
Inhibited ubiquitination and activation of RIG-I [11]
Inhibited transcription of IFN-I [14]
Inhibited transcription of IFN-I [12]
Suppressed JAK/STAT signaling and abrogated ISG production [16,17]
Suppressed IFN responses [14]
Cell cycle arrest at G2/M transition [28]
Activated TPL2 signaling and IL-10 production [33]
Unknown role in autophagy regulation [24]
Unknown role in autophagy regulation [23]

Notably, other effects of SFTSV on host cell machinery have been reported. However,
the role of NSs in such interference is not yet identified. For example, SFTSV triggers
mitochondrial dysfunction and NLRP3 inflammasome activation [38]. Moreover, the virus
activates p38 mitogen-activated protein kinase (MAPK) signaling pathway [39], which
plays a crucial role in many biological processes, such as cell proliferation and apoptosis,
inflammation, aging and tumorigenesis [40–42]. Additionally, SFTSV causes a global
disruption of naïve T-cell differentiation, and antibody class switching [34], resulting in
impeded humoral immune responses. Whether NSs is the viral component regulating such
effects is worth investigating in the future.
In conclusion, NSs is the virulent factor for SFTSV that mediates numerous pathological processes in the host. Based on its role in the pathogenesis of SFTSV, we envision a
therapy directed specifically against NSs to alleviate the syndrome.
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