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Abstract. Severe fever with thrombocytopenia syndrome 
(SFTS) has been acknowledged as an emerging infectious 
disease that is caused by the SFTS virus (SFTSV). The main 
clinical features of SFTS on presentation include fever, throm‑
bocytopenia, leukocytopenia and gastrointestinal symptoms. 
The mortality rate is estimated to range between 5‑30% in 
East Asia. However, SFTSV infection is increasing on an 
annual basis globally and is becoming a public health problem. 
The transmission cycle of SFTSV remains poorly understood, 
which is compounded by the pathogenesis of SFTS not being 
fully elucidated. Since the mechanism underlying the host 
immune response towards SFTSV is also unclear, there are 
no effective vaccines or specific therapeutic agents against 
SFTS, with supportive care being the only realistic option. 
Therefore, it is now crucial to understand all aspects of the 
host‑virus interaction following SFTSV infection, including 
the antiviral states and viral evasion mechanisms. In the 
present review, recent research progress into the possible host 
immune responses against SFTSV was summarized, which 
may be useful in designing novel therapeutics against SFTS.
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1. Introduction

Severe fever with thrombocytopenia syndrome (SFTS) has 
been acknowledged to be an emerging infectious disease 
that is caused by the SFTS virus (SFTSV). This new virus 
has been isolated and identified in recent years. It belongs 
to the genus Bandavirus in the family Phenuiviride, order 
Bunyavirales (1,2). SFTSV was first isolated from a patient 
in 2009 in China (1), followed by Korea in 2010 (3), in 2013 
in Japan (4), in 2017 in Vietnam (5), in 2018 in Myanmar (6), 
in 2019 in the Taiwan region (7), in 2020 in Thailand (8) and 
in Pakistan (9). In 2012, the United States isolated a virus 
similar to SFTSV and named it the ‘Heartland Virus’ (10). 
The primary features of SFTS on presentation include fever, 
thrombocytopenia, leukocytopenia and gastrointestinal 
symptoms (1,11). However, a minority of patients with severe 
forms of the disease may rapidly succumb to the symptoms 
stemming from multiple‑organ failure (MOF), such as shock, 
respiratory failure and disseminated intravascular coagulation 
(DIC) (12). The mortality rate of SFTS currently ranges from 
5‑30% in East Asia (13).

According to previous studies, the tick is one of the primary 
host vectors for SFTSV (14,15). In addition, human‑to‑human 
transmission has also been found in some clusters and 
patients  (16,17). SFTSV infection has been reported to be 
transmitted through blood contact, droplet contact (18) and 
aerosolized droplets  (19). Consequently, exploring preven‑
tion and treatment strategies for SFTS is becoming a severe 
challenge that cannot be neglected. Supporting this, in 2017 
the World Health Organization (WHO) ranked SFTS as the 
disease with the highest research priority (20).

In addition to the increasingly severe health issues asso‑
ciated with SFTSV, there is currently no effective treatment 
options for this virus, which contributes to the relatively high 
mortality rate. The optimal strategy to protect against being 
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infected with SFTSV is to avoid tick bites. However, the patho‑
genesis of SFTS after infection remains poorly understood, 
particularly the interaction between the host immune response 
and SFTSV. SFTSV‑induced modulation of host immunity 
involves immune cells [including dendritic cells (DCs), 
natural killer (NK) cells, macrophages, T cells and B cells], 
immunomodulatory cytokines and various signaling pathways 
[such as nuclear factor (NF)‑κB and Janus kinase (JAK)/signal 
transducers and activators of transcription (STAT) signaling]. 
Therefore, in the present review, recent research data regarding 
the host immune response to SFTSV and the pathogenesis of 
SFTS were summarized. The aim of this review was to provide 
a basis for the exploration of novel therapeutic targets to assist 
patients in coping with this disease.

2. Clinical manifestations and laboratory features of SFTS

The clinical symptoms of the SFTS include fever, anorexia, 
fatigue, nausea, abdominal pain or tenderness, vomiting, 
malaise, diarrhea, lymphadenopathy, myalgia, confusion, 
headache, throat congestion, cough, conjunctival conges‑
tion, petechiae, slurred speech and coma  (1). The clinical 
manifestation of SFTS is heterogeneous, with fever and gastro‑
intestinal symptoms being the most common. The laboratory 
findings of patients with SFTS, revealed thrombocytopenia, 
leukocytopenia, proteinuria, hematuria, fecal occult blood, 
and elevated levels of serum alanine aminotransferase, 
aspartate aminotransferase (AST), creatine kinase, lactate 
dehydrogenase (LDH), ferritin, and prolonged activated 
partial‑thromboplastin time (APTT) (11). The most common 
laboratory abnormalities were thrombocytopenia (95%) and 
leukopenia (86%) (1). Patients with severe SFTS may succumb 
to this disease within 2 weeks due to MOF (11). Advanced 
age, altered mental status, high serum LDH and AST levels, 
prolonged APTT, and high viral RNA loads in the blood are 
indicators of poor prognosis of SFTS (12).

Hemophagocytic lymphohistiocytosis (HLH) is a an 
immune‑mediated life‑threatening clinical syndrome accom‑
panied by excessive immune activation and affects multiple 
organ systems (21). Patients with unattributable, persistently 
high fever and signs of multiple organ involvement should be 
suspected of HLH (22), as the clinical symptoms are similar to 
SFTS. In fact, HLH associated with SFTS has been reported 
in China (23), Japan (24), and Korea (25). A previous study 
revealed that 33.3% of patients with SFTS had HLH, and the 
mortality rate was as high as 75%, indicating that patients with 
SFTS and HLH had a higher risk of poor prognosis (25).

3. Structure of SFTSV

SFTSV is spherical in shape with a diameter of 80‑120 nm. It 
is a virus with a single negative strand of RNA that contains 
three RNA ring segments within its genome: Small  (S), 
medium  (M) and large (L)  (1). The S segment contains 
1,744 nucleotides, which primarily encodes the nucleocapsid 
protein (NP) and a nonstructural protein (NSs). The NP can 
encapsulate three RNA genome fragments of SFTSV and 
form ribonucleoprotein complexes with RNA‑dependent RNA 
polymerase (RdRp), which protects the virus from nucleases 
and host immune system degradation. This suggests that the 

NP serves a key role in viral transcription and replication. 
By contrast, the NSs forms the main virulence factor of the 
SFTSV and has been previously shown to control the host 
innate immune response to promote virus replication (26). 
The M fragment is comprised of 3,378 nucleotides and has 
one open reading frame. It encodes the membrane precursor 
protein (Gp), which is then modified by an intracellular 
protease into two glycoproteins, Gn and Gc. Gn and Gc in 
turn mediate viral invasion, whereby Gn promotes the early 
infection of SFTSV by binding to non‑muscle myosin heavy 
chain IIA on the cell surface (27). The L segment consists 
of 6,368 nucleotides and encodes RdRp, which triggers viral 
RNA replication and mRNA synthesis. A previous study 
revealed that the relative level of self‑replication by the three 
fragments of Banyangvirus is M > L > S, which occurs in the 
host cell‑matrix where transcription and translation take place 
simultaneously (28).

4. Epidemiology of SFTSV

SFTS was first identified in China in 2009 (1). Analysis of the 
epidemiological characteristics in mainland China from 2010 
to 2019 yielded 13,824  patients with SFTS, including 
8,899 lab‑confirmed cases and 4,925 suspected cases (29). 
Although the number of patients with SFTS has shown a 
decreasing tendency over the past 3 years, this decline has been 
halted somewhat. The majority of the patients (99.3%) were 
distributed across seven provinces, namely Henan, Shandong, 
Anhui, Hubei, Liaoning, Zhejiang and Jiangsu. However, the 
regional distribution of the SFTS cases has expanded gradu‑
ally from five provinces in 2010 to 25 in 2019, especially in 
the rural areas. With 713 cases of mortality, Zhejiang had the 
highest case fatality rate (CFR) of 11.5%, while Henan had the 
lowest CFR of 1.3% (25). However, this data may be biased, 
since according to a previous study, the CFR of Xinyang, a city 
in Henan province, was found to be 16.2% (30) whereas the 
average annual fatality rate was 5.2%, lower than the 2011‑2017 
CFR of 16.2% (13). The population with the highest CFR 
tended to be those of elderly age (≥85 years old), higher viral 
load, prolonged hospital admission delay, presence of diar‑
rhea or dyspnea, development of hemorrhagic or neurological 
manifestations, elevated C‑reactive protein levels, prolonged 
APTT and resident diagnosis and treatment levels  (13,29). 
Reduction in the CFR may be associated with the optimization 
of diagnostic and treatment trials, professional experience of 
the doctors in question and the level of health education.

In South Korea, the first case of SFTS was identified 
in 2012 through the isolation of SFTSV from a stored blood 
sample collected shortly before the patient succumbed to 
the disease  (3). From 2013, when the first case of SFTS 
was compiled, 1,373  patients have been identified as of 
December 2021 (31). Since then, the annual incidence has 
increased from 36 in 2013 to 81 cases in 2015, where the 
overall CFR was 32.6% (32). According to a previous retro‑
spective study of patients with SFTS in South Korea, between 
2013‑2019, the overall CFR was 11.3% (33), which was lower 
compared with that aforementioned in the previous study (32).

In Japan, the first confirmed case of SFTS was reported at 
the end of 2012 (4). At present, 537 patients have been identified 
between 2013 and September 2021 (34). Kobayashi et al (35) 
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previously conducted an epidemiological survey from 2013 
to 2017, where 303 cases were described. Amongst this group, 
133 patients (44%) were involved in the survey and the overall 
CFR was found to be 27%. In addition, a further epide‑
miological survey found that 64 patients (48%) had intimate 
contact with their pets within 2 weeks of disease initiation. 
In particular, two patients were in immediate contact with 
the saliva of an infected dog or cat, suggesting that infected 
animals may be the source of SFTSV infection.

5. Transmission cycle of SFTSV

Although the life cycle and continuous diffusion mechanism 
of SFTSV remain unclear, SFTSV is primarily transmitted 
between ticks and humans and certain animals through tick 
bites. The Asian long‑horned tick, Haemaphysalis longicornis 
(H.  longicornis), is one of the known primary vectors of 
SFTSV (14,36). A previous study revealed a prevalence of 
SFTSV in ticks, with an infection rate of ~11.1% (37). In terms 
of transmission, the animal‑tick‑human axis may be another 
form of propagation. A cohort investigation from China previ‑
ously demonstrated that in domesticated animals that were 
naturally infected with SFTSV, sheep (69.5%), cattle (60.4%), 
dogs (37.9%) and chickens (47.4%) had the highest seropreva‑
lence rates, whilst pigs (3.1%) had a low prevalence rate (38). 
By contrast, direct contact with SFTSV‑infected cats has 
been reported to result in cat‑to‑human transmission  (39). 
In addition, antigens and antibodies could be detected in 
wild animals, including wild deer (40), wild boars (41), wild 
badgers and masked palm civets (42). In terms of transmis‑
sion between humans, those who were in close contact with 
infected body fluids, such as those with needlestick injuries 
and patients with SFTS, are particularly at risk (43,44). A 
previous meta‑analysis revealed that from 1996 to 2019, China 
and South Korea published 40 publications regarding the clus‑
ters of human‑to‑human SFTSV transmission, of which there 
were 27, containing 138 cases in total (45). This meta‑analysis 
also found that the clinical severity of the secondary cases 
was milder compared with that of the index cases, and the 
prognosis of secondary cases was improved (45). In addition, 
a recent study in Hefei, Anhui province, revealed that the 
overall seropositivity rate of SFTSV antibodies among healthy 
residents was 20.16% (46).

6. Innate immunity in SFTS

The host innate immune system serves as the first‑line 
defense to immediately prevent virus invasion and replication. 
Furthermore, activation of innate immune cells is crucial for 
initiating adaptive immunity. Innate immune cells can detect 
viruses using pattern recognition receptors (PRRs) to recog‑
nize pathogen‑associated molecular patterns (PAMPs) and 
danger‑associated molecular patterns (DAMPs). Following 
activation, expression of IFN‑stimulated genes (ISGs) is 
increased to establish an antiviral state (47).

IFNs. IFNs are puissant antiviral cytokines that induce various 
antiviral responses to suppress viral replication  (48). IFN 
secretion contributes to the expression of ISG and promotes 
antiviral activity in infected cells after the body identifies 

specifically conserved molecular structures of pathogens, such 
as viral RNA or genomes, through different types of PRRs (49). 
The principal receptors that can serve this function include 
Toll‑like receptors (TLRs), retinoic acid‑inducible gene  I 
(RIG‑I)‑like receptors (RLRs) and nucleoside acid‑binding 
oligomeric receptors (NOD‑like receptors or NLRs)  (50). 
During the recognition process of SFTSV‑infected cells, 
RIG‑I has been reported to be the primary viral‑RNA sensor 
molecule, which recruits IFN‑β promoter stimulator 1 [IPS‑1 
or mitochondrial antiviral signaling protein (MAVS)]. IPS‑1 
then delivers the signal to TANK‑binding kinase 1 (TBK1) 
and inhibitor of NF‑κB kinase (IKK), which induces type I 
IFN secreted by activating the phosphorylation of IFN regu‑
latory factor (IRF)‑3 and IRF‑7. In addition, cytosolic PRPs 
which recognize viral RNA products, including TLR3 and 
melanoma differentiation‑associated protein 5 (MDA5) can 
also participate in the recognition process, however MDA5 
is of lesser importance in this process (51,52). Nuclear scaf‑
fold attachment factor A (SAFA) is a novel viral‑RNA sensor 
that can recognize SFTSV RNA by interacting with SFTSV 
NPs and mediate antiviral IFN and inflammatory responses 
in the cytoplasm (53). In particular, type I and III IFN can 
bind to its receptor and share a common signaling pathway 
that ultimately activates ISG factor 3 (ISGF3). ISGF3 in turn 
activates STAT1, the STAT2 heterodimer and IRF9 (54) to 
stimulate the JAK‑STAT pathway to induce the expression of 
ISGs through autocrine and paracrine mechanisms. ISGs can 
be focused onto any stage of the viral life cycle by encoding 
various antiviral proteins, thereby establishing the antiviral 
status (52). Clinically, SFTSV infection can lead to an acute 
inflammatory response accompanied by the aberrant activa‑
tion of proinflammatory cytokines in the serum of the patient, 
such as IL‑6, IL‑10, IFN‑γ, IL‑8 and monocyte chemotactic 
protein 1 (MCP‑1) (55,56). Indeed, the increased concentra‑
tion of IFN‑α has also been reported to be associated with the 
severity of SFTS (Fig. 1) (57).

During this long‑term struggle with the host, viruses have 
evolved various strategies to evade the innate immunity, such 
as avoiding host recognition, destroying IFN signal transduc‑
tion, obstructing IFN production, regulating cell apoptosis 
and autophagy. In Vero cells (African green monkey kidney 
cells), SFTSV infection was found to accelerate the conversion 
of LC3‑I to LC3‑II, but treatment with lysosomal protease 
inhibitors E64d and pepstatin A had no impact on LC3‑II 
accumulation, which avoided autophagic degradation during 
the viral replication stage as a possible mechanism  (58). 
The unfolded protein response (UPR) is an evolutionarily 
conserved signaling system that is triggered by endoplasmic 
reticulum stress and it is associated with the viral life cycle 
in the host. SFTSV Gp has been found to initiate UPR, which 
can promote SFTSV replication (59). By contrast, SFTSV NSs 
can mediate the degradation of essential molecules in the host 
immune response pathway to avoid innate immune attack, 
such as RIG‑I, TLR3, TNF‑associated factors (TRAFs), 
STATs, TBK1 and MAVS (49).

Although SFTSV may block the IFN pathway at multiple 
steps, it is unclear how host cells can perceive SFTSV and 
trigger immune and inflammatory cytokine responses (50). 
Qu et al (60) previously attempted to dissect the host responses 
in monocytes and the viral immunological pathogenesis 
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mechanisms in humans infected with SFTSV. Since the 
regulation of MAVS‑mediated stimulation of IFN‑β promoter 
activity requires the interaction between SFTSV NSs and 
TBK1, NSs can bind to TBK1 to impede the activation of IRF 
and NF‑κB signaling downstream (60). This suggests that the 
interaction between SFTSV NSs and TBK1, which results 
in the inhibition of TBK1 autophosphorylation, is necessary 
to inhibit the MAVS‑mediated activation of IFN‑β promoter 
activity (61). Subsequently, a number of studies have proposed 
that RIG‑I, TLR3, MDA5 and MAVS can participate in 
SFTSV recognition (51,62‑64). SFTSV NSs mediate inhibi‑
tory effects on antiviral IFN generation and can interact with 
TBK1, IKKε and IRF3 either directly or indirectly to assist 
viral innate immune evasion (65‑67). SFTSV NSs, according 
to Min et al (52), can also inhibit RLR antiviral signaling by 
RIG‑I ubiquitination and activation. In addition, the specific 
interaction between NSs with the E3 ubiquitin ligase tripartite 
motif (TRIM)25 inhibits the TRMI25‑mediated Lys‑63 ubiq‑
uitination of RIG‑I and activation of RIG‑I, suppressing IFN 
excretion (52). Yoshikawa et al (68) previously reported that 
mice deficient in the gene encoding the α chain of the α‑ and 
β‑IFN receptor (INFAR1‑/‑ mice) and golden Syrian hamsters 

deficient in the gene encoding STAT2 (STAT2‑/‑ hamsters) 
were highly susceptible to SFTSV infection (68). In addition, 
another study found that SFTSV NSs can also directly interact 
with and sequester IRF7 into inclusion bodies (IBs), which 
promotes IFN‑β and in particular, IFN‑α2 and ‑α4, to ensure 
effective evasion and suppression of innate immunity (68). It 
has also been previously found that NSs can sequester STAT2 
into NSs‑induced cytoplasmic IBs, thereby blocking type I 
IFN JAK/STAT signaling to evade innate immunity. However, 
NSs have minor physical and functional interactions with 
STAT1 (69). Overall, these observations suggest that SFTSV 
NSs are potent inhibitors of IFN production, by binding to 
several host molecules and sequester them into IBs, such as 
RIG‑I, TBK1, IKK, IRF3, IRF7, TRIM25, STAT1 and STAT2. 
This results in severe clinical outcomes.

Cytokine storm. The ‘cytokine storm’ was first described 
in 1993 (70). Previous studies have shown that a cytokine 
storm syndrome of viral origin serves an essential role 
in the pathogenesis of viral infections, such as the Ebola 
virus (71), severe acute respiratory syndrome coronavirus 2 
(SARS‑CoV‑2)  (72), influenza A virus (IAVs)  (73), severe 

Figure 1. SFTSV activates IFN production and cytokine storm to evade the innate immune response. SFTSV RNAs bind to TLR‑3 and RIG‑1 to activate 
TRIF, TBK1 and IKK, which in turn activate the NF‑κB signaling pathway whilst phosphorylating IRF3 and IRF7. This induces the expression of cytokine, 
type I and type III IFN genes, promoting the production of inflammatory cytokines, type I and III IFNs. Type I and III IFNs can share the same JAK/STAT 
pathway by binding to their receptors, which activate the expression of ISGs and antiviral proteins that inhibit viral replication. SFTSV NSs can bind several 
host proteins to form inclusion bodies, such as RIG‑I, TBK1, IKK, IRF3, IRF7, TRIM25, STAT1 and STAT2, leading to severe clinical implications. Red 
lines indicate inhibition. SFTSV, severe fever with thrombocytopenia syndrome virus; NSs, nonstructural protein; TLR, Toll‑like receptor; RIG‑I, retinoic 
acid‑inducible gene I; TRIF, TIR‑domain‑containing adaptor inducing interferon‑β; IKK, inhibitor of NF‑κB kinase; IPS‑1, IFN‑β promoter stimulator 1; 
TBK, TANK‑binding kinase 1; IRF, IFN regulatory factor; JAK, Janus kinase; ISGs, IFN‑stimulated genes, TRIM, tripartite motif.
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acute respiratory syndrome (SARS), Middle East respiratory 
syndrome (MERS) (74) and SFTSV (75). The cytokine storm 
appears to share common pathogenic characteristics, namely 
unbalanced immune responses with an exaggerated inflam‑
matory cytokine reaction and T‑cell depletion and functional 
exhaustion (70).

Although SFTS pathogenesis remains to be elucidated, 
there is little doubt in the literature that the severity of 
SFTS is associated with the cytokine storm (76). Cytokine 
storm‑mediated immune activation and damage to the organs 
in the body is one of the most critical pathogenic mechanisms 
of SFTSV infection. Compared with those in healthy subjects, 
the expression of IL‑6, IL‑10, IL‑8, IL‑15, IL‑1‑RA, TNF‑α, 
IFN‑γ, IFN‑γ‑induced protein‑10 (IP‑10), macrophage inflam‑
matory protein‑1α, heat shock protein (HSP)‑70, granulocyte 
colony‑stimulating factors, granzyme B, MCP‑1, caspase‑8, 
C‑C motif ligand (CCL)‑7, silent information regulator 2, 
C‑X‑C motif ligand 9, signal transducing adaptor molecule 
binding protein, CCL20 and eukaryotic translation initia‑
tion factor 4E‑binding protein 1 were markedly upregulated. 
Furthermore, TNF‑α, CCL20 and CX3CL1 levels were found 
to be highly associated with fatality, whilst IL‑6, IP‑10, IFN‑γ, 
HSP70 and TNF‑α levels were positively correlated with the 
viral load and severity of patients with SFTS (12,66,77‑79). 
IL‑6 is a proinflammatory cytokine that is essential for accel‑
erating the cell response to limit persistent viral infection. By 
contrast, IL‑10 is an anti‑inflammatory cytokine, the expres‑
sion of which is significantly higher in patients with SFTS, 
especially in patients with fatal disease (12). The hypersecre‑
tion of IL‑6 and IL‑10 can generate a cytokine storm, which 
contributes to the pathology of SFTSV infection (55).

Other cytokine/chemokines were also found to be down‑
regulated, such as tissue polypeptide antigen, platelet‑derived 
growth factor‑BB, growth‑related oncogene, TGF‑β and regu‑
lated on activation and normally T‑cell expressed (RANTES), 
compared with those in healthy controls  (66,77‑79). In 
particular, RANTES was reported to be negatively correlated 
with viral load (80). However, the expression profile of cyto‑
kines in patients with SFTS remain contested. Deng et al (77) 
previously found that serum RANTES levels were increased, 
whilst the level of IFN‑γ was decreased in patients with SFTS. 
However, another study found that IFN‑γ levels are increased 
in fatal cases, whereas TNF‑α levels were reduced in patients 
who succumbed to the disease or have recuperated (81).

A possible reason for two families of cytokines, such as 
TNF‑α and IFN‑γ, showing contradictory patterns in SFTS is 
because cytokine variation is dependent on the experimental 
protocol, such as sample size, cytokine detection time points, 
severity of the SFTS and intervention method. Furthermore, 
the mechanism of cytokine secretion is complex, such that 
the same cytokine can be secreted by several immune cells. 
TNF‑α can be secreted by macrophages, DC cells and T cells, 
which leads to the inconsistent results of TNF‑α reported in 
the literature. Cytokine secretion can also be regulated by 
a number of cell signaling pathways, such as JAK/STAT3, 
MAPK, NF‑κB, mTOR and TLR4 signaling pathways (82). 
The crosstalk among these different signals can regulate the 
expression of cytokines.

However, the mechanism underlying cytokine storm occur‑
rence remains unclear. Previous studies have shown that NSs 

can also mediate the induction of a cytokine storm after SFTSV 
infection. Khalil et al (83) revealed that TBK1 can suppress the 
NF‑κB signaling pathway and cytokine/chemokine production 
through a kinase activation‑dependent manner, whilst NSs can 
trap TBK1 to prevent it from inhibiting NF‑κB, promoting 
the activation of NF‑κB and its downstream cytokine/chemo‑
kine genes (83). Another study previously showed that NSs 
can induce IL‑10 production through the tumor progression 
locus 2‑binding inhibitor of NF‑κB activation 2 (ABIN2)‑p105 
complex (84).

Cytokines can serve an essential role in regulating clini‑
copathological features. Monocytes, macrophages and T cells 
can all secrete TNF‑α, leading to vasodilation and the induc‑
tion of NO synthase activity, which increases endothelial 
permeability (77). In vitro analyses showed that SFTSV infec‑
tion increased the vascular permeability of endothelial cells by 
activating tyrosine phosphorylation and the internalization of 
cadherin, the endothelial adhesion molecule that functions as 
the main component of endothelial integrity maintenance (85). 
These previous findings suggest that the cytokine/chemo‑
kine‑mediated inflammatory response, which is exemplified 
by cytokine and chemokine expression imbalance, serves a 
vital role in the progression of SFTS.

DCs. DCs are one of the most important antigen‑presenting 
cells (APC) and form part of a critical link between innate 
and adaptive immunity (86). In the periphery, DCs become 
activated in response to ‘danger’ signals provided directly by 
the microbial invaders (87), which are relayed through TLRs, 
RLRs and NLRs, receptors in the IFN secretion pathway. 
These DCs then migrate to the draining lymphoid tissues to 
present the acquired pathogen to appropriate adaptive T and 
B cells to mediate immune responses (88).

One previous study demonstrated persistent down‑
regulation in the expression of the co‑stimulatory molecule 
CD80/CD86 on the myeloid DCs (mDCs) in patients with 
SFTS  (89). Reduced circulating mDCs can be measured 
as a valuable predictive biomarker, especially from day 9 
following disease initiation, where disease severity is associ‑
ated with TLR3 expression on mDCs. Furthermore, IL‑6, 
IL‑10, TNF‑α and viral load were also found to be negatively 
associated with mDCs (89). Song et al (90) reported that the 
robust differentiation of mDCs in surviving patients and not 
those who succumbed to SFTS started in week 2 after the 
symptoms appeared, which continued until week 3 (90). It was 
also found that among the surviving patients, the expression 
of CD86 and the ratio of CD80+CD86+/mDCs in week 3 was 
significantly higher compared with that in the patients who 
succumbed to the disease in week 2 (90). SFTSV vaccines, 
such as human adenovirus type 5 (Ad5)‑G‑Gn (a recombinant 
replication‑deficient Ad5 co‑expressing rabies virus G and 
SFTSV Gn), have been reported to increase the production of 
neutralizing antibodies against SFTSV (91). This appeared to 
be mediated by the activation of additional DCs and B cells 
in lymph nodes to induce a Th1‑/Th2‑mediated immune 
response in splenocytes (91). This suggests that DCs can serve 
an antigen‑presenting role in the function of SFTSV vaccines. 
These conclusions demonstrate that SFTSV infection can 
attenuate the antigen‑presenting ability of mDCs to inhibit 
T‑cell activation.
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NK cells. NK cells are essential antiviral and anticancer 
immune cells that serve a crucial role in immune defense 
and surveillance  (92). After recognizing infected cells, 
NK cells can rapidly secrete granzyme and perforin to lyse 
infected‑cells. In addition, NK cells can also secrete proin‑
flammatory factors, including IFN‑γ and TNF‑α, to induce a 
broader immune response to control the global viral load (93). 
Sun et al (94) previously observed that in individuals with 
severe SFTSV infection, the percentage of NK cells was 
increased during the acute phase. However, other studies 
reported that the number of NK cells was actually decreased 
in patients with SFTS during the first week, which was rapidly 
restored to normal levels after 6 months  (95). In addition, 
another study found that the CD3‑CD16+56+ NK cell count in 
patients with SFTS was lower compared with that in healthy 
controls, although there was no statistical difference  (96). 
During the early stages of SFTSV infection, the frequency of 
CD56dimCD16+NK cells was significantly reduced, which was 
negatively correlated with the severity of the disease. Although 
the CD56dimCD16+NK cell population was depleted, the activa‑
tion and functional enrichment suggest that their involvement 
can ward off early SFTSV infection (97). Therefore, the loss of 
NK cells may result in an upsurge in the viral load.

Monocytes and macrophages. Monocytes are widespread in 
the blood and form the first line of defense against micro‑
bial invasion. Following infection, monocytes change their 
cytokine/chemokine pattern, differentiate into long‑lived 
macrophages (Mφ) and migrate into the tissue, becoming 
infected resident cells (98). Macrophages are important cells 
in the innate immune system and modulate the adaptive 
immune responses to pathogens through antigen processing 
and presentation  (99). Following infection, macrophages 
differentiate into two distinct subsets: i) C lassically acti‑
vated or M1 macrophages, which are characterized by the 
secretion of proinflammatory cytokines and high levels of 
phagocytic activity (100); and ii) alternatively activated or M2 
macrophages, which mainly manufacture anti‑inflammatory 
cytokines and immunoregulatory molecules, leading to 
neutrophil, monocyte and T‑lymphocyte recruitment (101).

A previous study revealed that SFTSV can replicate in 
human monocytes without inducing apoptosis by inhibiting 
the INF and NF‑κB signaling pathways (102). In addition, the 
SFTSV can be harbored within splenic macrophages for long 
periods of time (103). However, the histopathological changes 
caused by SFTSV infection can be found in the spleen, lung, 
kidney and liver, where further study suggested that spleen and 
liver macrophages may be the primary target cells of SFTSV 
infection (85). A previous study by the authors also demon‑
strated that SFTSV can infect macrophages in vivo and elevated 
pro‑ and anti‑inflammatory cytokines, as well as activation of 
CD69+ T cells (81). SFTSV infection of macrophages drives 
macrophage differentiation towards M2, which promotes viral 
shedding and transmission by targeting STAT1 (104). In addi‑
tion, the integrated transcriptome of mRNAs and lncRNAs in 
THP‑1 macrophages infected with SFTSV for 24 and 48 h was 
previously analyzed. It revealed 2,334 differentially expressed 
mRNAs and 154 differentially expressed lncRNAs. Amongst 
these, 577 mRNAs and 31 lncRNAs were commonly altered 
at 24 and 48 h, respectively. According to the analysis of 

differentially expressed mRNAs and transcription factors, they 
were mainly associated with innate immunity and cytokine 
signaling. In particular, IRF1, Salmonella pathogenicity island 
(SPI) 1, SPIB, E74‑like ETS transcription factor 5 and FEV 
were significantly enriched following SFTSV infection (105). 
These results revealed how macrophages and SFTSV can 
interact in a complex manner.

γδT cells. γδT cells are another type of lymphocytes and 
they serve an essential role in the immune response and 
immunopathological processes, which is receiving particular 
attention (106). γδT cells are a critical component of innate 
immunity and serve an essential role in antiviral and antitumor 
activities. One study previously found that during the acute 
phase of SFTS, the number of Vδ2T cells fell considerably, 
which lasted for ~1 year. The Vδ2T cell population declined 
readily with the severity of SFTS. The possible mechanism of 
Vδ2T‑cell depletion in SFTSV infection has also been previ‑
ously associated with activation‑induced cell death (107). To 
conclude, lymphopenia in patients with SFTS can affect the 
number of T‑cell subsets, hindering the enhancement of the 
immune response and subsequent elimination of viral infec‑
tions. However, the mechanism of T‑lymphocyte depletion 
warrants further study.

Inflammasomes. Inflammasomes are mainly formed by multi‑
meric protein complexes of sensor, adaptor and pro‑caspase‑1 
components, such as NACHT, leucine‑rich and pyrin 
domain‑containing proteins (NALP), apoptosis‑associated 
speck‑like protein containing a CARD (ASC) and pro‑caspase 1 
(CASP1) (108). Inflammasomes serve as receptors for innate 
immune cells, which detect circulating DAMPs and PAMP 
and activate caspase‑1 to cleave pro‑IL‑1β and pro‑IL‑18 into 
IL‑1β and IL‑18, respectively (109). IL‑1β recruits immune 
cells and causes the programmed death of cells by binding to 
IL‑1R‑expressing immune cells. Liu et al first reported that the 
secretion of IL‑1β during SFTSV infection is mediated by the 
NOD‑, LRR‑ and pyrin domain‑containing protein 3 (NLRP3) 
inflammasome in a caspase‑1‑dependent manner (110). The 
use of short hairpin RNAs to knock down several NLRs in 
peripheral blood mononuclear cells revealed that the NLRP3 
inflammasome is essential for the processing of pro‑caspase‑1 
and pro‑IL‑1β  (111). Further studies discovered that both 
wild‑type SFTSV NSs and the 21/23A mutant of SFTSV NSs 
with alanine residues at positions 21 and 23 were able to reduce 
NLRP3 inflammasome‑dependent IL‑1β production (61). In 
addition, it was found that SFTSV infection can trigger the 
upregulation of BCL2 antagonist/killer 1 (BAK) expression 
and activation of BAK/BCL2‑associated X (BAX), resulting 
in mitochondrial DNA (mtDNA) oxidation and subsequent 
cell membrane release (112). This mtDNA binding to NLRP3 
leads to inflammasome activation and amplifies the inflam‑
matory response (112). However, the exact composition and 
mechanism of inflammasomes are complex. Further studies 
are required to clarify the role of inflammasomes in SFTS.

7. Adaptive immunity in SFTS

The adaptive immune system consists of cellular immune 
responses mediated by T cells and a humoral immune response 
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modulated by antibodies  (113). Naïve CD4+T cells receive 
the major histocompatibility complex (MHC) II epitopes 
by APCs, such as DCs, macrophages and B cells, following 
which they differentiate into different cell types to regulate the 
adaptive immune response depending on the cytokine envi‑
ronment. CD8+T cells, also known as cytotoxic T lymphocytes 
or effector T cells, can directly kill virus‑infected cells. By 
contrast, B cells are mainly involved in humoral immunity, 
where the body can generate specific antibodies to neutralize 
viruses through effector B cells (114).

T‑cell‑mediated immune response to SFTSV. T lymphocytes 
serve a primary role in antigen‑specific immune responses. 
A number of studies previously demonstrated that CD3+, 
CD4+, and CD8+ T cells are diminished in patients with 
SFTS (94-96,115‑119) and in experimental animal models (103). 
Sun et al (94) revealed a significant decline in CD3+ and CD4+ 
expression in the peripheral blood of patients with SFTS, 
where the average leukocyte count was 2.86±1.56x109/l. In 
patients with SFTS, not only were the number of T lympho‑
cytes decreased, the expression of cell apoptotic indicators 
Annexin and CD95, proliferation and activation markers 
Ki‑67, human leukocyte antigen DR and CD25, programmed 
death‑1, granzyme B and IFN‑γ (T‑cell function markers), 
were significantly increased in the T lymphocytes (117). This 
suggests that T‑cell function was enhanced. Furthermore, 
peripheral blood T cells were determined to be negatively 
correlated with SFTS severity. After 2 weeks, the number 

of T lymphocytes increased rapidly but returned to normal 
6 months after onset (95). Another study previously revealed 
arginine deficiency in SFTS cases following the metabolomics 
analysis of two independent patient cohorts, which suggested 
that SFTSV infection and the eventual mortality resulted 
from nitric oxide synthase and arginase metabolism (120). 
Therefore, the lack of arginine was associated with the expan‑
sion of myeloid‑derived suppressor cells  (120), which may 
implicate a role in the impaired anti‑SFTSV T‑cell function.

Naïve CD4+T cells can be divided into several subsets, 
including Th1, Th2, Th17 and regulatory T cells (Treg) based 
on their unique cytokine production profiles (114). Th1 cells 
mainly secrete IFN‑γ and TNF‑α cytokines and serve a key 
role in the immune response to viral infections  (114). By 
contrast, Th2 cells are important for promoting immunity 
to helminth infection and allergic inflammation by emitting 
IL‑4, IL‑5 and IL‑13 (114). T17 cells have been found to secrete 
cytokines, such as IL‑17, IL‑21, IL‑22 and TNF‑α, to induce 
immune damage in the presence of virus infection (121). Tregs 
mainly secrete anti‑inflammatory cytokines, including TGF‑β 
and IL‑10, to limit the immune response to pathogens and 
control inflammation, contributing to immune homeostasis 
(Fig. 2) (122). The proportion of CD4+/total lymphocytes and 
CD4+CD25+/CD4+ cells noticeably declined in patients with 
SFTS compared with that in healthy individuals, but was 
higher compared with that in patients with severe disease. By 
contrast, the percentage of CD4+CD25+Foxp3+/CD4+CD25+ 
cells were markedly increased in the SFTS group but 

Figure 2. Innate immune response and the adaptive immune response against SFTSV. The antigen is presented to adaptive immune cells after recognizing 
the SFTSV by monocytes/macrophages, dendritic cells and NK cells. In addition, monocytes/macrophages can engulf the virus to induce apoptosis, whereas 
NK cells can release perforin and granzyme to lyse lean virus‑infected cells. CD8+ T cells can directly kill virus‑infected cells by removing cytotoxic particles. 
Naïve CD4+ T cells can differentiate into Th1, Th2, Th17 and Tregs under different cytokine environments. These helper T cells secrete various cytokines that 
provoke an inflammatory storm, leading to harmful outcomes and possibly to lymphopenia. T cells recognize virus‑antigens presented by major histocom‑
partibility complex II and stimulate the proliferation and differentiation of B cells by secreting cytokines. A portion of B cells differentiates into Ig‑secreting 
plasma cells, which secrete anti‑SFTSV antibodies. SFTSV, severe fever with thrombocytopenia syndrome virus; NK, natural killer.
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remained lower compared with that in the severe group (115). 
This suggests that the proportion of CD4+/total lymphocytes, 
CD4+CD25+/CD4+ cells and CD4+CD25+Foxp3+/CD4+CD25+ 
cells may be an important prognostic factor for patients with 
SFTS. Concurrently with CD4+ T‑cell depletion, the number 
of Th1, Th2 and Treg cells was also found to be reduced in 
patients who succumbed to SFTS, whereas the population 
of Th17 cells showed no significant changes. In addition, 
the increase in the percentage of Th2 and Th17 cells in the 
CD4+ T‑cell population resulted in abnormal Th1/Th2 and 
Th17/Treg ratios, which were positively correlated with disease 
severity (116).

B‑cell‑mediated immune response to SFTSV. B lymphocytes 
serve an integral role in the humoral immunity against viral 
infection. In general, the antigen can be recognized, endo‑
cytosed and/or degraded by the B‑cell receptor and then 
presented on the cell surface by MHC II to search for explicitly 
differentiated CD4+T cells for the same antigen. A proportion 
of B cells can differentiate into plasma cells that secrete immu‑
noglobulin (Ig) M, whilst others migrate to B‑cell follicles and 
form germinal centers with the assistance of cytokines secreted 
by CD4+Th and follicular DCs (123). Following viral infection, 
antibodies bind to the virus to prevent it from attaching to and 
entering the target cell, which is then cleared by complement 
or antibody‑dependent cell cytotoxicity (ADCC) (124).

Numerous studies have reported that compared with 
healthy subjects, the level of B cells was markedly elevated 
and positively correlated with the severity of SFTS 
disease  (94,96,125,126). Further studies revealed that the 
peripheral blood mononuclear cells of patients with SFTS 
could induce propagation of atypical lymphocytes in vitro, 
and these transient atypical lymphocytes were activated 
B cells generated by stimuli other than virus particles, which 
were released by SFTSV‑infected B cells, indicating that 
SFTSV‑infected B cells release factors that cause B cells to 
differentiate into plasmablasts (118,126‑128). By contrast, a 
previous cohort investigation study found that the number 
of B cells was markedly reduced during the first week of 
infection but quickly returned to normal levels in patients 
with SFTS (95). Further pathological examinations revealed 
that large numbers of activated mature plasmablasts were 
located in the secondary lymphoid organs from patients 
who succumbed to the disease (94). At the end of the lethal 
SFTSV infection, the B cells of the secondary lymphatic 
organs, which differentiate into plasmablasts and macro‑
phages, are the target cells of fatal SFTSV infection. SFTSVs 
mainly infect B cell‑lineage lymphocytes. Previous patho‑
logical observations support the notion that the SFTSV/B 
cell axis serves a key role in the pathogenesis of patients with 
SFTS (126). Further analysis of the B‑cell subpopulations in 
the patient cohort revealed a meaningful difference between 
the survival group and the fatal group: Double‑negative 
B‑cells (CD27‑IgD‑ cells) and plasma cells (CD27+IgD‑ 
cells) elevated in the fatal group. The marginal zone B cells 
(CD27+IgD+ cells) assessed in the survival group was lower 
compared with that in the fatal group (89). Additionally, the 
number of naïve B cells (CD27‑IgD+ cells) in the survival 
and fatal groups was decreased overall, but the total number 
of naïve B cells in the survival groups was higher (89). In 

summary, these findings for detecting B‑cell subpopulations 
suggest that patients who succumbed to SFTS have B‑cell 
maturation disorders and subsequent dysregulation of the 
humoral immune response.

A study has been previously conducted to detect 
virus‑specific antibodies in humans infected with SFTSV, 
including IgM, IgG and neutralizing antibodies  (125,126). 
The SFTSV‑specific IgM antibodies were detected between 
4 and 21 days (median of 9 days) of onset, peaking by week 4 
and lasting up to ≤6 months (95). SFTSV‑specific IgG anti‑
bodies can be detected between 2 and 9 weeks (median of 
6 weeks), where the maximum value was reached 6 months 
after infection. In addition, the majority of the patients remain 
positive after 3 years of illness (95). Initial levels of IgM and 
IgG antibodies were lower compared with those in patients 
with other underlying or compromised immune responses, 
such as the elderly and/or those with underlying diseases. 
The innate immune system may be severely suppressed in 
these subjects, leaving insufficient activation of adaptive 
immunity (95). Previous research also revealed that adaptive 
immunodeficiency caused by the disruption of humoral immu‑
nity mediated by B cells was a predictor of fatal SFTS. This 
cripples one's ability to mount a specific immune response 
from IgM or IgG to SFTSV NP and Gn, which is essential for 
neutralizing and eliminating the virus (89). Suzuki et al (129) 
examined the expression of immunoglobulins (IgM and IgG) in 
SFTV‑infected B cells in the lymph nodes. Following germina‑
tion, the majority of the infected B cells were transformed B 
cells, where the transformed B cells that were IgG‑positive also 
infiltrated all organs of the body (129). These findings differed 
from those from previous studies, because various peripheral 
plasmablasts in patients with fatal SFTS do not express IgM 
and IgG, suggesting that activated and differentiated B cells 
cannot perform IgG conversion. These findings may explain 
the inadequate B‑cell humoral response in patients who were 
deceased (129). Since the mechanism of B cells is unclear in 
individuals with SFTS, the role of B cells in the pathogenesis of 
SFTSV and its effects on SFTSV require further study.

8. Conclusion and future prospects

SFTSV infection is becoming an increasingly prevalent 
public health issue worldwide and its incidence is increasing 
annually. However, the transmission cycle of SFTSV remains 
poorly understood and its pathogenesis has not been eluci‑
dated, particularly its interaction with the host immune 
response. The immunopathogenesis of SFTSV infection is 
complex, which includes a cascade of reactions involving 
a wide range of immune cells, inflammatory mediators, 
inflammasomes and signaling pathways. Although studies 
have indicated the role of certain subsets of immune cells 
and NSs proteins in regulating the immune response during 
SFTSV infection, evasion of the immune system and the 
initiation of a proinflammatory response may serve a dual 
role. By contrast, the immune response can eliminate 
SFTSV; however, excessive immune activation can also lead 
to a hyperinflammatory response with clinical collateral 
damage. To designate strategies for the treatment of SFTSV, 
how innate immune dysregulation and proinflammatory 
molecules are generated, in addition to how to reveal and 
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modulate critical signaling molecules must be studied. 
Damage to adaptive immunity in patients with fatal SFTS 
suggests that the severe immunological dysregulation caused 
by the SFTSV infection, along with the immunosuppressive 
milieu, leads to inadequate antigen presentation and subse‑
quent class‑switching B cells (130). SFTSV can also induce 
cellular damage through other mechanisms, such as mito‑
chondrial dysfunction and ER stress. The cellular debris can 
trigger the immune defense through the positive feedback 
regulation of DAMPs and PAMPs, amplifying the inflamma‑
tory response and leading to further injury. Therefore, how 
an organism eliminates the virus using the immune response 
and restores homeostasis remains to be further investigated.

Previous studies have reported the role of exosomes in 
viral infection (131). The virus can complete its replication 
cycle in the host cell before the progeny virus is released. 
Viruses can hijack exosomes, utilize biogenesis systems and 
load their components to evade the host immune response 
and facilitate cell‑to‑cell diffusion (132). Exosomes, on the 
other hand, can be used by host cells to release antiviral 
substances and prevent viral infection. As a result, the 
interaction between exosomes generated by SFTSV‑infected 
cells and the immune system of the host should further be 
studied. Exosomes are being employed as a next‑generation 
drug delivery platform for a range of cargos, such that 
exosome‑based therapies for SFTSV should be further 
explored. During the outbreak of coronavirus disease 2019, 
researchers and clinicians worldwide have been devoting 
considerable effort into researching coronavirus disease 2019 
(COVID‑19). Vaccination, effective antiviral therapy, modu‑
lation of the innate immune response and restoration of the 
adaptive immune response would improve the prognosis of 
patients with COVID‑19 (133). Therefore, experience can be 
drawn from the treatment and management of COVID‑19 
to manage patients with SFTS, to improve their prognosis 
whilst lowering the mortality rate.

Overall, in the present review, recent research progress in 
host immune responses against SFTSV was summarized. In 
addition to strengthening public health education, it is neces‑
sary to accelerate research into the virus and its pathogenesis. 
Furthermore, a large‑scale randomized controlled trial is 
required for the exploration of more particular treatment strat‑
egies and effective preventative measures to reduce the CFR. 
Clinicians need to actively exchange experience and continu‑
ously optimize diagnosis and treatment to cope with the SFTS 
disease jointly.
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