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Abstract
Pathogens co-evolved with ticks to facilitate blood collection and pathogen transmission. Although tick saliva was recently 
found to be rich in bioactive peptides, it is still elusive which saliva peptide promotes virus transmission and which pathways 
are invovled. Here, we used a saliva peptide HIDfsin2 and a severe fever with thrombocytopenia syndrome virus (SFTSV) 
both carried by the tick Haemaphysalis longicornis to elucidate the relationship between tick saliva components and tick-
borne viruses. HIDfsin2 was found to promote the replication of SFTSV in a dose-dependent manner in vitro. HIDfsin2 was 
further revealed to MKK3/6-dependently magnify the activation of p38 MAPK. The overexpression, knockdown and phos-
phorylation site mutation of p38α indicated that p38 MAPK activation facilitated SFTSV infection in A549 cells. Moreover, 
the blockade of p38 MAPK activation significantly suppressed SFTSV replication. Differently, HIDfsin2 or pharmacologi-
cal inhibition of p38 MAPK activation had no effect on a mosquito-borne Zika virus (ZIKV). All these results showed that 
HIDfsin2 specifically promoted SFTSV replication through the MKK3/6-dependent enhancement of p38 MAPK activation. 
Our study provides a new perspective on the transmission of tick-borne viruses under natural conditions, and supports that 
the blockade of p38 MAPK activation can be a promising strategy against the mortal tick-borne virus SFTSV.
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Abbreviations
SFTSV	� Severe fever with thrombocytopenia syn-

drome virus
ZIKV	� Zika virus

TBEV	� Tick-borne encephalitis virus
CCHF	� Crimean–Congo hemorrhagic fever virus
WHO	� World Health Organization
HCV	� Hepatitis C virus
IAV	� Influenza A virus
SARS-CoV-2	� Severe acute respiratory syndrome 

coronavirus 2
RP-HPLC	� Reverse-phase high-performance liquid 

chromatography
MALDI–TOF	� Matrix-assisted laser desorption lioniza-

tion–time of flight mass spectrometer
LPS	� Lipopolysaccharide
MyD88	� Myeloid differentiation factor 88
IRAK1/4	� Interleukin-1 receptor-associated 

kinase-1/4

Introduction

Ticks are arthropods belonging to the class Arachnida. 
They feed on blood through direct bites and transmit a large 
number of viral, bacterial and protozoan pathogens, pos-
ing a serious threat to global livestock and human health 
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(Cabezas-Cruz et al. 2019; Wang and Cull 2022). According 
to the report of the Centers for Disease Control and Preven-
tion in USA, tick-borne diseases accounted for nearly 76.5% 
of all vector-borne diseases from 2004 to 2016. Ticks carry a 
variety of viruses, and at least 160 named viruses are trans-
mitted by ticks, such as severe fever with thrombocytope-
nia syndrome virus (SFTSV), tick-borne encephalitis virus 
(TBEV), Crimean–Congo hemorrhagic fever virus (CCHF), 
etc. (Bogovič et al. 2022; Hawman et al. 2021; Xie et al. 
2023). Viruses create persistent infections in ticks without 
substantial impact, making them good vectors for carrying 
these viruses.

Tick–host interaction is crucial for pathogen transmis-
sion. Tick salivary gland is an important site for virus uptake 
and reproduction, and the complex components of the sali-
vary gland play a key role in virus transmission (Kazimírová 
et al. 2017; Maqbool et al. 2022). Studies had reported that 
protein or peptide mixtures in salivary gland enhance virus 
transmission through host immune regulation rather than 
through direct influence on virus (Jones et al. 1989, 1990). 
It has been experimentally demonstrated that co-infection 
with TBEV and tick saliva enhances both virus transmission 
and infection compared with TBEV infection alone (Jones 
et al. 1989; Nuttall and Labuda 2004). Mice co-infected 
with Powassan virus and Ixodes scapularis salivary gland 
extracts also showed the enhanced viral replication and 
increased rates of neural infiltration and death, compared 
with the same dose of Powassan virus alone (Hermance 
and Thangamani 2015). In addition to the co-evolution of 
pathogens and ticks, similar phenomena have been observed 
in mosquito salivary gland proteins and mosquito-borne 
viruses, and bat salivary gland and coronavirus (Fang et al. 
2022; Jin et al. 2018). However, the specific components of 
tick saliva and how they mediate tick-borne virus transmis-
sion are still unknown.

HIDfsin2 (GenBank number: ABW08118.1) is an anti-
microbial peptide from the tick Haemaphysalis longicornis, 
which was found to have expression in the tick salivary gland 
(Tsuji et al. 2007). It is composed of 38 amino acid residues 
and contains six cysteines forming three pairs of disulfide 
bonds, showing typical cationic polypeptide characteristics. 
SFTSV is a single-stranded, negative-sense, enveloped RNA 
virus, whose genome comprises three segments: large (L), 
medium (M) and small (S) (Liu et al. 2021). Severe fever 
with thrombocytopenia syndrome (SFTS) is an emerging 
infectious disease with extensive geographical distribu-
tion and high mortality (12–30%), mainly resulted from the 
bites of the tick H. longicornis carried with SFTSV. SFTS 
is listed as an urgent public health problem by the World 
Health Organization (WHO) (Zhang et al. 2013). The clini-
cal symptoms of SFTSV infection mainly include fever, 
gastrointestinal disease, leukopenia, thrombocytopenia and 
multiple organ dysfunction (Liu et al. 2014). There are still 

no specific vaccines or drugs developed against SFTSV 
infection.

During viral infection, cell signaling pathways are acti-
vated as a mode of cellular immunity, but the virus can also 
use enhanced cellular activity to support its various cycles 
of replication (Chander et al. 2021). p38 MAPK is a serine/
threonine kinase and a component of the signal transduc-
tion pathway that can be induced and activated by external 
stimuli, thereby participating in cell development, prolif-
eration, migration and apoptosis, etc. (Wang et al. 2022). 
Previous reports showed that the activation of p38 MAPK 
can be induced by the infection of various viruses, such as 
hepatitis C virus (HCV), influenza A virus (IAV) and severe 
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 
(Bouhaddou et al. 2020; Cheng et al. 2020b; Marchant et al. 
2010). Meanwhile, the study found that two scropion pep-
tides, BmKDfsin3 and SVHRP, can reduce the phosphoryla-
tion level of p38 (Cheng et al. 2020a; Wang et al. 2020), 
while both scorpion venom peptides, HsTx2 and BmK NT1, 
activate p38 MAPK (Li et al. 2021; Shen et al. 2019). These 
showed that scorpion-related peptides have different physi-
ological functions. Therefore, we wanted to know whether 
the tick salivary peptide HIDfsin2 can affect SFTSV replica-
tion and regulate the activity of p38 MAPK.

In this study, we found that the tick salivary peptide 
HIDfsin2 could promote the replication of SFTSV in a 
dose-dependent manner in both A549 and Huh7 cells, and 
acted a promotional effect at the post-entry stages of SFTSV. 
At the same time, HIDfsin2 was discovered to activate p38 
MAPK in viral host cells. The overexpression, knockdown 
and phosphorylation site mutation (Thr180 and Tyr182) of 
p38α revealed that the activation of p38 MAPK significantly 
facilitated SFTSV replication. Subsequently, the inhibition 
of p38 MAPK activation and its key upstream proteins 
remarkablely suppressed the replication of SFTSV. Unlike 
SFTSV, HIDfsin2 treatment or p38 MAPK activation inhibi-
tion had no any effect on the mosquito-borne ZIKV. In short, 
HIDfsin2 specifically promoted the replication of the tick-
borne SFTSV by enhancing p38 MAPK activation.

Meterials and methods

Cells and viruses

Huh7 and A549 cells were cultured in Dulbecco’s modified 
Eagle’s medium (DMEM) (Gibco–Invitrogen) with 10% 
fatal bovine serum (FBS) (Gibco–Invitrogen) and 1% peni-
cillin/streptomycin (Thermo Fisher). All cells were cultured 
at 37 °C in an incubator containing 5% CO2. The Huh7 and 
A549 cell lines were obtained from our laboratory.

The plasmid of ZIKV Puerto Rico (PRVABC59) strain 
cDNA was provided by Dr. Ren Sun from the University of 
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California, Los Angeles, USA, and the virus particles were 
prepared by reverse genetic system. SFTSV was kindly pro-
vided by Professor Xuejie Yu (School of Health Sciences, 
Wuhan University, China).

Reagents and antiboties

The linear form of the tick salivary peptide HIDfsin2 was 
synthesized by Nanjing Yuanpeptide Biotech Co., Ltd. 
(Nanjing, China). ST2345 was synthesized by GL Biochem 
Co., Ltd. (Shanghai, China). IRAK1/4 inhibitor I (HY-
13329) and SB203580 (HY-10256) were purchased from 
MedChemExpress (MCE) and dissolved in 100% dimethyl 
sulfoxide (DMSO). Lipopolysaccharide (LPS) was pur-
chased from Beyotime (S1732). Cell Counting Kit (CCK-
8) was purchased from Yeasen (40203ES60). The P-p38 
MAPK antibody (4511), p38 MAPK antibody (9212) and 
P-MKK3/6 antibody (12280) were ordered from the Cell 
Signaling Technology (CST).  The MKK3/6 (A19830) 
antibody and HA (AE008) antibody were purchased from 
ABclonal Technology. The GAPDH antibody (60004-1-lg) 
and β-tubulin (10094-1-AP) were the products of Protein-
tech (Rosemont, USA). The flag antibody (F1084) was pur-
chased from Sigma. SFTSV NP rabbit polyclonal antibody 
was customized by Atagenix Biological Technology Co., 
Ltd. (Wuhan, China).

Cell viability assay

The cytotoxicity of the compounds to A549 and Huh7 cells 
was evaluated using cell CCK8. 5 × 104 cell suspension was 
seeded to the 96-well plates for 24 h, and then different con-
centrations of HIDfsin2 were added to the 96-well plates. 
After incubation for 72 h, the medium was discarded and 
100 μL fresh DMEM medium containing 10 μL CCK8 solu-
tion was added to each well for 1.5 h. The absorbance of 
each well was measured at 450 nm using a BioTek micro-
plate reader (BioTek, Winooski, VT, USA).

Quantitative real‑time PCR (qRT‑PCR)

According to the manufacturer’s instructions, total RNA was 
extracted from cells using RNAiso Plus reagent (Takara, 
Japan). Then, 1 μg of total RNA was reversed to cDNA by 
HiScript II 1st Strand cDNA Synthesis Kit (Vazyme, Nan-
jing, China). The target gene amplification system contained 
10 μL of 2 × ChamQ SYBR qPCR Master Mix (Vazyme, 
Nanjing, China), 0.4 μL of upstream and downstream prim-
ers and 1 μL of cDNA template, and 8.2 μL ddH2O up to 
20 μL. The qRT-PCR primers used for SFTSV were 5′-ATG​
TCA​GAG​TGG​TCC​AGG​A-3′(upstream) and 5′-TCT​CCA​
CCT​GTC​TCC​TTC​AG-3′ (downstream). The qRT-PCR 
primers used for ZIKV were 5′-TTG​TGG​AAG​GTA​TGT​

CAG​GTG-3′ (upstream) and 5′-ATC​TTA​CCT​CCG​CCA​
TGT​TG-3′ (downstream). The qRT-PCR primers used for 
GAPDH were 5′-TGA​TGA​CAT​CAA​GAA​GGT​GGT​GAA​
G-3′ (upstream) and 5′-TCC​TTG​GAGG CCA​TGT​GGG​CCA​
T-3′ (downstream). The copy number of genes was deter-
mined by a 7500 real-time PCR system (Applied Biosys-
tems, USA). The experimental results were analyzed by the 
comparative method (ΔΔCT). Experiments were performed 
in triplicate and data were presented as mean ± standard 
deviations (SD).

Western blotting

1% sodium dodecyl sulfate (SDS) with protease and phos-
phatase inhibitors (Topscience, Shanghai, China) was used 
to lyse cells. The concentration of total protein was quanti-
fied with BCA protein quantification kit (Vazyme, Nanjing, 
China). Samples containing 20 μg of total protein were sepa-
rated by 10% or 12% SDS-PAGE. Proteins were transferred 
to nitrocellulose (NC) membrane, and the membrane was 
then blocked with 5% skim milk for 2 h at room tempera-
ture. Then primary antibodies were added and the membrane 
were incubated overnight at 4 °C. Subsequently, the mem-
brane was incubated with 3% skim milk containing HRP-
conjugated secondary antibodies at room temperature for 
2 h. Finally, the results were analyzed by Clarity™ Western 
ECL Substrates (#1705060, Bio-Rad) with FuJi medical 
X-ray film.

CRISPR/Cas9

p38α was knocked down in A549 cells using CRISPR/Cas9 
technology. sgRNA was designed by the online website of 
Zhang Feng’s laboratory (https://​zlab.​bio/​guide-​design-​
resou​rces), and then the synthesized sgRNA was ligated 
to the pGL3-U6-sgRNA-PGK-puromycin plasmid. Subse-
quently, the constructed pGL3-U6-sgRNA-PGK-puromycin-
p38α and Cas9 plasmids were co-transfected into A549 
cells. After 24 h, fresh DMEM medium was replaced and 
the final concentrations of 1 μg/μL puromycin and 15 μg/
μL blasticidin were added for screening, and the screening 
lasted for 5–7 days. After that, the cells were collected and 
the knocked-down effect of p38α was detected by Western 
blotting.

Oxidation and purification of peptide

The synthesized linear HIDfsin2 peptide was dissolved in 
0.1 M Tris–HCl (pH = 7.8) and cyclized for 48 h at 25 °C 
in a shaker (80–100 rpm). Then the reduced and oxidized 
forms of HIDfsin2 were separated and purified by reverse-
phase high-performance liquid chromatography (RP-HPLC) 
on a C18 column (Elite HPLC, Dalian, China, 10 × 250 mm, 

https://zlab.bio/guide-design-resources
https://zlab.bio/guide-design-resources
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5 µm, 300 A). The elution conditions were as follows: the 
flow rate was 4 mL/min, the mobile phase was 90% acetoni-
trile + 0.1% trifluoroacetic acid, eluted with 5 ~ 95% linear 
gradient within 60 min, and the detection was performed at 
230 nm. The target peptide was collected and lyophilized for 
preservation. The molecular weight of the target peptide was 
detected by matrix-assisted laser desorption lonization–time 
of flight mass spectrometer (MALDI–TOF).

Plasmids and cloning

The plasmid with a full-length p38α cDNA was gifted by 
Prof. Jiahuai Han (Xiamen University, China). Then, p38α 
cDNA was cloned into pCS2 + plasmid expressing 3 × Flag. 
The primer sequences for p38αAA and p38αDD were as 
follows: 5′-ACA​GAT​GAT​GAA​ATG​GCA​GGC​GCC​GTG​
GCC​AC TAG​GTG​G-3′ (upstream) and 5′-CCA​CCT​AGT​
GGC​CAC​GGC​GCC​TGC​CAT​TTC​ATC​ATC​TGT-3′ (down-
stream) for p38αAA; 5′-ACA​GAT​GAT​GAA​ATG​GAC​GGC​
GAC​GTG​GCC​ACT​AGG​TGG-3′ (upstream) and 5′-CCA​
CCT​AGT​GGC​CAC​GTC​GCC​GTC​CAT​TTC​ATC​ATC​TGT-
3′ (downstream) for p38αDD.

Statistical analysis

All data and graphics were accomplished and analyzed by 
GraphPad Prism 8, Adobe Photoshop CS6, and UniProt 
website. Data represent at least three repeated independent 
experiments, and all experimental results are presented as 
means ± SD. Statistical significance was analyzed using a 
two-tailed unpaired Student’s t test (*P < 0.05; **P < 0.01; 
***P < 0.001; ****P < 0.0001; and ns, no significance).

Results

Oxidative refolding, purification and identification 
of the tick saliva peptide HIDfsin2

HIDfsin2 is a defensin peptide from the tick H. longicornis, 
which was characterized to have expression in the tick sali-
vary gland (Tsuji et al. 2007). The reductive formation of 
HIDfsin2 (HIDfsin2-R) synthesized by Yuantai Biotech 
was folded by air oxidation in slightly alkaline Tris–HCl 
buffer. The peptide contained six cysteine residues forming 
three pairs of disulfide bonds (C1–C4, C2–C5 and C3–C6) 
(Fig. 1a). The oxidized product (HIDfsin2-O) was purified 
to homogeneity by RP-HPLC and eluted at a retention time 
of 18.6 min, while HIDfsin2-R was eluted at a retention 
time of 17.3 min (Fig. 1b), which showed that HIDsin2-
O and HIDfsin2-R had different polarities. The theoretical 
molecular weight of HIDsin2-R was predicted to be 4130.79, 
and so the theoretical molecular weight of HIDfsin2-O was 

considered to be 4124.79 because of the formation of three 
disulfide bridges. MALDI–TOF mass spectrometry analysis 
showed that the molecular weight of the purified HIDfsin2-O 
was determined to be 4124.68, which was in good agreement 
with its theoretical value 4124.79 (Fig. 1c). The secondary 
structures of HIDfsin2-O and HIDfsin2-R in aqueous solu-
tion were analyzed by circular dichroism spectra, and the 
results showed that the structure of HIDfsin2-O had α-helix 
and β-strand, but not HIDfsin2-R (Fig. 1d). Furthermore, the 
three-dimensional structure of HIDfsin2-O was predicted by 
SWISS-MODEL (Fig. 1e), indicating that a stable α-helix 
and β-strand of HIDfsin2-O can be formed.

HIDfsin2 promoted SFTSV replication in vitro

To investigate the effect of HIDfsin2 (all subsequent HIDf-
sin2 was considered to be HIDfsin2-O) on the tick-borne 
virus SFTSV, we treated A549 or Huh7 cells with or without 
the peptide HIDfsin2 for 72 h in the viral infection system. 
The experimental results showed that with the increase of 
HIDfsin2 concentration from 0 μM, 5 μM and 10 μM to 
20 μM in A549 cells, the expression of SFTSV NP protein 
was significantly promoted at both RNA (Fig. 2a) and pro-
tein (Fig. 2b) levels. The cell viability results showed that 
HIDfsin2 was substantially noncytotoxic and not enhanced 
to A549 cells under the used concentrations during experi-
ments (Fig. 2c). The same promotion effect of HIDfsin2 
on SFTSV was also observed in Huh7 cells. Huh7 cells 
infected with SFTSV could significantly enhance the rep-
lication of intracellular virions after HIDfsin2 treatment 
for 72 h (Fig. 2d and e). Similarly, HIDfsin2 did not affect 
the viability of Huh7 cells at the used concentrations dur-
ing experiments (Fig. 2f), suggesting that the promotion 
effect of HIDfsin2 on SFTSV was not related with the cell 
growth. HIDfsin2 was previously found to have expression 
in the salivary gland of H. longicornis, and this tick was the 
transmission vector of SFTSV. Therefore, our experimental 
data suggested that the tick and the pathogen co-evolved in 
some unknown way. Altogether, these results indicate that 
the salivary peptide HIDfsin2 of the tick H. longicornis can 
promote the replication of the virus SFTSV carried by the 
tick H. longicornis.

HIDfsin2 promoted SFTSV replication by acting 
on the viral post‑entry stage

To further determine the specific stage at which HIDfsin2 
affected SFTSV life cycle, we added HIDfsin2 at different 
stages of viral infection, shown in the schematic diagram 
(Fig. 3a). The experimental results indicated that HIDfsin2 
had no effect on the stage of SFTSV attachment (Fig. 3b) 
and the stage of SFTSV entry/fusion (Fig. 3c). However, 
the tick salivary peptide HIDfsin2 significantly promoted 
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the post-entry stage of SFTSV (59%) (Fig. 3d). These data 
suggest that HIDfsin2 enhances the replication of SFTSV by 
acting on the viral post-entry phase.

HIDfsin2 enhanced p38 MAPK activation

Some previous studies reported that the activation of p38 
MAPK was closedly related to the replication of many 
viruses including SFTSV (Cheng et al. 2020b). To explore 
whether p38 MAPK activation played a role during the pro-
motion effect of HIDfsin2 on SFTSV replication, we added 
different concentrations of HIDfsin2 in SFTSV-infected 
A549 cells and detected the change of p38 phosphorylation 
by western blotting. The results showed that the phosphoryl-
ation of p38 was promoted by HIDfsin2 in a dose-dependent 
manner during SFTSV infection (Fig. 4a). However, consid-
ering that SFTSV infection can also induce p38 phospho-
rylation. Thus, to further elucidate the promotion effect of 
HIDfsin2 on p38 phosphorylation, we detected the effect of 
HIDfsin2 on p38 MAPK activation in A549 cells without 
SFTSV infection. The results showed that the phosphoryla-
tion level of p38 did not change through western blotting 

(Fig. 4b), and no significant change was observed in the 
total amount of p38 protein at the RNA level (Fig. 4c). Inter-
estingly, when we incubated A549 cells with the agonist 
LPS of the p38 MAPK signaling pathway for 2 h, and then 
treated them with different concentrations of HIDfsin2 for 
24 h, the results of western blotting indicated that HIDfsin2 
remarkedly promoted p38 phosphorylation in response to 
LPS (Fig. 4d), but the total p38 content in the cells remained 
unchanged (Fig. 4d). Moreover, HIDfsin2 did not affect the 
expression of p38 at the RNA level in A549 cells treated 
by LPS (Fig. 4e). Altogether, all these results suggest that 
HIDfsin2 enhances p38 MAPK activation during SFTSV 
infection, and the activation of p38 MAPK plays an impor-
tant role in SFTSV replication.

HIDfsin2 facilitated SFTSV replication by enhancing 
p38 MAPK activation

Previous reports and the above results indicated that the acti-
vation of p38 MAPK was related to SFTSV replication. To 
further resolve the detailed relationship of p38 activation 
with SFTSV replication, we investigated the effects of p38α 

Fig. 1   Oxidative refolding, purification and identification of the tick 
defensin peptide HIDfsin2. a Amino acid sequence of the tick defen-
sin peptide HIDfsin2. R and O were the reduced and oxidized forms 
of HIDfsin2, respectively. SH represented the thiol group of cysteine. 
The connectivity of  disulfide  bonds was indicated by the  solid 
line  with  S–S. The cysteine residues are shaded in  yellow, and the 

basic residues are displayed in blue. b Oxidative refolding of chemi-
cally synthetic linear HIDfsin2. HPLC showed the difference of peak 
time between oxidized and reduced forms. c MALDI time of flight 
mass spectrometry analysis of HIDfsin2-O. d The circular dichroism 
spectra analyses of HIDfsin2-O and HIDfsin2-R. e Modeled three-
dimensional structure of HIDfsin2-O
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overexpression, knockdown and phosphorylation site muta-
tion on SFTSV replication in A549 cells. First, we overex-
pressed p38α in A549 cells (Fig. 5a) and further found that 
the overexpression of p38α promoted SFTSV replication 
(Fig. 5b). Second, we successfully constructed the A549 cell 
line of p38α knockdown (p38α-KD) by CRISPR/Cas9 method 
(Fig. 5c), and found that the knockdown of p38α significantly 
reduced SFTSV replication (Fig. 5d). These results indicate 
that the expression of p38 promotes the replication of SFTSV 
and plays an important role in the life cycle of SFTSV. To 
further explore the effect of the p38α kinase active site on 
SFTSV replication, we mutated its Thr180 and Tyr182 to 
alanine (p38αAA) or aspartic acid (p38αDD), respectively. 
When p38α was overexpressed in A549 cells, a significant 

enhancement of SFTSV replication was detected by western 
blotting, but the overexpression of p38αAA or p38αDD had 
no any effect on SFTSV replication (Fig. 5e). Consistently, 
we performed similar experiments in the A549-p38αKD cell 
line and then found that SFTSV replication was significantly 
enhanced when wild-type p38α was complemented, but the 
rescue of p38αAA and p38αDD still had no any effect on 
SFTSV replication (Fig. 5f). These data showed that the pro-
motion effect of p38α on SFTSV replication was dependent 
on the p38α kinase activity. The above results suggest that 
the activation of p38 MAPK contributes to the replication of 
SFTSV and HIDfsin2 facilitates SFTSV replication by enhanc-
ing p38 MAPK activation.

Fig. 2   HIDfsin2 promoted SFTSV replication in both A549 and 
Huh7 cells. a,b HIDfsin2 promoted SFTSV replication in a dose-
dependent manner in A549 cells. A549 cells were preincubated with 
the peptide HIDfsin2 at different concentrations for 1  h and then 
infected with SFTSV at an MOI = 0.1. After 72  h infection, intra-
cellular SFTSV vRNA was analyzed by qRT-PCR (a) and intracel-
lular SFTSV NP protein level was analyzed by western blotting (b). 
c Effect of HIDfsin2 on the viability of A549 cells by CCK-8 assay. 
HIDfsin2 was dissolved in the medium, and the medium without 
HIDfsin2 was used as a negative control in all experiments. d, e 

HIDfsin2 promoted SFTSV replication in a dose-dependent manner 
in Huh7 cells. Huh7 cells were preincubated with the peptide HIDf-
sin2 at different concentrations for 1 h and then infected with SFTSV 
at an MOI = 0.1. At 72  h infection, intracellular SFTSV vRNA was 
analyzed by qRT-PCR (d) and intracellular SFTSV NP protein level 
was analyzed by western blotting (e). f Effect of HIDfsin2 on the via-
bility of Huh7 cells by CCK-8 assay. HIDfsin2 was dissolved in the 
medium, and the medium without HIDfsin2 was used as a negative 
control in all experiments. Data are presented as the means ± SD from 
three independent experiments (*P < 0.05; **P < 0.01; ***P < 0.001)
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Pharmacological blockade of p38 MAPK activation 
inhibited SFTSV replication

Next, to further verify the role of p38 MAPK activation in 
SFTSV replication, we introduced the interference of mye-
loid differentiation factor 88 (MyD88) and interleukin-1 
receptor-associated kinase-1/4 (IRAK1/4), two key upstream 
proteins of p38 MAPK cascade. SB203580 is a selective and 
ATP-competitive p38 MAPK activation inhibitor. IRAK1/4 
inhibitor I suppresses the phosphorylations of IRAK1 and 
IRAK4. ST2345 is a short peptide composed of 23 amino 
acids (RQIKIWFQNRRMKWKKRDVLPGT), which is 
recognized to block MyD88 dimerization and thus inhibit 
downstream signal transduction. In short, the treatment of 
SB203580, IRAK1/4 inhibitor I and ST2345 can all pharma-
cologically block p38 MAPK activation. Therefore, we used 
these three inhibitors to observe the effect of p38 MAPK 
activation on SFTSV replication. The experimental results 

showed that SB203580 could inhibit SFTSV in a dose-
dependent manner at both RNA and protein levels (Fig. 6a 
and b). The treatment of IRAK1/4 inhibitor I also reduced 
the transcription of SFTSV vRNA in a dose-dependent 
manner (Fig. 6c), as well as SFTSV NP protein (Fig. 6d). 
Similarly, ST2345 was observed to have a concentration-
dependent antiviral activity against SFTSV (Fig. 6e and f). 
These results indicate that the pharmacological blockade of 
p38 activation inhibits SFTSV replication, and the regulation 
of p38 activation is a promising strategy against the mortal 
tick-borne virus SFTSV.

HIDfsin2 or blocking p38 MAPK activation had 
no effect on ZIKV replication

HIDfsin2 is derived from the tick H. longicornis. According 
to our previous results, HIDfsin2 promoted the replication 
of the tick-borne SFTSV through enhancing p38 MAPK 

Fig. 3   HIDfsin2 enhanced the 
replication of SFTSV by acting 
on the viral post-entry stage. a 
Schematic of HIDfsin2 treat-
ment during SFTSV infection. 
b-d Effects of HIDfsin2 on the 
attachment (b), entry/fusion 
(c), or post-entry (d) stages of 
SFTSV in A549 cells. A549 
cells were infected with SFTSV 
at an MOI = 0.1 and treated 
with HIDfsin2 as described 
in the schematic diagram. All 
experiments were detected by 
qRT-PCR. HIDfsin2 was dis-
solved in PBS, and PBS without 
HIDfsin2 was used as a negative 
control. The internal control 
of all subfigures was GAPDH. 
Data represented the mean ± SD 
of at least three independent 
experiments. ns, no signifi-
cance. *P < 0.05. **P < 0.01. 
***P < 0.001



1790	 Archives of Toxicology (2023) 97:1783–1794

1 3

activation. In addition to tick-borne viruses, mosquito-borne 
viruses also spread rapidly in nature. Therefore, in order to 
study if the tick salivary peptide HIDfsin2 had a specific 
promotion on the replication of tick-borne viruses, we inves-
tigated the effect of HIDfsin2 on a mosquito-borne virus 
ZIKV. We pretreated A549 cells with HIDfsin2 and then 

infected cells with the mosquito-borne ZIKV. The results 
showed that the tick salivary peptide HIDfsin2 did not affect 
the replication of ZIKV at both RNA (Fig. 7a) and protein 
(Fig. 7b) levels. Further, we also explored whether the phar-
macological blockade of p38 MAPK activation had effect on 
ZIKV replication in A549 cells. The results showed that the 

Fig. 4   HIDfsin2 enhanced p38 MAPK activation in A549 cells. 
a Effect of HIDfsin2 on p38 MAPK activation in A549 cells dur-
ing SFTSV infection. A549 cells were preincubated with HIDfsin2 
at different concentrations for 1 h and then infected with SFTSV at 
MOI = 1. After 48 h infection, intracellular P-p38, p38 and GAPDH 
protein levels were analyzed by western blotting. b Effect of HIDf-
sin2 on p38 MAPK activation and its upstream MKK3/6 in A549 
cells without SFTSV infection. Cells were treated with different con-
centrations of HIDfsin2 for 48 h, protein samples were collected, and 
the content of related proteins was detected by western blotting. c 
Effect of HIDfsin2 on p38 MAPK mRNA expression in A549 cells 

without SFTSV infection. HIDfsin2 was added to A549 cells at dif-
ferent concentrations for 48 h. The contents of p38 mRNA were ana-
lyzed by qRT-PCR. d Enhancement of HIDfsin2 on p38 MAPK acti-
vation and its upstream MKK3/6 in A549 cells treated by LPS. A549 
cells were treated with 100  ng/mL LPS for 2  h, and then HIDfsin2 
was added at different concentrations for 48 h. The contents of each 
protein in the cells were analyzed by western blotting. e Effect of 
HIDfsin2 on p38 MAPK mRNA expression in A549 cells treated by 
LPS. A549 cells were treated with 100 ng/mL LPS for 2 h, and then 
HIDfsin2 was added at different concentrations for 48 h. The contents 
of p38 mRNA were analyzed by qRT-PCR. ns, no significance



1791Archives of Toxicology (2023) 97:1783–1794	

1 3

replication of ZIKV was not affected by SB203580 at both 
transcription (Fig. 7c) and protein (Fig. 7d) levels. Similarly, 
the treatment of IRAK1/4 inhibitor I showed no antiviral 
activity against ZIKV in A549 cells (Fig. 7e and f). Consist-
ently, the replication of ZIKV was not affected by ST2345 at 
both transcription (Fig. 7g) and translation (Fig. 7h) levels. 
All these results suggest that the tick salivary peptide HIDf-
sin2 specifically promotes the replication of the tick-borne 
SFTSV by enhancing p38 MAPK activation.

Discussion

There are a variety of complex and biologically active sub-
stances in the salivary gland of ticks, which have anticoagu-
lant, anti-inflammatory and immunomodulatory activities. 
These bioactive molecules can alter the local environment 
at the bite sites of ticks, and thus they are important factors 
for ticks to effectively transmit viral, bacterial and protozoan 
pathogens (Boulanger and Wikel 2021; Strobl et al. 2022). 
Therefore, an in-depth understanding of the interface reac-
tions at tick bite sites is of great significance for the preven-
tion and treatment of tick-borne diseases. Although reports 

on transcriptomics of tick salivary glands have gradually 
emerged in the public view, the relationship between spe-
cific salivary gland components and tick-borne pathogens 
remains unknown.

In this study, we prepared the tick salivary peptide HIDf-
sin2 from H. longicornis by chemical synthesis and oxida-
tive refolding and found that HIDfsin2 specifically promoted 
the replication of this tick-borne SFTSV, but had no effect 
on the mosquito-borne ZIKV. HIDfsin2 is a cationic antimi-
crobial peptide consisting of 38 amino acid residues with an 
isoelectric point of 9.38. Previously, it was reported that the 
tick saliva mixture could promote virus replication, but the 
specific salivary gland components and the specific trans-
mission route were both unknown. To our knowledge, the 
peptide HIDfsin2 was identified to be the first tick salivary 
component promoting the tick-borne virus transmission. In 
2018, Lai group found that a mosquito salivary gland com-
ponent LTRIN was able to facilitate ZIKV transmission by 
interacting with lymphotoxin-β receptor and then inhibiting 
antiviral innate immunity (Jin et al. 2018). Most recently, 
this group reported again that an inhibitor of leukotriene-A4 
hydrolase from the venom gland of the bat Myotis pilosus 
promoted virus infection (Fang et al. 2022). The discovery of 

Fig. 5   HIDfsin2 promoted SFTSV replication through enhanc-
ing p38 MAPK activation. a Overexpression of p38α in A549 cells. 
Flag-p38α was transfected into A549 cells. After 48 h, the intracel-
lular p38 protein level was detected by western blotting. b Promo-
tion of p38α overexpression to SFTSV replication in A549 cells. The 
plasmid Flag-p38α was transfected into A549 for 24 h, and then the 
cells were infected with SFTSV at an MOI = 0.1. At 24 h infection, 
intracellular SFTSV vRNA was analyzed by RT-PCR. c. Knockdown 
of p38α in A549 cells. p38α was knocked down in A549 cells using 
CRISPR/Cas9, and the protein level of p38α was detected by west-
ern blotting. d Inhibition of p38α knockdown against SFTSV repli-
cation in A549 cells. A549-p38αKD cells were infected with SFTSV 

at an MOI = 0.1. At 48  h infection, intracellular SFTSV vRNA was 
analyzed by RT-PCR. e, f Kinase activity dependence of p38α pro-
motion on SFTSV replication. After 24 h of overexpression of p38α, 
p38αAA and p38αDD in A549 cells, the cells were  then infected 
with SFTSV with MOI = 0.1 for 24  h. Intracellular protein levels 
were detected by western blotting (e). After 24  h of overexpression 
of p38α, p38αAA and p38αDD in A549-p38αKD cells, the cells were 
then infected with SFTSV with MOI = 0.1 for 24 h. Intracellular pro-
tein levels were detected by western blotting (f). Data represented 
the mean ± SD of at least three independent experiments. *P < 0.05. 
**P < 0.01. ***P < 0.001
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tick, mosquito and bat salivary components promoting their 
carried viruses suggested the phenomenon of convergent 
evolution in the venomous animals of nature. SFTSV infec-
tion can induce the activation of p38 MAPK. p38 MAPK 
is a member of the serine/threonine kinase family, which 
is closely related to the stress response and transmits sig-
nals by activating downstream key transcription factors and 
cytokines (Chander et al. 2021; Wang et al. 2022).

In our study, the tick salivary peptide HIDfsin2 was 
found to enhance the activation of p38 MAPK, dependent 
on MKK3/6 pathway. The overexpression, knockdown and 
phosphorylation site mutation of p38α showed that the acti-
vation of p38 MAPK contributed to promote the replication 
of SFTSV. Moreover, the tick salivary peptide HIDfsin2 
had no any effect on the replication of the mosquito-borne 
ZIKV. Although we did not identify the direct target regu-
lated by HIDfsin2, it was no doubt that MKK3/6-dependent 
p38 MAPK activation specifically played a key mechanis-
tic role during the promotion effect of HIDfsin2 on SFTSV 
replication.

SFTSV is a new tick-borne bunyavirus, which was firstly 
isolated in 2011 (Yu et al. 2011). This virus was prevalent 

in central and eastern China, South Korea and Japan. People 
bitten by ticks carrying SFTSV will cause a new infectious 
disease SFTS with a mortality rate of up to 30%, which seri-
ously endangers public health. In recent years, the number of 
cases with SFTSV infection has increased steadily. At present, 
there is no vaccine or specific therapeutic drug for the preven-
tion and control of SFTSV infection. In our study, the phar-
macological blockade of p38 MAPK activation by SB203580, 
IRAK1/4 inhibitor I or ST2345 treatment significantly inhib-
ited the replication of SFTSV, suggesting that the target of 
p38 MAPK activation can be a promising strategy against the 
mortal virus SFTSV. Moreover, many chemical small mol-
ecules inhibiting p38 MAPK activation were being used to 
be antitumor drugs under clinical trials, which was preferably 
considered to be tested as anti-SFTSV drug candidates.

Conclusions

The peptide HIDfsin2 of the tick H. longicornis was iden-
tified to be the first salivary gland component promoting 
the tick-borne viruses. Moreover, the activation of p38 

Fig. 6   Blockade of p38 MAPK activation inhibited SFTSV replica-
tion in  vitro. a, b Inhibitory activity of SB203580 against SFTSV. 
A549 cells were preincubated with SB203580 at different concen-
trations for 1  h and then infected with SFTSV at an MOI = 0.1. At 
72 h infection, intracellular SFTSV vRNA and protein were analyzed 
by qRT-PCR (a) and western blotting (b), respectively. c, d Inhibi-
tory effect of IRAK1/4 inhibitor I on SFTSV. A549 cells were prein-
cubated with IRAK1/4 inhibitor I at different concentrations for 1 h 
and then infected with SFTSV at an MOI = 0.1. At 72  h infection, 
intracellular SFTSV vRNA and protein were analyzed by qRT-PCR 

(c) and western blotting (d), respectively. e, f Inhibition of ST2345 
against SFTSV in A549 cells. A549 cells were preincubated with 
ST2345 at different concentrations for 1  h and then infected with 
SFTSV at an MOI = 0.1. At 72  h infection, intracellular SFTSV 
vRNA and protein were analyzed by qRT-PCR (e) and western blot-
ting (f), respectively. SB203580 and IRAK1/4 inhibitor I were dis-
solved in dimethyl sulfoxide (DMSO), and DMSO was used as a 
negative control. The peptide ST2345 was dissolved in PBS, and PBS 
was used as a negative control
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MAPK is involved in this promotion process. Our study 
provided the depth of understanding of the tick-borne virus 
infectivity and transmission under natural conditions. Our 
findings showed that the regulation of p38 MAPK acti-
vation signaling can be used to develop therapeutics to 
control or prevent tick-borne diseases.
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