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Abstract 

Background  Japanese encephalitis virus (JEV) remains a predominant cause of Japanese encephalitis (JE) globally. 
Its infection is usually accompanied by disrupted blood‒brain barrier (BBB) integrity and central nervous system (CNS) 
inflammation in a poorly understood pathogenesis. Productive JEV infection in brain microvascular endothelial cells 
(BMECs) is considered the initial event of the virus in penetrating the BBB. Type I/III IFN and related factors have been 
described as negative regulators in CNS inflammation, whereas their role in JE remains ambiguous.

Methods  RNA-sequencing profiling (RNA-seq), real-time quantitative PCR, enzyme-linked immunosorbent assay, 
and Western blotting analysis were performed to analyze the gene and protein expression changes between mock- 
and JEV-infected hBMECs. Bioinformatic tools were used to cluster altered signaling pathway members during JEV 
infection. The shRNA-mediated immune factor-knockdown hBMECs and the in vitro transwell BBB model were 
utilized to explore the interrelation between immune factors, as well as between immune factors and BBB endothelial 
integrity.

Results  RNA-Seq data of JEV-infected hBMECs identified 417, 1256, and 2748 differentially expressed genes (DEGs) 
at 12, 36, and 72 h post-infection (hpi), respectively. The altered genes clustered into distinct pathways in gene ontol‑
ogy (GO) terms and KEGG pathway enrichment analysis, including host antiviral immune defense and endothelial 
cell leakage. Further investigation revealed that pattern-recognition receptors (PRRs, including TLR3, RIG-I, and MDA5) 
sensed JEV and initiated IRF/IFN signaling. IFNs triggered the expression of interferon-induced proteins with tetratri‑
copeptide repeats (IFITs) via the JAK/STAT pathway. Distinct PRRs exert different functions in barrier homeostasis, 
while treatment with IFN (IFN-β and IFN-λ1) in hBMECs stabilizes the endothelial barrier by alleviating exogenous 
destruction. Despite the complex interrelationship, IFITs are considered nonessential in the IFN-mediated mainte‑
nance of hBMEC barrier integrity.

Conclusions  This research provided the first comprehensive description of the molecular mechanisms of host‒
pathogen interplay in hBMECs responding to JEV invasion, in which type I/III IFN and related factors strongly corre‑
lated with regulating the hBMEC barrier and restricting JEV infection. This might help with developing an attractive 
therapeutic strategy in JE.
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Background
Japanese encephalitis virus (JEV) is a critical member of 
the Flaviviridae family, whose infection severely threatens 
public health in Asia, Australia, and the Western Pacific 
[1, 2]. The occurrence of JEV infection generally leads to 
Japanese encephalitis (JE) in humans, which is charac-
terized by a damaged blood‒brain barrier (BBB), CNS 
inflammatory response, persistent sustained neurologic 
or psychiatric sequelae in almost half of survivors, and 
an approximately 30% mortality rate [1, 3]. More seri-
ously, children’s cases of JEV infection have a high risk of 
developing severe JE. In addition, despite the approved 
vaccines, no specific therapy can be obtained under JE or 
other flavivirus infections.

Brain microvascular endothelial cells (BMECs), peri-
cytes, and the end feet of astrocytes form the BBB, 
uniquely separating the brain parenchyma from blood 
circulation and restricting access to blood components, 
immune cells, and pathogens [4, 5]. BMECs are sealed 
together with tight junctions and serve as the primary 
structure to form the innermost lining of blood vessels, 
and preventing the entry of damaging substances [6, 7]. 
JEV-established infection in BMECs is thought to be the 
initial event and critical step of JEV disrupting the BBB 
[8–10]. Nevertheless, when JEV directly infects BMECs, 
no apparent disruption of the endothelial cell barrier 
appears [9]. Intriguingly, to extend the period of viral 
replication, JEV may interfere with the apoptotic pathway 
of transfected human brain microvascular endothelial 
cells (hBMECs) [8]. Aside from their well-characterized 
barrier function, BMECs can be immune activated to 
mount effective IFN induction and IFN-stimulated gene 
(ISG) expression as a response to viral infections, includ-
ing human immunodeficiency virus (HIV), Zika virus 
(ZIKV), and influenza virus [11–13]. In restricting WNV 
transit, IFN-λ signaling promotes BMEC barrier tight-
ening [14]. However, little is known about the relation-
ship between host innate immune cytokines and BBB 
endothelial barrier integrity, and a more comprehensive 
understanding is needed.

The innate immune system serves as the front line 
of host defense against pathogens, which recognizes 
microorganisms, including viruses, via pattern-recog-
nition receptors (PRRs) [15]. The interferon regulatory 
factor (IRF) is activated to induce IFN signaling, which 
triggers the expression of IFN-stimulated genes (ISGs) 
via the activated Janus kinase/signal transducer and 
activation of transcription (JAK/STAT) signaling path-
way [16]. Nevertheless, a considerable portion of ISGs 
can also be induced in an IFN-independent manner 
[17]. Functionally, various ISGs, such as IFITs, can exert 
antiviral activity both in  vitro and in  vivo [18, 19]. In 

humans, IFITs consist of four members, namely, IFIT1 
(also termed ISG56), IFIT2 (ISG54), IFIT3 (ISG60 or 
IFIT4), and IFIT5 (ISG58) [20]. In addition to antivi-
ral immunity, PRRs also show distinct regulation of 
BBB endothelial barrier integrity [21]. The function of 
pleiotropic IFNs and induced ISGs includes maintain-
ing endothelial barrier stability [22, 23]. In an in  vitro 
BBB model, IFN-β treatment stabilizes BBB integrity 
[24, 25]. Moreover, the antiviral activity of IFN-λ1 is 
partly attributed to directly enhancing the properties 
of the endothelial barrier [26]. As an ISG, interferon-
induced transmembrane protein 1 (IFITM1) has been 
identified as a tight junction protein that modifies the 
steady state of occludin to restrict HCV entry [23]. In 
addition, BBB permeability could be decreased by pre-
treatment with electroacupuncture ahead of cerebral 
ischemia‒reperfusion (I/R) injury in rats, along with 
an increase in antiviral-related genes (IFIT1 and IFIT3) 
[27]. However, during JEV infection, whether IFN and 
related factors (PRRs and IFITs) are involved in regulat-
ing hBMEC barrier integrity remains obscure.

To date, researchers have rarely focused on rela-
tive signaling events evoked in the response of BBB 
endothelial cells to JEV infection. Here, we have per-
formed RNA-sequencing (RNA-seq) in JEV-infected 
hBMECs, with bioinformatic analysis and validation. 
Among the altered host genes and enriched signal-
ing pathways, the PRRs (toll-like receptor 3, TLR3; 
retinoic acid-inducible gene-I, RIG-I; and melanoma 
differentiation-associated gene 5, MDA5)-IRF/IFNs 
(IFN-β and IFN-λ1)-JAK/STAT-IFITs signaling cas-
cade was identified. Consistent with a previous report 
[28], IFIT1 restricts JEV replication, while other IFITs, 
including IFIT2, IFIT3, and IFIT5, were first character-
ized to exert antiviral activity in JEV infection. Then, 
we explored the function of IFN and related factors 
in modulating hBMEC barrier integrity. Knockdown 
of distinct PRRs in hBMECs differentially regulates 
endothelial barrier integrity. In addition to antivi-
ral activity, treatment with rhIFN-β and rhIFN-λ1 in 
hBMECs protected the endothelial barrier from JEV-
CM (JEV-infected astrocyte supernatants were mixed 
with an equal volume of fresh medium, which included 
inflammatory cytokines, data not shown)-caused dis-
ruption. However, the knockdown of IFITs in hBMECs 
did not abrogate the IFN-mediated maintenance of bar-
rier integrity under treatment with JEV-CM. The study 
first mapped a comprehensive analysis of hBMECs 
responding to JEV infection through RNA-seq. Func-
tionally, the regulatory role of type I/type III IFN and 
related factors in hBMEC barrier integrity during JEV 
infection was additionally provided.



Page 3 of 19Zhang et al. Journal of Neuroinflammation          (2023) 20:216 	

Methods
Viruses and cell culture
The JEV P3 strain was derived from Beijing isolates pre-
viously preserved in our laboratory. Following the pre-
viously described protocol, JEV titration was detected 
using the baby hamster kidney fibroblast cell line (BHK-
21) [29]. The heat-inactivated JEV P3 (heated-JEV P3) 
was generated by incubating at 94 °C for 15  min [30]. 
The hBMEC cell line was kindly provided by Prof. Xian-
gru Wang (Huazhong Agricultural University, Wuhan, 
China) and routinely cultured as previously described 
[31]. Cells were washed three times and then starved in 
serum-free medium for 12–16  h before further experi-
ments. BHK-21, HEK-293T, and Vero cells were cultured 
in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco) 
supplemented with 10% heat-inactivated FBS and peni-
cillin/streptomycin (100 U/ml).

Reagents, antibodies, and inhibitors
Human IFN-β recombinant protein (rhIFN-β) and 
human IFN-λ1 recombinant protein (rhIFN-λ1) were 
purchased from Abbkine (Wuhan, China) and Med-
ChemExpress (Shanghai, China). The Cell Counting Kit 
(CCK-8) was obtained from Biosharp (Anhui, China). 
Pyridone 6 (JAK inhibitor I) (A13457) was purchased 
from Adooq Biosciences (Irvine, CA, USA). Antibodies 
used for Western blotting, anti-phospho-STAT1 (S727), 
anti-STAT1, and anti-IFI35 antibodies (all rabbit poly-
clonal antibodies), were obtained from Abmart (Shang-
hai, China). Anti-IFIT2, anti-TLR3, anti-IRF7, anti-IRF3, 
anti-USP18, and anti-ISG15 antibodies (all rabbit) were 
purchased from ABclonal (Wuhan, Hubei, China). Anti-
JAK1, anti-JAK2, anti-phospho-JAK1, and anti-phospho-
JAK2 antibodies (all rabbit) were purchased from Abcam 
(Cambridge, MA, USA). Anti-MDA5 (IFIH1) and anti 
phospho-IRF3 were purchased from Cell Signaling Tech-
nology (Danvers, MA, USA). Anti-RIG-I (DDX58), anti-
IFIT1, anti-IFIT3, anti-IFIT5, anti-IRF1, anti-IFITM1, 
and anti-β-actin antibodies were purchased from Pro-
teintech (Chicago, IL, USA), and the antibodies used are 
listed in Additional file 7: Table S7. The monoclonal anti-
body against the JEV envelope (E) was kindly provided 
by Shengbo Cao (Huazhong Agricultural University, 
Wuhan, China). For immunofluorescence, rabbit anti-
FLAG antibody was purchased from Proteintech.

RNA extraction, cDNA library construction, and RNA‑Seq
A total of 18 hBMEC cell samples were collected at three 
time points (12, 36, and 72 hpi). At each time point, three 
samples were drawn from the negative control group, and 
three were drawn from the JEV infection group. Accord-
ing to the manufacturer’s protocol (Invitrogen, Grand 
Island, NY, USA), total RNA was extracted using TRIzol® 

Reagent and stored at − 80 °C until further use. As previ-
ously described [32], 1 μg RNA per sample was utilized 
as input material for the RNA sample preparations for 
library construction.

Reverse transcription and real‑time PCR
Whole-cell RNA was extracted using TRIzol reagent 
(Invitrogen, Grand Island, NY) and reverse transcribed 
into cDNA. Quantitative real-time PCR (RT-qPCR) 
was performed with SYBR Green 2 × mix (Invitrogen). 
The data were normalized to β-actin levels and calcu-
lated by the 2−ΔΔCT method except for the JEV-C gene, 
as described previously [33]. By utilizing the pcDNA3.0-
HA/JEV-C gene plasmid as a template, a standard curve 
was constructed for the quantification of the JEV-C gene 
copy number as per our previously described procedures 
[33]. In each RT-qPCR experiment, at least three replica-
tions were conducted, and the primers used are listed in 
Additional file 1: Table S1.

Construction of lentivirus containing target genes 
and hBMEC cell lines
As previously described, shRNAs targeting TLR3, RIG-
I, MDA5, IFIT1, IFIT2, IFIT3, and IFIT5 were designed 
(shown in Additional file  1: Table  S2), and hBMEC cell 
lines were constructed [34].

Immunofluorescence (IF) and Western blotting (WB) 
analysis
The cells were cultured in glass-bottomed dishes (diam-
eter 35  mm) or well plates for the specified treatment 
and further experiments. Both immunofluorescence 
assays and Western blotting analysis were performed as 
described previously [33, 35].

ELISA
ELISA kits for IFN-β and IFN-λ1 were purchased from 
4A Biotech Co., Ltd. hBMEC culture supernatants were 
collected at different time points, and the protein levels 
were determined following previous descriptions [36, 
37].

Cell viability assay
For the cell viability assay, both the CCK-8 assay and 
Annexin V and propidium iodide (AnnV/PI) staining 
were performed as previously described [12, 33].

Transendothelial electrical resistance
For the coculture BBB model, hBEMCs were plated on 
the upper part of transwell inserts (Corning Costar, 
USA; 0.4 μm membrane) in a 12-well plate containing 
confluent human astrocytes as previously described 
[38]. When the two cell lines reached confluence, 
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astrocytes were infected with JEV or heated JEV, and 
at different time points, the transendothelial electrical 
resistance (TEER) was measured with a Millicell ERS 
ohmmeter (Millipore, Billerica, MA) as described in a 
previous study [39]. In the established hBMEC mon-
olayer BBB model, briefly, cell monolayers were grown 
on the upper part of transwell inserts in a 12-well plate 
until confluent. After treatment for the appropriate 
time period, the TEER was measured at different time 
points as described previously [39].

Statistical analysis
The data are expressed as the means ± SEMs unless 
otherwise stated. Student’s t test and one-way analy-
sis of variance (ANOVA) were applied to analyze 
the statistical significance of the differences by using 
GraphPad Prism (v7.0; GraphPad, La Jolla, CA, USA). 
A value of p < 0.05  (*) was considered statistically sig-
nificant, and p < 0.01 (**), p < 0.001 (***), and p < 0.0001 
(****) indicated extremely significant differences.

Results
Characteristics of hBMECs infected with JEV
To characterize the impact of JEV infection on BBB 
endothelial cells, hBMECs were infected with the JEV P3 
strain at multiplicities of infection (MOIs) of 0.1, 1, and 
5, and infectivity was assessed by indirect immunofluo-
rescence assay. Based on the obtained results (Fig.  1A), 
an MOI of 1 was identified as the inoculum dose for fur-
ther experiments. The RNA levels of JEV in hBMECs and 
viral titers in the supernatants increased from 12 to 48 
hpi but slightly decreased at 72 hpi (Fig. 1B, C). The JEV-
induced cytopathic effect (CPE) in hBMECs is incon-
spicuous but quite distinct from that established in Vero 
cells [40]. Then, the PI/calcein-AM uptake assay was 
performed to compare the survival of hBMECs and Vero 
cells following JEV infection. As illustrated, nearly all 
hBMECs were PI-negative and viable. In contrast, more 
than 50% of Vero cells remained PI-positive (dead) at 72 
hpi of JEV infection (Fig. 1D). Given the lack of CPE in 
JEV-infected hBMECs, a CCK-8 assay was performed to 
determine cell viability. Compared with mock infection, 
there was no significant change in cell viability at 12 and 
36 hpi, but it was significantly lowered at 72 hpi (Fig. 1E). 
These findings confirmed that JEV could not cause CPE 

Fig. 1  JEV infection of hBMECs. A hBMECs were infected with JEV P3 at MOIs of 0.1, 1, and 5. At 12 and 36 h post-infection (hpi), JEV-E was detected 
by indirect immunofluorescence (green), and nuclei are shown by Hoechst (blue) staining. B, C JEV RNA levels were assayed by quantitative 
real-time PCR (RT-qPCR) (B), and the titers were determined by PFU assay (C). D Vero or hBMECs were infected with JEV P3 for 72 h and then 
costained with calcein-AM (green [live cells])/propidium iodide (red [dead cells]) for another 45 min. Images were captured by fluorescence 
microscopy. E hBMECs were infected with JEV P3 for 72 h, and then cell viability was analyzed by CCK8 assay. Data are represented as the mean 
values ± SEMs from three independent experiments. ****p < 0.0001; ns: not significant
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but decreased cell viability at the late phase of infection 
in hBMECs.

Identification of differentially expressed genes (DEGs)
To map the comprehensive information of JEV-infected 
hBMECs, RNA-Seq was carried out at 12, 36, and 72 
hpi, and the raw reads were quality controlled to ensure 
that all data met the criteria for the whole transcrip-
tomic analysis. Principal component analysis (PCA) 
illustrated group differences and consistency (Addi-
tional file 2: Fig. S1). In Additional file 3: Table S3, genes 
with 1.5-fold or more significant changes were defined 
as DEGs (P < 0.05). A total of 4151 DEGs were identi-
fied, and 417, 1256, and 2748 genes were identified in 
the following comparison groups: mock vs. hBMECs 
infected with JEV for 12 h (JEV12h), mock vs. JEV36h, 
and mock vs. JEV72h, respectively (Additional file  4: 

Fig. S2A–C). As shown, the number of DEGs increased 
with JEV infection time, with 205, 779, and 1430 genes 
upregulated and 212, 477, and 1318 genes downregu-
lated at 12, 36, and 72 hpi, respectively (Fig. 2A). Next, 
Venn diagrams were constructed to identify either con-
tinuous DEGs (genes that were differentially expressed 
at all time points) or specific DEGs at each time point, 
which revealed the presence of only 82 DEGs at three 
time points, indicating a time-related alteration in gene 
expression (Fig. 2B). Then, RT-qPCR was performed on 
eight genes selected from continuous DEGs to validate 
the repeatability and reality of RNA-sequencing (RNA-
seq). The differential expression trends of these genes 
were confirmed in all the groups, which were consistent 
with these changes based on RNA-seq results (Fig. 2C). 
According to the scatter plotting log2-fold changes 
with the 0.988 correlation coefficient (R2), it can be 

Fig. 2  Schematic view and validation of transcriptome data in JEV-infected hBMECs. A The number of DEGs at 12, 36, and 72 hpi in hBMECs 
infected with JEV P3; B Venn diagram showing the distributions of unique and codifferentially expressed DEGs; C RT-qPCR was performed 
to validate the expression of eight representative genes. D GraphPad software 6.0 (San Diego, CA) was used to perform correlation analysis 
between RT-qPCR (y-axis) and the RNA-Seq platform (x-axis). Data are represented as the mean values ± SEMs from three independent experiments
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concluded that a strong positive correlation exists 
between the RT-qPCR and RNA-Seq data (Fig. 2D).

GO and KEGG enrichment analysis
Enrichment analysis of DEGs is a critical way to screen 
the essential genes of hBMECs responding to JEV infec-
tion, which may help us to find new insights. Therefore, 
GO and KEGG enrichment analyses were performed at 
12, 36, and 72 hpi. The GO terms classified the functions 
of all DEGs into biological process (BP), cellular compo-
nent (CC), and mechanism functions (MF). BP had the 
most enriched cluster at each of the three time points, 
in which the DEGs were mainly involved in defense 
responses to the virus, innate immune responses, and 
viral regulation (Additional file  4: Fig. S3A, C, E). The 
details of the GO enrichment analysis are shown in Addi-
tional file 5: Table S4.

The top 30 enriched pathways in DEGs across all three 
time points were represented based on KEGG pathway 
enrichment analysis, which primarily concentrated on 
host innate immune-relevant pathways, including the 
RIG-I-like receptor signaling pathway, JAK–STAT sign-
aling pathway, and Toll-like receptor signaling pathway 
(Additional file 4: Fig. S3B, D, F). The details of the KEGG 
enrichment analysis are shown in Additional file  5: 
Table S5.

Global transcriptional changes in JEV‑infected hBMECs
Based on the GO and KEGG databases, the global tran-
scriptional responses of hBMECs to JEV infection were 
analyzed. The prominent DEGs selected are presented in 
Table S6, with complete data files deposited in the NCBI 
SRA database under accession number PRJNA936274. 
The upregulation of ISG15, ISG20, ISG15 family ligases 
(HERC5/6), and ISG15 proteases (USP18) also appeared 
upon infection, which has been reported to participate 
in host antiviral immunity [41–44]. The canonical pro-
inflammatory cytokines, including IL-1β/IL-6, did not 
increase after infection (Additional file 5: Table S6), indi-
cating that hBMECs might not be the primary source of 
inflammatory cytokines in JEV-induced CNS inflamma-
tion. Of note, elevated expression of interferon-inducible 
protein 35 (IFI35) was observed in JEV-infected hBMECs 
(Additional file 6: Fig. S4A, B), which has been reported 
to prompt various viral infections by negatively regulat-
ing RIG-I signaling [45, 46]. Nevertheless, overexpressing 
IFI35 in HEK-293T cells failed to accelerate JEV repli-
cation (Additional file  6: Fig. S4C). Additionally, genes 
related to BBB regulation, including CXCL10, CCL5, and 
ICAM2, were also induced during JEV infection (Addi-
tional file 5: Table S6) [47–49]. The DEGs considered crit-
ical were identified at the transcriptional or translational 

levels, most of which displayed increased expression 
(Additional file 6: Fig. S5A, B).

Poly(I: C) treatment or JEV infection induces IFIT 
expression, which exerts antiviral activity
Our RNA-seq data revealed the significant upregula-
tion of IFITs, including IFIT1, IFIT2, IFIT3, and IFIT5 
(Additional file  5: Table  S6), in hBMECs responding 
to JEV infection. As an inducer of IFIT expression [35], 
poly(I: C) was first employed in concentration gradients 
in hBMECs, and a dramatic increase in IFIT mRNA was 
observed (Fig.  3A). To further confirm the RNA-seq 
data, RT-qPCR was performed, and all the IFITs showed 
an upward trend in transcription levels under poly(I: C) 
treatment or JEV infection (Fig. 3B). With specific anti-
bodies, accelerated expression of IFITs in translation 
levels appeared at 36 and 72 h post-JEV infection and at 
each time point under poly(I: C) treatment but not post-
heated JEV infection in comparison with the uninfected 
control group (Fig.  3C, D). The results demonstrated 
elevated expression of IFITs in hBMECs after both treat-
ment with poly(I: C) and infection with JEV.

It has been reported that IFIT1 was proven to exert 
antiviral responses in JEV infection [28], whereas other 
IFITs remain unknown. Therefore, an overexpression 
assay was performed. Human IFITs (hIFIT1, hIFIT2, 
hIFIT3, hIFIT5) were transfected into HEK-293T cells 
at the corresponding doses, followed by JEV infection 
for 48 h. The overexpression of all IFITs showed a dose-
dependent inhibitory effect at the viral RNA (JEV-C) 
level (Fig. 3E) compared to the mock control (empty vec-
tor). At the protein level, consistent results were acquired 
in the immunofluorescence assay. The number of JEV-
E-positive cells showed significant decreases in each of 
the IFIT-, IFN-β-, and IFN-λ1-overexpressing groups 
(Fig.  3F). These findings demonstrated that all human 
IFITs could exert antiviral activity against JEV.

Identified PRRs are associated with hBMEC barrier integrity 
and the induction of IFITs
The detection of viral RNA by PRRs such as TLRs 
and RIG-I-like receptors (RLRs) is well documented, 
and TLR3, RIG-I, and MDA5 are widely used and are 
enriched in our RNA-seq data. Consistently, the enrich-
ment was confirmed at the mRNA and protein levels in 
the hBMECs responding to JEV infection (Fig.  4A–C). 
To further investigate the role of PRRs in hBMECs, sta-
ble cell lines with short hairpin RNA (shRNA)-mediated 
knockdown of TLR3 (shTLR3), RIG-I (shRIG-I), and 
MDA5 (shMDA5) were generated. As expected, the 
expression of each PRR (TLR3, RIG-I, and MDA5) was 
efficiently knocked down in the corresponding cell lines 
(Fig. 4D, E). Then, the CCK-8 assay revealed undescended 
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Fig. 3  Induction and antiviral activity of IFITs. A hBMECs were treated with poly I:C at different concentrations, and IFIT mRNA expression 
was measured. B–D hBMECs were infected with JEV P3 or heated-inactivated JEV P3 (heated-JEV P3, 94 °C, 15 min) or treated with poly I: C 
for different time points, and IFIT expression was measured by performing RT-qPCR (B) and Western blotting (C, D). E, F HEK-293T cells were 
transfected with IFIT1, IFIT2, IFIT3, and IFIT5 expression plasmids or empty vector plasmids at the indicated doses following infection with JEV P3. 
Then, the JEV-C gene was analyzed by RT-qPCR (E), and the JEV-E protein was measured by performing an immunofluorescence assay (F). Data are 
represented as the mean values ± SEMs from three independent experiments. **p < 0.01; ****p < 0.0001; ns: not significant
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cell viability in each PRR-knockdown hBMEC compared 
to shCTL hBMECs (Fig. 4F). As the initiator in the host 
innate immune pathway, the ability of PRRs to modu-
late IFIT expression was next investigated. As shown, in 
each PRR-knockdown hBMEC, IFIT1, IFIT2, and IFIT3 
were lowered in expression during JEV infection at both 
the transcription and translation levels, whereas inhibi-
tion of IFIT5 only appeared in shTLR3 hBMECs (Fig. 4G, 
H). Taken together, the activation of PRRs in hBMECs is 
involved in IFIT induction during JEV infection.

Host innate immune factors diversely modulate BBB 
permeability [21, 50]. Since PRRs initiate innate immune 
signals, we next investigated their role in modulating BBB 
integrity via the in vitro transwell BBB model. Quantita-
tive measurements of TEER (Fig. 4I–L) were performed 
in hBMEC monoculture, cocultured hBMECs with astro-
cytes (U251), and PRR-knockdown hBMECs. As dis-
played, direct infection of JEV in hBMECs did not alter 
the hBMEC barrier integrity (Fig. 4I). In contrast, a com-
promised endothelial barrier appeared in both hBMECs 
cocultured with JEV-infected astrocytes (Fig.  4J) and 
hBMEC monocultures treated with JEV-CM (Fig.  4K). 
In PRR-knockdown hBMECs, without additional treat-
ment, no significant alteration in TEER was observed 
compared to shCTL hBMECs (Fig. 4L). Upon treatment 
with JEV-CM, the knockdown of TLR3 resulted in a 
slower decrease in TEER. In contrast, JEV-CM caused 
an accelerated breakdown of hBMEC barrier integrity 
in shRIG-I and shMDA5 hBMECs (Fig. 4M). Altogether, 
the obtained results indicated that the activation of PRRs 
in hBMECs exerts the function of both inducing IFIT 
expression and differentially regulating hBMEC barrier 
integrity.

JEV infection‑activated IRF is downstream of PRRs, which 
may account for the IFN‑dependent induction of IFITs
Members of the IFN-regulatory factor (IRF) family reg-
ulate gene expression and are pivotal to IFN immune 
responses. RNA-seq data of JEV-infected hBMECs 

demonstrated the enrichment of IRF1 and IRF7, which 
was further confirmed by RT-qPCR results (Additional 
file 6: Fig. S6A). Based on the critical role in IFN signal-
ing [51, 52], the expression of IRF3 was also determined. 
At the protein level, JEV infection induced the accumu-
lation of IRF7, IRF1, and phosphorylated IRF3 (Addi-
tional file 6: Fig. S6B). To investigate whether the altered 
IRF family members were correlated with viral-activated 
PRRs, shTLR3, shRIG-I, and shMDA5 hBMECs were 
employed. As demonstrated, the protein expression 
of IRF7, IRF1, and phosphorylated IRF3 significantly 
declined in each PRR-knockdown hBMEC compared to 
shCTL hBMEC (Additional file 6: Fig. S6C). Together, it 
can be speculated that IRF family members account for 
the induction of IFN-dependent IFITs.

Identification of type I/type III interferons in maintaining 
hBMEC barrier integrity and the induction of IFITs
Previous reports revealed that the induction of IFITs 
occurs in both an IFN-dependent and IFN-independent 
manner [53, 54]. Based on our RNA-seq data and RT-
qPCR analysis, accumulation of type I and type III inter-
ferons (IFN-β and IFN-λ1) occurred in hBMECs under 
JEV infection (Fig.  5A, B), accompanied by consistent 
upregulation at the protein expression level (Fig.  5C, 
D). Then, it was questioned whether the induction of 
IFITs in hBMECs relies on IFN signaling. The cells were 
pretreated with rhIFN-β and rhIFN-λ1, and a dose-
dependent upregulation of IFITs mRNA was observed 
(Additional file  6: Fig. S7A, C). Notably, although IFIT 
mRNA expression reached a maximum at 8  h post-
JEV infection (Additional file 6: Fig. S7B, D), its protein 
expression was lower at 8 hpi than at subsequent time 
points, indicating the necessity of prolonged stimula-
tion with rhIFN-β and rhIFN-λ1 for maintaining IFIT 
expression (Fig. 5E, F). To explore whether IFN-depend-
ent expression of IFITs ubiquitously exists in cells, HEK-
293T cells and Vero cells were employed since there is 
no production of IFNs in Vero cells upon viral infection, 

Fig. 4  The role of PRRs in IFIT induction and hBMEC barrier maintenance. A–C hBMECs were infected with JEV P3 for different time points, 
and the mRNA and protein levels of TLR3 (A), RIG-I (B), and MDA5 (C) were measured. D, E PRR-knockdown hBMECs were infected with JEV P3, 
and the expression of TLR3, RIG-I, and MDA5 was assessed by RT-qPCR (D) and Western blotting (E). F PRR-knockdown hBMECs were serum 
starved after reaching confluence, and cell viability was measured. G, H Expression of IFITs was assessed by RT-qPCR (G) and Western blotting (H) 
in PRR-knockdown hBMECs. I Confluent monolayers of hBMECs in the upper chamber of the transwell plate were infected with JEV P3, and the TEER 
(upper graph) was measured at the indicated times. J hBMECs were seeded onto the upper chamber, cultured astrocytes infected with JEV 
P3 or heated-JEV P3 were placed in the lower compartment of the transwell plate, and the TEER (upper graph) was measured at the indicated 
times. K The culture supernatants from either mock-infected or JEV-infected astrocytes were collected and mixed with an equal volume of fresh 
medium (Mock-CM/JEV-CM) and added to confluent hBMECs in the upper chamber of the Transwell plate. Then, the TEER was measured 
at the indicated times. L, M PRR-knockdown hBMECs were seeded onto the upper chamber of the Transwell plate until confluent. The TEER (upper 
graph) was measured without treatment (L) or with mock-CM/JEV-CM treatment (M) at the indicated times. Data are represented as the mean 
values ± SEMs from three independent experiments. *p < 0.05; **p < 0.01; ****p < 0.0001; ns, not significant

(See figure on next page.)



Page 9 of 19Zhang et al. Journal of Neuroinflammation          (2023) 20:216 	

Fig. 4  (See legend on previous page.)
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but they can respond to exogenous IFNs [55, 56]. As 
depicted in Fig. 5G and H, overexpression of both IFN-β 
and IFN-λ1 in HEK-293T cells immensely enhanced IFIT 
expression at the mRNA and protein levels (Fig. 5G, H). 
Meanwhile, the emergence of upregulated IFITs was 
observed in IFN-β- and IFN-λ1- but not poly I: C-treated 
Vero cells (Fig.  5I, J), which further confirmed that IFN 
signaling is responsible for the induction of IFITs.

Since IFIT1 could negatively regulate IFN expres-
sion [57], the interrelationship between other IFITs and 
IFNs was further investigated. As the RT-qPCR results 
showed, the overexpression of IFIT1, IFIT2, and IFIT3 
restricted IFN-β but not IFN-λ1 induction in HEK-
293 T cells (Fig. 5K). The luciferase assay results further 
illustrated that IFIT1, IFIT2, and IFIT3 inhibited IFN-β 
promoter activity (Fig.  5L). These observations demon-
strated that IFIT1, IFIT2, and IFIT3 negatively modulate 
IFN-β expression.

It was reported that IFNs are involved in BBB regula-
tion among host innate immune factors [14, 22]. An 
in vitro transwell BBB model was employed to determine 
whether the enriched type I/type III IFNs could contrib-
ute to the undamaged barrier integrity of hBMECs upon 
JEV infection. rhIFN-β/rhIFN-λ1 was added to the upper 
part of the chamber prior to treatment with JEV-CM in 
hBMECs, which mitigated the barrier disruption induced 
by JEV-CM (Fig. 5M), further demonstrating the critical 
role of IFNs in barrier maintenance. All these data sup-
ported the participation of IFNs (IFN-β and IFN-λ1) in 
both hBMEC barrier maintenance and IFIT induction.

JAK/STAT pathway was involved in the IFN‑dependent 
induction of IFITs
PRR (RIG-I)-STAT1 signaling has been previously 
reported in brain organoid antiviral immunity in JEV 
infection [58]. RNA-seq and RT-qPCR data suggested 
that JEV stimulated STAT1 transcription (Additional 
file  5: Table  S6, Fig.  6A). JEV infection induced the 

phosphorylation of JAK1, JAK2, and STAT1 in hBMECs, 
indicating activation of the JAK/STAT pathway (Fig. 6B). 
Furthermore, the activation of the JAK/STAT pathway 
and IFN-β/IFN-λ1 induction were weakened in PRR-
knockdown hBMECs under JEV infection (Fig.  6C–E). 
Now, the question arises of how IFNs regulate the PRR-
mediated JAK/STAT pathway. After treatment with 
rhIFN-β and rhIFN-λ1, the phosphorylation of JAK1, 
JAK2, and STAT1 was upregulated, indicating that the 
JAK/STAT pathway is downstream of IFNs (Fig.  6F, G). 
Then, a specific inhibitor, JAK inhibitor I, was employed 
to investigate the role of the JAK/STAT pathway in IFIT 
induction. The CCK-8 assay and the inhibition effects 
identified 5  μM as the practical working concentration 
(Fig. 6H, I, J), which significantly impaired the expression 
of JEV-induced IFITs (Fig. 6K, L). These results strongly 
demonstrated the involvement of the JAK/STAT pathway 
in IFN-dependent IFIT induction.

IFITs are not responsible for maintaining hBMEC barrier 
integrity
The results mentioned above have revealed a PRR-IFN-
dependent induction of IFITs. Considering the effect 
of PRR-IFNs on hBMEC barrier integrity and the com-
plex interrelationship between IFNs and IFITs, we next 
determined the role of IFITs in modulating the barrier 
function of hBMECs. Stable cell lines with shRNA-medi-
ated knockdown of IFIT1 (shIFIT1), IFIT2 (shIFIT2), 
IFIT3 (shIFIT3), and IFIT5 (shIFIT5) were generated 
in hBMECs. The knockdown efficacy was confirmed at 
the mRNA and protein levels (Fig.  7A, B). More than 
90% of cell viability was maintained under the knock-
down of IFITs in hBMECs (Fig.  7C). Then, the TEER 
in IFIT-knockdown hBMECs was measured using the 
in  vitro transwell BBB model. As illustrated, no notice-
able difference appeared between shCTL hBMECs and 
IFIT-knockdown hBMECs without additional treatment 
(Fig.  7D). However, the decreased TEER was observed 

(See figure on next page.)
Fig. 5  The role of IFNs in IFIT induction and hBMEC barrier maintenance. hBMECs were infected with JEV P3, the cells/cell culture supernatants were 
harvested at 0, 12, 36, and 72 hpi, and the expression of IFN-β/IFN-λ1 at the mRNA and protein levels was determined by utilizing RT-qPCR (A, B) 
and ELISA (C, D). E, F hBMECs were treated with 10 ng/ml rhIFN-β (E) or 100 ng/ml rhIFN-λ1 protein (F) for different time points, and IFIT expression 
was measured by Western blotting. G, H HEK-293T cells were transfected with either empty vector plasmid (vector) or IFN-β (Vector-IFN-β)/
IFN-λ1 (Vector-IFN-λ1) expression plasmid as indicated, and IFIT expression was measured by performing RT-qPCR (G) and Western blotting (H). 
I, J Vero cells were treated with poly I: C or rhIFN-β/rhIFN-λ1 protein as indicated, and IFIT expression was measured by performing RT-qPCR (I) 
and Western blotting (J). K HEK-293T cells were transfected with either empty vector plasmid (vector) or plasmids expressing IFIT1 (Vector-IFIT1), 
IFIT2 (Vector-IFIT2), IFIT3 (Vector-IFIT3), and IFIT5 (Vector-IFIT5) as indicated, and IFN-β and IFN-λ1 mRNA expression was measured by performing 
RT-qPCR. (L) Dual-luciferase reporter assays detected IRF1 binding to the IFN-β promotor in IFIT-overexpressing HEK-293T cells. HEK-293T cells were 
transfected with vector-IFIT1, vector-IFIT2, vector-IFIT3, vector-IFIT5, or empty vector plasmid to generate overexpressed cell lines. Simultaneously, 
empty vector plasmid or vector-IRF1 and IFN-β-Luc alone with pRL-TK plasmids were cotransfected into corresponding overexpressed cell lines. 
M hBMECs were cultured in the upper chamber of the transwell plate and pretreated with rhIFN-β and rhIFN-λ1 protein, followed by treatment 
with mock-CM or JEV-CM, and then the TEER (upper graph) was determined at the indicated times. Data are represented as the mean values ± SEMs 
from three independent experiments. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns: not significant



Page 11 of 19Zhang et al. Journal of Neuroinflammation          (2023) 20:216 	

Fig. 5  (See legend on previous page.)
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Fig. 6  The role of the JAK/STAT pathway in IFIT induction. A, B hBMECs were infected with JEV P3 for different time points, and the mRNA 
of STAT1 (A) and the protein of JAK1/p-JAK1, JAK2/p-JAK2, and STAT1/p-STAT1 (B) were measured. C The protein expression of JAK1/p-JAK1, 
JAK2/p-JAK2, and STAT1/p-STAT1 was measured in PRR-knockdown hBMECs under JEV infection. D, E IFN-β and IFN-λ1 mRNA levels were measured 
in PRR-knockdown hBMECs under JEV infection. F, G hBMECs were treated with rhIFN-β or rhIFN-λ1 protein for different time points, and JAK1/
p-JAK1, JAK2/p-JAK2, and STAT1/p-STAT1 protein expression was measured. H hBMECs were treated with the carrier control DMSO or JAK inhibitor 
I at various concentrations for 72 h, and cell cytotoxicity was analyzed. I, J hBMECs were pretreated with carrier control DMSO or 5 μM JAK inhibitor 
I, followed by JEV P3 infection, and the mRNA of STAT1 (I) and the protein of JAK1/p-JAK1, JAK2/p-JAK2, and STAT1/p-STAT1 (J) were determined. 
K, L hBMECs were pretreated with the carrier control DMSO or 5 μM JAK inhibitor I, followed by JEV P3 infection, and IFIT mRNA (K) and protein (L) 
expression was measured. Data are represented as the mean values ± SEMs from three independent experiments. ***p < 0.001; ****p < 0.0001; ns: 
not significant



Page 13 of 19Zhang et al. Journal of Neuroinflammation          (2023) 20:216 	

in IFIT-knockdown hBMECs caused by JEV-CM, which 
could be partially rescued by treatment with rhIFN-β and 
rhIFN-λ1 (Fig. 7E), indicating a nonessential role of IFITs 
in the maintenance of hBMEC barrier integrity by IFNs.

Discussion
Growing evidence suggests that permeabilizing and 
spreading from the endothelium is a critical initial step 
for neuroviruses to bypass the BBB and cause CNS 
inflammation [8, 9, 12, 59, 60]. However, to date, only a 
few reports are available on mapping the comprehen-
sive gene expression profiles of BBB endothelial cells 
responding to Flaviviridae, especially JEV. For the first 
time, RNA-seq was performed in JEV-infected hBMECs, 
which provided more in-depth information on over-
all gene expression and triggered cell signaling. As pre-
sented in Fig.  8, hBMECs first employed PRRs (TLR3, 

RIG-I, and MDA5) to sense JEV and then initiated the 
IRF/IFN response to induce IFIT expression in a JAK/
STAT-dependent manner. In addition to the well-char-
acterized function of sensing viruses, the knockdown 
of distinct PRRs in hBMECs exerts different regulatory 
effects on endothelial barrier integrity. Downstream of 
PRRs, IFNs and IFITs exhibited antiviral activity in JEV 
infection. Notably, in an in  vitro BBB model, treatment 
with rhIFN-β and rhIFN-λ1 mitigated the JEV-CM-com-
promised hBMEC barrier, indicating the protective role 
of IFNs, which aligns with previous studies [14, 24, 61, 
62]. However, IFITs were dispensable in maintaining the 
hBMEC barrier, despite their complex interrelationship 
with IFNs.

Similar to the previous result [9], in our in  vitro BBB 
model, direct infection of JEV failed to destroy the 
hBMEC barrier, while the basolateral release of infectious 

Fig. 7  IFITs are nonessential in hBMEC barrier integrity. A, B The expression of IFITs was assessed by RT-qPCR (A) and Western blotting (B) 
in IFIT-knockdown hBMECs under JEV infection. C After serum-free starvation, cell viability was determined in IFIT-knockdown hBMECs. D, E 
IFIT-knockdown hBMECs were seeded onto the upper chamber of the Transwell plate until confluent. At the indicated times, the TEER (upper graph) 
was measured without treatment (D) or with rhIFN-β and rhIFN-λ1 protein treatment prior to the addition of JEV-CM (E). Data are represented 
as the mean values ± SEMs from three independent experiments. **p < 0.01; ****p < 0.0001
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particles from infected BMECs may be sufficient for virus 
invasion without a remarkable CPE [63]. These findings 
suggested a way for JEV to permeabilize the BBB and 
spread into the CNS from BMECs. Upon natural infec-
tion in humans, few studies have confirmed the infection 
of BMECs owing to technical issues in the analysis of 
brain tissues [64, 65]. These events highlight the necessity 
of exploring the infection of human BMECs in vitro.

In the BBB, BMECs are in the first line of contact with 
JEV or JEV-infected cells. The innate immune responses 
are immediately initiated in host cells upon viral infec-
tion, including hBMECs [33, 48]. Although hBMECs are 
widely accepted as a constituent of the BBB, immune 
activation generally occurs with stimulation [66]. The 
RNA-seq data in this study provided information on the 
activated hBMEC immune response in defending against 
JEV invasion, including the JAK/STAT signaling path-
way, cytokine‒cytokine receptor interaction, Toll-like 
receptor signaling pathway, RIG-I-like receptor signal-
ing pathway, etc. Consistent with previous reports, PRRs 
(TLRs and RLRs) positively regulate IRF/IFN signal-
ing to restrict JEV infection [67] and induce the expres-
sion of IFITs [68]. RLR signaling, including RIG-I and 
MDA5, has been implicated in viral RNA recognition, 
including that of JEV [69]. Then, IRF (IRF1, IRF3, and 

IRF7) signaling was activated and bound to response ele-
ments stimulated by IFN and located on the promoter of 
IFN genes [70] to induce ISG (ISG15, HERC5, IFITM1, 
BST2, OAS1, OAS2, OAS3, OASL, GBP1, GBP4, IFI44, 
TRIM22, IFI35, IFIT1, IFIT2, IFIT3, and IFIT5) expres-
sion in the hBMEC response to JEV infection. ISGs take 
on diverse roles in host cells against viral infection [71]. 
The antiviral activity of ISG15 is well characterized in 
resistant Flaviviruses, including JEV, Dengue fever virus, 
and West Nile virus (WNV) [72, 73]. The Mx GTPase 
pathway exerts an antiviral effect against various viruses 
[74–76], but is nonessential for IFN-α against JEV [77]. 
Although IFI35 was identified as a contributor to other 
Flaviviridae infections [46], the overexpression of IFI35 
failed to boost JEV infection in this study, which might be 
due to the pleiotropic functions of genes in different viral 
infections and distinct cell types.

Enriched IFITs caught our attention with their multiple 
functions in participating in brain cells’ antiviral immune 
response and viral encephalitis [18, 78–81]. Consistent 
with the results in human glomerular endothelial cells, 
IFITs were found to be strongly induced in poly I: C 
treatment and viral infection in previous reports [35, 82] 
and this study. In addition, they can be induced by both 
IFN-dependent and IFN-independent mechanisms [53, 

Fig. 8  Schematic presentation of host innate immune factor-mediated intracellular communication for inducing IFIT expression, restricting JEV 
infection, and modulating hBMEC barrier integrity. During infection, hBMECs employed PRRs (TLR3, RIG-I, and MDA5) to sense JEV and subsequently 
triggered IRF phosphorylation and translocation to the nucleus, leading to the synthesis and secretion of IFNs, which induced IFIT expression 
in a JAK/STAT-dependent manner. Additionally, these upregulated immune factors differentially regulate hBMEC barrier integrity
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67]. By overexpressing IFNs in HEK-293T cells or treat-
ing hBMECs/Vero cells with rhIFN-β/rhIFN-λ1 protein, 
we observed the upregulation of IFITs, which is in line 
with the essential role of IFNs in regulating IFIT expres-
sion [83]. IFITs exert antiviral functions in several viral 
infections, including severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2), human cytomegalovirus 
(HCMV), and WNV [19, 84–86]. IFIT1 has been found to 
directly recognize 5′-triphosphate viral RNA to restrict 
JEV infection, as host mRNAs lack this feature [28]. Simi-
lar inhibitory effects also appeared for other IFITs in this 
research, including IFIT2, IFIT3, and IFIT5. In contrast, 
NF-κB-dependent IFIT3 was found to prompt hepatitis 
B virus (HBV) infection [87]. Human and murine IFIT1 
failed to restrict negative-sense RNA viral replication 
[88]. Intriguingly, in our study, overexpression of IFITs 
(IFIT1/IFIT3) inhibited IFN-β activation, in accordance 
with previously reported results [57, 89], indicating com-
plex crosstalk between IFITs and IFNs.

BBB disruption occurs in the JEV-infected mouse 
model and in the in  vitro BMECs-astrocytes coculture 
BBB model [29, 90]. The supernatants of JEV-infected 
astrocytes disrupt endothelial barrier integrity in  vitro 
via inflammatory cytokines [30], which was observed in 
our study. As a highly specialized structure of the BBB, 
PRR expression not only senses viral PAMPs, but also 
modulates BBB homeostasis [50]. In line with a previous 
report [21], the knockdown of PRRs (RIG-I and MDA5) 
accelerated the disruption of hBMEC barrier integrity 
caused by JEV-CM in an in  vitro BBB model. On the 
basis of our findings and the general trends observed in 
the literature, activated PRRs (RIG-I and MDA5) are suf-
ficient to maintain the BMEC barrier function dominated 
by induced IFNs. Treatment with distinct PRR agonists 
leads to varied consequences on the BMEC barrier [21], 
indicating a complicated correlation between the BBB 
and distinct PRRs. Consistent with our data, activation 
of TLR3 was observed to boost barrier dysregulation in 
BMECs [21], indicating a disruptive role of TLR3 in BBB 
maintenance. However, the specific role of TLR3 in BBB 
regulation remains controversial, as another report failed 
to link TLR3 activation to BBB disruption [91]. These 
inconsistencies may be due to the multifunctional genes, 
distinct viral infections, infection conditions, and various 
downstream signals of PRRs [92].

IFNs are predominant in regulating the BBB, which can 
be induced via activated PRRs in hBMECs responding to 
JEV infection. Treatment with IFN-β protects the BBB in 
relapsing–remitting multiple sclerosis (RRMS) patients 
[93]. IFN-β dose-dependently stabilized endothelial 
barrier integrity with increased TEER in an in  vitro 
BBB model of brain capillary endothelial cells and rat 
astrocytes on the reversed side [25]. Functionally, the 

protective effect of IFN-β can maintain endothelial cell 
barrier integrity as well as counteract the impact of bar-
rier-disrupting factors (such as inflammatory cytokines 
TNF-α and IL-1β) [21, 50], which was in line with our 
result in the in vitro transwell model. Type III IFN (IFN-
λ) exerts a protective effect by stabilizing the BBB and 
limiting virus neuroinvasion [26]. Consistently, treatment 
with rhIFN-λ in hBMECs decreased JEV-CM-induced 
hBMEC barrier damage in this study. Considering the 
sophisticated interrelation between IFNs and IFITs, 
the question arises as to whether IFITs are involved in 
endothelial barrier regulation. As in prior studies, an 
accumulation of IFIT2 has been found in JE [94, 95], 
and IFIT2 deficiency triggered uncontrolled neuro-
tropic coronavirus infection with enhanced encephalitis 
[81]. However, treatment with IFNs in IFIT-knockdown 
hBMECs still subsided JEV-CM-induced endothelial bar-
rier disruption, suggesting a nonessential role of IFITs in 
maintaining the barrier integrity of hBMECs. Although 
IFN’s maintenance of the BBB was validated in our and 
others’ models, the specific mechanism and function of 
downstream ISGs in IFN-mediated BBB maintenance 
have yet to be determined and require further study. 
Currently, strand-specific sequencing of RNA (ssRNA-
seq) has emerged as a powerful tool in profiling complex 
transcriptomes [96]. Additionally, single-cell RNA-seq 
(scRNA-seq) analysis has been employed in studying 
the BBB in  vivo [97]. Therefore, it is essential to utilize 
novel technologies to delve deeper into the specific role 
of IFN in regulating BBB integrity in vivo and to elucidate 
whether it could serve as a potential therapeutic target 
during JE.

Conclusions
In summary, this research provided the first comprehen-
sive analysis of host‒pathogen interactions in hBMECs 
responding to JEV infection by RNA-seq. We identified 
the innate immune pathway PRR-IRF/IFN-JAK/STAT-
IFIT signaling cascade in BMECs effectively against 
JEV infection. Additionally, different PRRs differentially 
regulate the endothelial barrier, and IFNs protect the 
hBMEC barrier from JEV-CM (including inflamma-
tory cytokines), whereas IFITs are not essential in IFN-
mediated endothelial barrier maintenance. Collectively, 
understanding the role of type I/type III IFN and related 
factors in JEV infection and BBB integrity may help 
develop a new therapeutic strategy for CNS inflamma-
tory responses in JE and other neuroinvasive diseases in 
the future.
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(Vector-IFI35) as indicated, and the expression of IFI35 and JEV-E at the 
protein level was measured by Western blotting. Data are represented as 
the mean values ± SEMs from three independent experiments. **p < 0.01; 
****p < 0.0001. Fig. S5. JEV infection triggers the induction of ISGs in 
hBMECs, Related to Table 2. The hBMECs were infected with JEV P3 for the 
indicated time, and mRNA levels of IFN-λ2,3, IFITM1, ISG15, OAS1, OAS2, 
OASL, GBP4, CXCL10, USP18, IFI44, and CCL5 in these cells were quantified 
by RT-qPCR (A), and the protein levels of USP18, IFITM1, and ISG15 were 
measured by Western blotting (B). Fig. S6. JEV infection induced IRF acti‑
vation in hBMECs. The hBMECs were infected with JEV P3 for the indicated 
time, and the expression of IRF7 and IRF1 at the mRNA level (A) and IRF7, 
IRF1, and IRF3/p-IRF3 at the protein level (B) were measured by perform‑
ing RT-qPCR and Western blotting, respectively. (C) Cells were infected 
with JEV P3 for 36 h, and the protein levels of IRF7, IRF1, and IRF3/p-
IRF3 were measured in shCTL, shTLR3, shRIG-I, and shMDA5 hBMECs, 

representing significantly upregulated and downregulated genes, 
respectively. Blue dots (middle) represent insignificantly expressed genes. 
Data are represented as the mean values ± SEMs from three independent 
experiments. ** p < 0.01; ****, p < 0.0001. Fig. S7. IFN-β/IFN-λ1 treatment 
induced IFIT mRNA expression in hBMECs. (A, C) hBMECs were treated 
with distinct concentrations of rhIFN-β/rhIFN-λ1 protein, and IFIT mRNA 
expression was measured. (B, D) Cells were treated with 10 ng/ml rhIFN-β 
(B) or 100 ng/ml rhIFN-λ1 protein (D) for different time points, and IFIT 
expression was measured by performing RT-qPCR. Data are represented as 
the mean values ± SEMs from three independent experiments. **p < 0.01; 
****p < 0.0001.

Additional file 7: Table S7. List of antibodies used in this study.
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