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Abstract 

Japanese encephalitis is an acute infectious disease of the central nervous system caused by neurotropic Japanese 
encephalitis virus (JEV). As a member of TAM (Tyro3, Axl and Mertk) family, Mertk has involved in multiple biological 
processes by engaging with its bridging ligands Gas6 and Protein S, including invasion of pathogens, phagocytosis 
of apoptotic cells, inflammatory response regulation, and the maintenance of blood brain barrier (BBB) integrity. 
However, its role in encephalitis caused by JEV infection has not been studied in detail. Here, we found that Mertk−/− 
mice exhibited higher mortality and more rapid disease progression than wild-type mice after JEV challenge. There 
were no significant differences in viral load and cytokines expression level in peripheral tissues between Wild type 
and Mertk−/− mice. Furthermore, the absence of Mertk had little effect on the inflammatory response and immu-
nopathological damage while it can cause an increased viral load in the brain. For the in vitro model of BBB, Mertk 
was shown to maintain the integrity of the BBB. In vivo, Mertk−/− mice exhibited higher BBB permeability and lower 
BBB integrity. Taken together, our findings demonstrate that Mertk acts as a protective factor in the development 
of encephalitis induced by JEV infection, which is mainly associated with its beneficial effect on BBB integrity, rather 
than its regulation of inflammatory response.
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Introduction
Japanese encephalitis virus (JEV) is a mosquito-borne 
zoonotic flavivirus, which is the main cause of viral 
encephalitis in Asian countries but with no specific 
treatment available. JEV is a single-stranded positive-
sense RNA virus belonging to the genus Flavivirus, 
which is mainly transmitted by animal vectors such as 
Culex tritaeniorhynchus, birds, bats and snakes [1–3]. 
JEV is a highly neurotropic flavivirus that can break 
through host bloodbrain barrier (BBB), causing neu-
ronal infection, microglia activation, and eventually 
fatal Japanese encephalitis (JE) [4]. JEV is widely prev-
alent in Asian region with an estimated 68,000 clini-
cal cases annually. Although symptomatic JE after JEV 
infection is relatively rare, the rate of fatal case among 
JE patients can reach 30%. Nearly half of the patients 
suffer from permanent neurological and psychiatric 
sequelae. Despite the safe and effective JEV vaccine has 
greatly reduced the incidence of JE, the absence of spe-
cific treatments for patients with JE is the crucial factor 
contributing to poor prognosis [1–3, 5–7]. Therefore, 
intensive investigation of JEV pathogenic mecha-
nisms is needed for the development of interventional 
strategies.

Mertk, member of the TAM (Tyro3, Axl and Mertk) 
family, is a type 1 receptor of tyrosine kinase involved in 
multiple biological processes by engaging with its bridg-
ing ligands Gas6 and Protein S. Gas6 and Protein S bind 
to phosphatidylserine (PtdSer) displayed on apoptotic 
cell membranes to initiate subsequent phagocytosis [8]. 
By taking advantage of this “apoptotic mimicry” form, 
several enveloped viruses, such as Zika, Ebola, Influenza 
and SARS-CoV2, incorporate PtdSer into the viral parti-
cle membranes to bind Gas6 and Protein S, thus medi-
ating the viral entry and attenuating cellular antiviral 
response [9–12]. Another distinctive function of TAM-
PtdSer pathway is its regulation of innate immunity and 
inflammation. Deficiencies in TAM receptors have been 
associated with chronic inflammatory and autoimmune 
diseases. Enveloped viruses strongly activate TAM recep-
tors to bypass the host immune defense by dampening 
type I IFN signaling [13]. For example, after infection 
with vesicular stomatitis virus (VSV), Mertk signaling 
is activated, IL-10 and TGF-β levels are increased, pro-
moting viral replication [14]. Additionally, TAM and 
its ligands have been shown to participate in vascular 
homeostasis by promoting the stabilization of platelet 
aggregation and survival of endothelial cells. Jonathan 
et al. found that Mertk could protect against neuroinva-
sive viral infection by maintaining the integrity of BBB to 
prevent the virus from invading the central nervous sys-
tem at early stage, such as West Nile virus (WNV) and La 
Crosse virus (LACV) [15]. Taken together, accumulating 

evidence suggests that TAM family exerts diverse func-
tions in viral infectious diseases.

Several studies have shown that systemic immune acti-
vation under neurotropic virus infection condition will 
aggravate the leakage of the BBB, causing the infiltra-
tion of numerous virions and activate peripheral immune 
cells into the brain, leading to an irreversible intracranial 
inflammatory storm [15–17]. Due to the multifaceted 
roles of Mertk played in regulation of immunity and vas-
cular permeability, this study intends to uncover the role 
of Mertk played in JEV pathogenesis.

In this study, we found that Mertk−/− mice exhibited 
higher mortality and faster disease progression than 
wild-type mice after JEV infection. This phenotype exhib-
ited by the Mertk−/− mice was mainly associated with 
enhanced breakdown of the BBB, which could promote 
viral invasion into the central nervous system and induce 
more intensive encephalitis.

Materials and methods
Ethical statement
All animal experiments were reviewed and approved 
by the Animal Care and Use Committee of the Labo-
ratory Animal Center, Air Force Medical University. 
The number of Animal Experimental Ethical Inspec-
tion is 20220109. And all experiments were carried out 
in accordance with the recommendations set out in the 
Guide for the Care and Use of Laboratory Animals.

Cells and virus
The JEV-P3 strain was propagated in the brains of 3-day-
old inbred BALB/C suckling mice and titrated by con-
ventional plaque assay. The neuroblast cell line Neuro2a, 
baby hamster kidney (BHK) cells, brain microvascular 
endothelial cell line bEnd.3, and HEK 293T cells (pur-
chased from American Type Culture Collection (ATCC)) 
were cultured in Dulbecco’s modified Eagle’s medium 
(DMEM, Gibco, United States) containing 10% fetal 
bovine serum (FBS, Gemini, United States) and 1% peni-
cillin streptomycin combination (Solarbio, China).

Cell culture and JEV infection
Neuro2a cells were seeded in 24 wells with the density 
of 5 × 103 overnight. The cells were washed by phos-
phate-buffered saline (PBS) and then infected with JEV 
(MOI = 1) at 37  °C for 1  h. After adsorption, virus-con-
taining suspension was replaced with fresh DMEM for 
subsequent cell culture.

Mice
AXL/Mertk double knockout mice were kindly donated 
by Professor Dai Shu Han (Peking Union Medical Col-
lege, Chinese Academy of Medical Sciences) and were 
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maintained in a specific pathogen-free (SPF) facility. 
AXL/Mertk double knockout mice were backcrossed 
with wild-type C57BL/6J mice, and toe DNA from new-
born mice was extracted and amplified through PCR 
with PrimeStar (Takara, Japan) for genotyping. Then, the 
amplified products were analyzed by agarose gel elec-
trophoresis to screen WT, Mertk+/−, Mertk−/− descend-
ants (sequences of primers are listed in Supplementary 
Table S1). The sizes of PCR products are 519 bp for WT 
mice, 519 and 650 bp for Mertk+/− mice, and 650 bp for 
Mertk−/− mice.

Mice infection
WT and Mertk−/− mice (6–8  weeks) were inoculated 
with 1 × 106 plaque-forming units (PFUs) of JEV-P3 in 
20 µl of PBS via footpad injection. Body weight, behavior 
score, and death cases of each group were recorded twice 
a day at 8:00–9:00 and 16:00–17:00 for 20 days until all 
the groups were totally stable. The scoring criteria were 
referred as Bian et  al. [18] described. The scoring crite-
ria were as follows: 0: no significant abnormal behaviors, 
piloerection, restriction of movement, body stiffening, 
or hind limb paralysis; 1: piloerection, no restriction of 
movement, body stiffening, or hind limb paralysis; 2: 
piloerection, restriction of movement, no body stiffen-
ing or hind limb paralysis; 3: piloerection, restriction of 
movement, body stiffening, no hind limb paralysis; 4: 
piloerection, restriction of movement, body stiffening, 
and hind limb paralysis; 5: piloerection, restriction of 
movement, body stiffening, hind limb paralysis, some-
times tremor and even death.

Hematoxylin–eosin (HE) staining
Brain tissues were fixed in 4% paraformaldehyde and 
embedded in paraffin. Paraffin sections (5 μm) were then 
dewaxed and hydrated. Subsequently, the sections were 
sequentially stained with hematoxylin and eosin using a 
hematoxylin–eosin (HE) staining kit (Servicebio). Finally, 
the sections were examined under an optical microscope.

Brain sectioning and immunofluorescence staining
Brain tissues used for sectioning and Immunofluores-
cence staining were obtained from JEV-infected WT and 
Mertk−/− mice. Mice were subjected to cardiac perfusion 
under anesthesia, then the brain tissues were collected in 
4% PFA. The primary and secondary antibodies used in 
this study were listed in Supplementary Table S2.

DNA construction
Two shRNA targeting Mertk (sequences in Supplemen-
tary Table  S3) with the restriction endonucleases AgeI 
and EcoRI were annealed and inserted into the pLK0.1-
puro plasmid. The plasmids from positive clones were 

extracted and sequenced to obtain the correct recombi-
nant interfering plasmid.

Preparation of recombinant lentiviral particles
Lentiviral pseudoparticles were generated by cotransfect-
ing 293T cells in 6-well plates with the plasmids pLenti-
shRNAi-Mertk-puro proviral DNA (3  μg); envelope 
plasmid (pMD2.G, 1 μg); and packing plasmid (psPAX2, 
2  μg). The cell culture medium was changed to 1.7  ml 
DMEM before transfection. For each transfection, 18 µl 
transfection regent LipoFectMAX (ABP Biosciences, 
United States) was mixed with 6 µg total DNA in 0.3 ml 
DMEM for 30 min and then added to the 6-well plates. 
The cells were maintained at 37  °C for 6  h, after which 
the medium was changed with 5  ml DMEM with 10% 
FBS. The supernatants were harvested at 48 and 72 h. The 
cell debris was removed by centrifugation at 1000×g for 
10 min and then 10,000×g for 30 min.

Lentivirus infection
bEnd.3 cells were seeded into 6-well plates at 2 × 105 
overnight. The supernatant was removed, and 2  ml 
Mertk-shRNA lentiviral particles mixed with poly-
brene (8 µg/ml) was added. Lentiviral supernatants were 
replaced every 2  h until the viral supernatant was used 
up. Forty eight hours after the infection, fresh DMEM 
containing puromycin (5 µg/ml) was added to screen the 
positive cells.

Blood–brain barrier permeability measurements
WT and Mertk−/− mice were injected intraperitoneally 
with sodium fluorescein solution (0.1 g/ml, 200 μl/mice). 
After 30  min, eyeball blood was collected into the EP 
tube pretreated with EDTA-Na2. The peripheral blood 
cells were removed by cardiac perfusion before brain 
tissue dissection. The eyeball blood was centrifuged at 
6000g for 10 min, then 100 μl serum mixed with 100 μl 
15% trichloroacetic acid was centrifuged at 10000g for 
30 min. After weighing the brain tissues, 7.5% trichloro-
acetic acid was added according to 150 μl/mg and ground 
with high flux tissue grinder (QIAGEN), then centri-
fuged at 10000g for 30  min. 120  μl centrifugal superna-
tants obtained from blood and brain tissue respectively 
were mixed with 30 μl 5M NaOH. 100 μl of the mixture 
was added to the 96-well blackboard. Fluorescence emis-
sion at 485 and 535 nm was determined using multimode 
microplate reader SPARK (TECAN). The value of fluo-
rescein sodium uptake in the brain tissue was considered 
as the ratio of brain tissue fluorescence value/plasma flu-
orescence value.
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In vitro BBB model establishment and TEER measurement
The Transwell chamber (Thermo, Waltham, MA, United 
States) was inverted inserted into 24-well plate, and then 
C8-Dia cell suspension (25,000/well) was seeded at the 
bottom side of the chamber and incubated at 37  °C for 
6 h. Then Neuro2a cell suspension (5000/well) was inoc-
ulated in the 24-well plate, and the chamber was inserted 
into the corresponding 24-well plate. BEnd.3 or bEnd.3-
KD Mertk cell suspension (50,000/well) were then seeded 
at the upper side of the chamber. The cells were cul-
tured in 10%FBS DMEM medium containing penicillin. 
Before the daily electrical impedance test, cell culture 
medium should be replaced with fresh medium. The 
electrical impedance values were detected by the electri-
cal impedance detector and recorded daily. After about 
4  days, the electrical impedance was increased steadily, 
and a stable liquid column difference was formed com-
pared with the blank chamber, indicating that the in vitro 
BBB model was successfully constructed. Then the virus 
was infected and the culture medium was replaced with 
serum-free DMEM. The virus (MOI = 1) was inoculated 
onto the Neuro2a cells in the 24-well plate, and the upper 
chamber was subsequently placed into the 24-well plate 
for further cultivation. the resistance was detected and 
recorded every day. The impedance value calculates the 
TEER = resistance value Ω/0.33 cm.

qRT‑PCR
Total RNA from mouse tissues and cells were extracted 
with Total RNA Kit I (Omega, America). cDNA was 
prepared by the PrimeScript RT reagent Kit (TaKaRa, 
Japan). qRT-PCR experiments used SYBR Green Real-
Time PCR Master Mix (TaKaRa, Japan) (the primers used 
were listed in the Supplementary Table S4). The mRNA 
expression was normalized to β-actin expression, and the 
data are shown as the relative change to the correspond-
ing reference for each group.

Western blotting
Total protein from the brain of each mouse was extracted 
with radio-immunoprecipitation assay (RIPA) buffer 
containing phenylmethanesulfonyl fluoride (PMSF) and 
phosphatase inhibitors and then quantified by protein 
reagent assay BCA kit (Thermo, Waltham, MA, United 
States). Thirty micrograms of protein from each sample 
were loaded and electrophoresed using sodium dodecyl 
sulfatepolyacrylamide gel electrophoresis (SDS-PAGE 
Gel Quick Preparation Kit, Beyotime, China) and trans-
ferred protein onto polyvinylidene difluoride (PVDF) 
membranes (Millipore, Billerica, MA, United States). 
The membranes were incubated with primary antibod-
ies (antibodies in Supplementary Table  S2) overnight at 
4  °C, followed by DyLight 800/700-labeled secondary 

antibodies for 1 h at RT. The blots were visualized using 
an infrared imaging system (Odyssey, LI-COR, NE, 
United States).

Plaque assay
BHK cells were cultured overnight in 12-well plates at a 
density of 2 × 105 per well. The supernatants of the cells 
were removed, and the cells were washed twice with 
1 × PBS solution. Then, the serial 5-fold diluted viral sus-
pension samples with DMEM were added and incubated 
with BHK cells for 2  h at 37  °C. The viral supernatant 
was replaced with 4 ml overlay media (25 ml 4 × DMEM, 
50 ml 4% methylcellulose, 2 ml FBS, 23 ml ddH2O) and 
incubated for 5  days. The overlay medium was washed 
off with 1×PBS several times until the upper overlay was 
rinsed, and then cells in each well were immobilized with 
2 ml Crystal violet dye for 15 min. Finally, 12-well plate 
was washed with flowing tap water and plaques were 
counted.

Enzyme‑linked immunosorbent assay
The enzyme-linked immunosorbent assay (ELISA) kit 
(Proteintech, China) was used to detect the concentra-
tion of inflammatory cytokines in serum of WT and 
Mertk−/− mice, such as tumor necrosis factor-α (TNF-
α), interleukin-10 (IL-10) and IL-6. Twenty-five micro-
liters of serum were added to the enzyme-labeled plate 
coated with TNF-α antibody, and incubated at 37 °C for 
2 h. Then, the serum was removed, the plate was washed 
with wash buffer for four times, and TNF-α antibody was 
added for another 60  min. Subsequently, the working 
solution of the enzyme conjugate was added to the plate, 
and the plate was incubated for 40  min. After washing 
the plate, the color-developing substrate was added, and 
the plate was incubated for 15  min. The optical density 
(OD) at 450 nm was measured using a microplate reader 
after the termination liquid was added. The contents of 
IL-10 and IL-6 were detected using the same procedure 
as that for TNF-α.

Statistical analysis
All statistical analysis were performed using GraphPad 
Prism version 8 software. Statistical differences were 
determined using Student’s t-test or two-way analysis 
of variance (ANOVA). P-values < 0.05 were considered 
significant.

Results
Mertk knockout mice are highly susceptible to JEV 
infection
To determine the role of Mertk in the pathogenesis of JEV 
infection, we evaluated the survival rate, body weight and 
neurobehavioral score of both WT and Mertk−/− mice 
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group after JEV infection. The mortality of wild-type 
mice inoculated with JEV at 106 PFU was about 60%, 
while that of Mertk−/− mice was 100% (Fig  1A). The 
median survival time of infected Mertk−/− mice was 
also shorter than WT group. In addition, JEVchallenged 
Mertk−/− mice exhibited higher behavioral scores and 
faster weight loss compared to WT mice (Fig 1B, C). The 
high morbidity and mortality observed in JEV-infected 
Mertk−/− mice suggest a protective role of Mertk during 
JEV infection.

No significant difference in viral replication 
and inflammatory cytokines in the peripheral tissue 
of JEV‑infected WT and Mertk−/− mice
Since the pathophysiology caused by viral infection 
in peripheral tissues are closely related to brain tis-
sue for viral encephalitis, we next had detected the viral 
load and expression levels of immune response-related 
cytokines in the peripheral tissues of JEV-infected WT 
and Mertk−/− mice at different time-points. The JEV rep-
lication kinetics in the serum of WT and Mertk−/− mice 
measured by plaque assay demonstrated similar viremia 
at different time points after JEV infection (Fig.  2A). 
We next detected the JEV RNA copies in the spleens of 
WT and Mertk−/− mice infected with JEV. Nonetheless, 
there was no significant difference in JEV RNA levels 
in the spleens of WT and Mertk−/− mice after infection 
(Fig. 2B). These data suggested that Mertk had no signifi-
cant effect on peripheral viral load restriction during JEV 
infection.

Recent works  have implicated that the TAM pathway 
could alleviate immunopathological injury by nega-
tively regulating the inflammatory response. It is known 
that JEV infection can induce a strong up-regulation of 

multiple inflammatory cytokines and chemokines, which 
in turn mediate the severe immunopathological dam-
age. Therefore, we next assessed the expression levels of 
classical inflammatory cytokines in the spleen by qPCR. 
Although the expression levels of IL-1β and TNF-α were 
higher in Mertk−/− mice than WT mice at day 5 post of 
infection (Fig.  2C–G), overall, the expression levels of 
other inflammatory cytokines induced by JEV infection 
were comparable in the spleen of WT and Mertk−/− mice. 
Furthermore, the expression of inflammatory cytokines 
in serum of WT and Mertk−/− mice on the 3rd day of 
infection was determined by ELISA (Fig.  2H–J). The 
results showed that there was no significant difference 
in the expression of IL-10, IL-6 and TNF-α in serum of 
WT and Mertk−/− mice. Collectively, our data suggested 
that the protective effect of Mertk against JEV infection is 
independent of its function in the periphery.

Significantly increased viral load in the brain tissues 
from Mertk−/− mice after JEV infection
Since Mertk had no significant effect on viral replication 
and inflammatory response in the periphery, we further 
intended to investigate the role of Mertk in the central 
nervous system (CNS). Therefore, we  detected the JEV 
mRNA level and viral protein expression level in the 
brain tissues from WT and Mertk−/− mice infected sub-
cutaneously with JEV. The results showed that both the 
viral mRNA level (Fig.  3A) and the viral non-structural 
protein NS3 expression level (Fig. 3B) were significantly 
higher in the brain tissues of Mertk−/− mice compared 
with WT mice at 5 days post of JEV infection.

Meanwhile, we examined the mRNA levels of several 
inflammatory cytokines in the brain tissues of Mertk−/− 
and WT mice. The results showed that the inflammatory 

Fig. 1  Mertk KO mice are highly susceptible to JEV infection. WT (n = 11) and Mertk−/− (n = 10) mice were administered with JEV P3 strain (1 × 106 
PFU) in-footpad per mouse. Survival (A), behavior score (B) and body weight changes (C) of WT and Mertk−/− mice were monitored for 20 days 
after JEV challenge
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cytokines, including TNF- α, IL-1 β, IL-6 and IL-10, were 
at comparable levels, except that the level of CCL2 was 
significantly increased in Mertk−/− mice (Fig. 3A).

Further histopathological evaluation also confirmed 
that there was no significant difference in necrosis, astro-
cytosis and hemorrhage in the brain tissues between 
WT and Mertk−/− mice after JEV infection (Fig.  3C). 
These data suggested that the absence of Mertk caused 
an increased viral load in the CNS, but had little effect 

on the inflammatory response and immunopathological 
damage in the brain.

Mertk is critical for maintaining the integrity of blood–
brain barrier
Since Mertk knockout had  resulted in increased CNS 
viral load, but no significant changes were observed in 
peripheral or central immune response, we hypothesized 
that increased viral invasion might be responsible for the 

Fig. 2  Viral load and inflammatory response in peripheral were not significantly changed between WT and Mertk−/− mice after JEV infection. A 
Blood sample were collected from mice tail vein at 1 day and 3 days after JEV infection in WT (n = 3) and Mertk−/− (n = 3) mice. Plague formation 
assay was performed to determinate virus titers in peripheral. B–G Profiles of JEV mRNA level (B) and inflammatory genes (C–G) in spleen of WT 
and Mertk−/− mice were detected at 1 day (WT + PBS n = 4, Mertk−/− + PBS n = 4, WT + JEV n = 7, Mertk−/− + JEV n = 7), 3 days (WT + PBS n = 5, 
Mertk−/− + PBS n = 4,WT + JEV n = 12, Mertk−/− + JEV n = 11) and 5 days (WT + PBS n = 4, Mertk−/− + PBS n = 4,WT + JEV n = 11, Mertk−/− + JEV n = 11) 
after JEV infection by qPCR. The expression level was normalized to WT mice treated with PBS. H–J Levels of the proinflammatory cytokines 
interleukin (IL)-10, IL-6, and tumor necrosis factor alpha (TNF-α) in the serum of WT and Mertk−/− mice were detected by enzyme-linked 
immunosorbent assay (WT + PBS n = 3, Mertk−/− + PBS n = 3, WT + JEV n = 4, Mertk−/− + JEV n = 4). *P < 0.05, **P < 0.01 and ***P < 0.001
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accumulation of virus in the brain. It is known that BBB is 
an important barrier preventing pathogens from invading 
the CNS. And previous studies have identified Mertk as a 
critical maintainer of BBB integrity [15]. As a result, we 
found that in Mertk knockout mice, JEV virus replication 
in brain was more obvious. To detect whether the disrup-
tion of BBB integrity induced by the knockout of Mertk is 
a possible factor contributing to the excessive leakage of 
the viral particles into the brain, We examined the integ-
rity of BBB in JEV-infected Mertk−/− mice and WT mice. 
At the 4 days after JEV infection, we found that the leak-
age of fluorescent dye NaF was significantly higher in the 
brain of Mertk−/− mice than in the WT group, suggesting 
that Mertk−/− mice exhibited higher BBB permeability 
and lower BBB integrity (Fig. 4A).

To explore whether Mertk modulates BBB integrity 
and JEV invasion, we constructed an in  vitro model of 
BBB with endothelial cell line bEnd.3 with or without 
Mertk knock down (Fig. 4B). By measuring the electrical 

impedance of the in vitro BBB model(Fig. 4C), we found 
that the electrical resistance in the BBB model con-
structed with bEnd.3-KD Mertk cells were significantly 
lower than that in bEnd.3 cells at 24 and 48 h after JEV 
infection (Fig. 4D).

Tight junction proteins in the brain are important to 
establish and maintain the integ rity of BBB [19]. Since 
knockdown of Mertk in endothelial cell line increased 
the permeability of the in  vitro BBB model, we further 
detected the distribution and expression of CD31 (classi-
cal marker of vascular endothelial cells) and ZO-1 (tight 
junction protein) in the brain tissues in PBS-treated 
and JEV-infected Mertk−/− mice and WT mice (Fig. 4E, 
F). Immunofluorescence results showed that the integ-
rity and continuity of ZO-1 and CD31 in the brain of 
Mertk−/− mice were decreased compared to WT mice 
at day 5 post of JEV infection. These data indicated that 
Mertk maintains BBB integrity both in vitro and in vivo 
to prevent the peripheral virus from invading the CNS.

Fig. 3  JEV titer in brain was increased in Mertk−/−mice. A JEV mRNA level and inflammatory genes profiles in brain of WT and Mertk−/− mice were 
detected at 1 day(WT + PBS n = 4, Mertk−/− + PBS n = 4, WT + JEV n = 7, Mertk−/− + JEV n = 7), 3 days (WT + PBS n = 5, Mertk−/− + PBS n = 4,WT + JEV 
n = 12, Mertk−/− + JEV n = 11) and 5 days (WT + PBS n = 4, Mertk−/− + PBS n = 4,WT + JEV n = 11, Mertk−/− + JEV n = 11) after JEV infection by qPCR. The 
expression level was normalized to WT mice treated with PBS. B JEV NS3 and β-actin expression levels in PBS or JEV treated WT and Mertk−/− mice 
were detected by western blot at 5 days after JEV infection (PBS-treated WT n = 3, JEV-treated WT n = 4, JEV-treated Mertk−/− n = 4). C Representative 
histology of mice brain analyzed by HE staining and the histology evaluation of necrosis, astrocytosis and hemorrhage. (Yellow arrow: intravascular 
leucocyte, blue arrow: astrocytosis, black arrow: abundant eosinophilic granular cytoplasm) *P < 0.05, **P < 0.01 and ***P < 0.001
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Discussion
Mertk is a tyrosine kinase receptor involved in patho-
gen entry, phagocytosis of apoptotic cells, inflamma-
tory response regulation and the maintenance of BBB. 
In this study, we found that Mertk deficient mice exhib-
ited higher mortality and faster disease progression than 
wild-type mice after JEV infection. Mertk deficiency did 
not directly affect viral replication and immune response 
in peripheral, but caused increased viral load in the CNS, 

which was correlated with the enhanced BBB penetra-
tion. Our data suggested that Mertk acts as a protective 
factor in the development of encephalitis induced by JEV 
infection, which is mainly associated with its beneficial 
effect on BBB integrity to inhibit the entry of peripheral 
JEV into CNS, rather than its regulation of inflammatory 
response.

Previous reports showed that Axl, another member 
of the TAM family, can mediate the entry of DENV 

Fig. 4  Mertk knockout mice exhibited impaired blood–brain-barrier integrity under JEV challenging condition. A BBB permeability was measured 
in terms of NaF accumulation in brain of WT and Mertk−/− mice at 4 days (PBS-treated WT n = 7, PBS-treated Mertk−/− n = 8, JEV-treated WT n = 11, 
JEV-treated Mertk−/− n = 11) after JEV infection. B Knockdown of Mertk in BEnd.3 cell line using lentiviral expression system were in identified 
by qPCR. C Graphical representation of in vitro BBB model. D Normalized TEER values of BBB model were monitored per day to reveal BBB integrity. 
E Immunofluorescence analysis of CD31 and ZO-1 expression in mice brain at 5 days after PBS or JEV infected WT and Mertk−/− mice. Endothelium 
stained by CD31 antibody is displayed in red, ZO-1 is displayed in green, the nucleus stained with DAPI is shown in blue. Scale bar: 20 μm. F 
Quantitative analysis of CD31 and ZO-1 expression in WT and Mertk−/− mice infected with JEV. *P < 0.05, **P < 0.01 and ***P < 0.001
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and ZIKV into host cells by usurping the apoptotic cell 
clearance pathway (bridging viral membrane PtdSer 
with Gas6 and Protein S) [20, 21]. In the context of JEV 
infection, Axl could impede the pathogenesis of severe 
JE in mice by maintaining BBB integrity and restrict-
ing viral neural invasion [15, 22]. These observations 
prompted us to investigate the role of Mertk in enceph-
alitis induced by JEV infection. Here we found that JEV-
infected Mertk−/− mice exhibited increased morbidity 
and mortality and faster weight loss compared to WT 
mice, suggesting that Mertk may play a protective role 
in the development of encephalitis.

It is known that TAM family exert a negative regu-
latory effect on innate immune response to microbial 
infection [23–25]. In the present study, we observed no 
discernible differences in either viral titers or inflam-
matory cytokines expression levels in the peripheral 
tissues of Mertk−/− mice compared to WT mice after 
footpad inoculation with JEV.

Extensive replication of JEV within the CNS and 
severe immunopathological damage caused by intracra-
nial immune activation are key events in the progres-
sion of JEV-induced encephalitis [4, 7]. Therefore, we 
further investigated the function of Mertk in the CNS. 
Our data showed that viral load was significantly ele-
vated in the brain tissues of Mertk−/− mice compared 
to WT mice, suggesting that Mertk deficiency caused 
an increased viral load in the CNS, however, had no 
significant effect on the inflammatory response and 
immunopathological damage in the brain. Surpris-
ingly, the level of CCL2 in the brain was significantly 
increased in Mertk−/− mice compared with WT mice. 
Several reports showed that neurons are a key source 
of CCL2 during the earliest stages of neurotropic virus 
infection [26, 27]. The mechanism by which CCL2 
upregulation in Mertk−/− mice infected with JEV is 
currently being studied.

Several studies found that knockdown or blockade of 
TAM can reduce the integrity of the BBB and promote 
neurotropic virus invasion into the CNS [15]. Therefore, 
we further examined the integrity of BBB to determine 
whether the deficiency of Mertk was associated with the 
leakage of BBB, thus causing the intracranial accumula-
tion of JEV. Through sodium fluorescein penetration test 
and tissue immunofluorescence analysis, we found that 
the BBB permeability of Mertk−/− mice was significantly 
higher than that of WT mice after JEV infection, along 
with the decreased integrity and continuity of ZO-1 and 
CD31 in brain tissues of Mertk−/− mice. Moreover, we 
constructed an in  vitro BBB model and further deter-
mined that downregulation of Mertk in endothelial cells 
also increased the permeability of BBB. These results 
indicated that Mertk is a vital factor in maintaining BBB 

integrity, thus preventing virus dissemination to the 
brain.

Our study has uncovered the potential protective role 
of Mertk in mice infected with JEV for the first time. 
However, further research are needed to investigate the 
specific molecular regulatory mechanism of Mertk in 
maintaining BBB integrity and preventing JEV invasion 
into the CNS.
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