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GASG as a potential target to alleviate i
neuroinflammation during Japanese
encephalitis in mouse models
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Abstract

Viral encephalitis is characterized by inflammation of the brain parenchyma caused by a variety of viruses,

among which the Japanese encephalitis (JE) virus (JEV) is a typical representative arbovirus. Neuronal death,
neuroinflammation, and breakdown of the blood brain barrier (BBB) constitute vicious circles of JE progression.
Currently, there is no effective therapy to prevent this damage. Growth arrest specific gene 6 (GAS6) is a secreted
growth factor that binds to the TYRO3, AXL, and MERTK (TAM) family of receptor tyrosine kinases and has been
demonstrated to participate in neuroprotection and suppression of inflammation in many central nervous system
(CNS) diseases which has great potential for JE intervention. In this study, we found that GAS6 expression in

the brain was decreased and was reversely correlated with viral load and neuronal loss. Mice with GAS6/TAM
signalling deficiency showed higher mortality and accelerated neuroinflammation during peripheral JEV infection,
accompanied by BBB breakdown. GAS6 directly promoted the expression of tight junction proteins in bEnd.3 cells
and strengthened BBB integrity, partly via AXL. Mice administered GAS6 were more resistant to JEV infection due to
increased BBB integrity, as well as decreased viral load and neuroinflammation. Thus, targeted GAS6 delivery may
represent a strategy for the prevention and treatment of JE especially in patients with impaired BBB.
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Background

Viral encephalitis is characterized by acute fever, head-
ache, and damage to the brain parenchyma leading to
changes in mental status and seizures. It can be caused by
more than 100 types of viruses, including arbovirus, tick-
borne viruses, herpes encephalitis viruses, and entero-
viruses. Japanese encephalitis virus (JEV) is the leading
cause of viral encephalitis in Asia and is a typical repre-
sentative of arbovirus. Before the launch of JEV vaccine,
children were the main victims because of the immatu-
rity of the blood- brain barrier (BBB) [1]. However, the
number of middle-aged and elderly patients with JE is
increasing, especially those with cerebrovascular dis-
eases [2]. There is no effective treatment for JE but sup-
portive therapies. The mortality rate of JE patients can
reach approximately 30%, and even survivors are often
accompanied with severe neuropsychiatric disorders [1].
After entering the central nervous system (CNS), JEV
causes extensive neuronal damage directly and indirectly
through immune-mediated inflammation, including
glial activation, inflammatory cell infiltration, and dam-
age- associated molecule patterns (DAMPs) production
[3]. The BBB is a portal for viral entry, and increased
neuroinflammation exacerbates BBB breakdown, allow-
ing more inflammatory mediators to enter the CNS [4].
Therefore, blocking the vicious circle of neuroinflamma-
tion is a promising therapeutic strategy for the treatment
of viral encephalitis.

Growth arrest specific gene 6 (GAS6) is a secreted
growth factor that binds to the TYRO3, AXL, and
MERTK (TAM) family of receptor tyrosine kinases [5].
GAS6 is an anti-inflammatory, neuroprotective, and
promyelinating agent. AXL, the receptor with the high-
est affinity for gas6, has been shown to alleviate neuroin-
flammation and delay JE progression in mice during JEV
infection [6]. Our group found that AXL- deleted neu-
rons promoted JEV propagation furtherly by dampening
innate immunity [7]. As the sole ligand of AXL, gas6 pro-
moted AXL expression and activation of AXL [5]. Sup-
plementation with GAS6 protected axons from damage
during experimental autoimmune encephalomyelitis [8]
and enhanced the tight-junction barriers in the intestinal
epithelium to prevent K. pneumoniae from translocating
into livers and lungs [9]. Because neuroinflammation and
BBB breakdown are the main characteristics of JE, there
is an urgent need to explore the effect of GAS6 on JE
progression.

In this study, we found that morbidity and mortal-
ity increased significantly in gas6 knockout (KO) as
well as AXL/MERTK- deleted mice after peripheral
JEV injection. Additionally, we observed an increase
in the destructive breakdown of the BBB and vigorous
neuroinflammation in GAS6/TAM blocked mice dur-
ing JEV infection. Recombinant AAV-gas6 (rAAV-gas6)
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was injected into the lateral ventricle to increase GAS6
expression in the brain, and mice overexpressing GAS6
showed more resistance to JEV infection and decreased
neuroinflammation compared to controls. Thus, GAS6/
TAM signalling may represent a therapeutic target for
preventing JEV entry into brains and alleviating neuro-
inflammation, especially in elderly patients with cerebro-
vascular diseases.

Materials and methods

Ethics statement

All animal experiments were reviewed and approved
by the Animal Care and Use Committee of the Labora-
tory Animal Center, Air Force Medical University. The
number of Animal Experimental Ethical Inspection is
20,160,112. And all experiments were carried out com-
plying with recommendations in the Guide for the Care
and Use of Laboratory Animals.

Mice

The C57BL/6 mice were purchased from Laboratory Ani-
mal Center, Air Force Medical University. The C57BL/6-
GAS6"/~ mice were constructed via CRISPR CAS9 in
Cyagen Biosciences Company (China). AXL™~ and
AXL/MERTK™'~ mice were kindly gifted from Profes-
sor Daishu Han (Institute of Basic Medical Sciences,
Peking Union Medical College-Chinese Academy of
Medical Sciences) and were maintained in a specific
pathogen-free (SPF) facility. Toe DNA was extracted
from new-born mice and amplified using PrimeStar
(Takara, Bio, Shiga, Japan). The products were analysed
using agarose gel electrophoresis to screen for wild- type
(WT), GAS6*'~, GAS6™'~, AXL*'~, AXL™'~, MERTK ",
and AXL/MERTK™/~ descendants. WT and AXL™/-,
GAS6™'~, MERTK ™", or AXL/MERTK™'~ mice (6-8
weeks) were infected with JEV 10° or 10° plaque form-
ing unit(PFU) in 20 pl phosphate buffered saline (PBS)
through footpad injection or 100 PFU in 2 ul via intra-
cerebral injection. The weight, behaviour score (accord-
ing to the Scoring Criteria described previously [10]) and
deaths of each group were recorded daily at 16:00—-17:00
for 20 days until all groups were totally stable.

Virus and cells

The JEV P3 strain was propagated in the brains of 3-
day- old inbred BALB/c sucking mice and titrated using
conventional plaque forming assay. Brain microvascu-
lar endothelial cell line bEnd.3 cells, astrocyte cell line
C8-D1A cells, neuroblast cell line neuro2a cells, and
baby hamster kidney (BHK) and AAV-293 cells were pur-
chased from American Type Culture Collection (ATCC)
and cultured in DMEM (Gibco, Grand Island, NY, USA)
containing 10% fetal bovine serum (FBS; Gibco, Grand
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Island, NY, USA) and 1% penicillin streptomycin combi-
nation (PS).

BBB permeability measurement

Mice were infected with JEV or PBS and BBB permeabil-
ity was assessed at 3- and 5-days post infection (dpi). For
qualitative detection, mice were intravenously injected
with 100 pl of Evans Blue (EB, Sigma, St. Louis, MO,
USA) solution (2% in PBS). After 1 h, all injected mice
were sacrificed and transcardially perfused with 40 ml
of 1xPBS. The whole brains were removed and photo-
graphed. For quantitative assay, sodium fluorescein (NaF;
0.1 g/ml, 100 pl, Sigma, St. Louis, MO, USA) was admin-
istered intraperitoneally. After 30 min, the mice were
anaesthetised and blood was collected via the eyeballs
into EDTA-coated tubes. The mice were then perfused
with 40 ml 1xPBS through cardiac puncture, and the
brains were harvested. Serum (100 pl) was mixed with an
equal volume of 15% trichloroacetic acid (TCA; Sangon,
China). After centrifugation for 30 min at 10,000 g, 120 pl
of supernatant was mixed with 30 pl of 5 M NaOH.
Then, brain tissues were homogenised in cold 7.5% TCA
(150 pl per 100 mg tissues) and centrifuged for 30 min at
10,000 g before collecting the supernatant (120 pl) and
mixing with 30 pl of 5 M NaOH. The fluorescence of the
serum and brain samples was determined using a BioTek
Spectrophotometer (Bio-Tek Instruments, Wonooski,
VT, USA) with excitation at 485 nm and emission at
530 nm. The leakage of NaF into the tissue was expressed
as (fluorescence brains/ mg)/ (fluorescence sera/ ml of
blood).

Hematoxylin—-eosin (H&E) and immunohistochemical (IHC)
staining

At 3 and 5 dpi, mice were anaesthetised and perfused
with 1x PBS followed by 4% paraformaldehyde (PFA)
for 30 min. The brain was removed, fixed in 4% PFA for
12 h, and then dehydrated in 30% sucrose. Tissue sec-
tions of 10-um thickness were prepared using a vibra-
tome. Standard H&E and IHC staining were performed
as previously reported [10]. For IHC, after fixing with 4%
PFA and blocking with 3% BSA containing 0.1% Triton
X-100, the slides were incubated with primary antibod-
ies anti-ZO-1 (Thermo, USA), anti-CD31 (Abcam, USA),
and anti-AXL (Abcam, USA) diluted with PBS contain-
ing 0.1% Triton X-100 and 1% BSA for 16 h (as shown
in Supplementary Table). After washing, the sections
were incubated with the corresponding secondary anti-
bodies: FITC-anti-rabbit IgG, Cy3-anti-rabbit IgG, and
Cy3-anti-goat IgG (Proteintech, China) for 1 h at room
temperature. The nuclei were counterstained with 4,
6-diamidino-2-phenylindole (DAPI; Thermo, USA), and
coverslips were placed on the samples with 50% glycerol
in PBS.
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Western blotting

Total protein from the brain of each mouse or bEnd.3
cells was extracted with radio immunoprecipitation
assay lysis (RIPA) buffer (Thermo, Waltham, MA, USA)
and quantified using a Protein Reagent Assay BCA Kit
(Thermo, Waltham, MA, USA). Thirty micrograms of
protein from each sample were loaded and electropho-
resed on 12% SDS-PAGE gels and then transferred onto
a polyvinylidene difluoride (PVDF) membrane (Milli-
pore, Billerica, MA, USA). Subsequently, the membranes
were blocked with 3% bovine serum albumin (BSA) at
room temperature for 60 min, and then incubated with
primary antibodies to occludin (Thermo, USA), JEV E
protein (prepared in our lab), claudin5 (Abcam, USA),
and GADPH (Proteintech, China) (as shown in Supple-
mentary Table) overnight at 4 °C. Secondary antibodies
including DyLight 700-anti-rabbit IgG (BD Biosciences,
Franklin Lakes, NJ, USA) and DyLight 800-anti-mouse
IgG (BD Biosciences, Franklin Lakes, NJ, USA) for 2 hs at
room temperature. Finally, blotings were visualised using
an Infrared Imaging System (Odyssey, LI-COR, NE Lin-
coln, USA).

qRT-PCR
Total RNA from each whole brain was extracted with
RNAfast1000 (PIONEER, China) and then reverse- tran-
scribed using a PrimeScript RT reagent Kit (TaKaRa,
Japan). All qRT-PCR experiments were performed using
SYBR Green Real-Time PCR Master Mix (TaKaRa, Japan)
according to the manufacturer’s instructions. The prim-
ers used in this study are listed in the Supplementary
Table.

Plaque assay

BHK cells were seeded into 12-well plates at 2x 10°/well
overnight. The supernatant were removed and cells were
washed twice with 1xXPBS. After sterile filtration, serum
samples (1:5 dilution in DMEM) from JEV infected mice
at 1 and 3 dpi were added and incubated at 37°C for 2 h.
Then, the viral supernatant was changed to 2 ml overlay
medium (100 ml: 25 ml 4xDMEM, 50 ml 4% methylcel-
lulose, 2 ml FBS, 23 ml ddH20O). After incubation for 5
days, the overlay media were removed and the wells were
cleared with 1x PBS. Next, 1 ml 4% PFA was added into
wells and fixed for 30 min. Crystal violet dye was added
at 2 ml per well for 15 min and washed with running tap
water. Finally, plaques were counted and photographed.

Construction of AXL-KO bEnd.3 cells

Lenti V2 carrying CRISPR-Cas9 system targeting mus
AXL sequence (5 -CGGAACCCGTGACCCTACT
CTGG —3’) was constructed. bEnd.3 cells were seeded in
6-well plates at a density of 2x10° cells/ well overnight.
The recombinant lentivirus was added and incubated
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at 37°C. Approximately 48 h later, cells were screened
using puromycin (5 pg/ ml) for 1 week and positive cells
were kept with 10% FBS DMEM containing puromy-
cin (1 pg/ ml) and sent for AXL sequencing and immu-
nofluorescence. Finally, the AXL-KO bEnd.3 cells were
constructed.

BBB construction in vitro and transendothelial
permeability assay

Neuro2a cells were plated in lower wells of 0.4 uM Tran-
swell 24- well plates (BD Biosciences; Corning), and
C8-D1A cells (1x10° cells in 100 ul DMEM) were plated
into lower side of inserts. After 4 h, AXL KO bEnd.3 and
bEnd.3 cells (5x10* cells in 600 ul DMEM media) were
plated into inserts and cultured until confluency and
tight junctions were well established. The media were
removed and viral supernatants from JEV infected brain
homogenates were added to the lower wells. The recom-
binant protein GAS6 (100 nM, RD, USA) was added to
the treated groups. The barrier function of the endothe-
lial monolayers was measured as TEER using a Millicell
ERS Ohmmeter with a probe (Millipore, Burlington, MA,
USA; MERS00002). TEER readings were taken at base-
line and calculated according to data = (readings-blank
readings)/ 0.33 mm?.

Construction of pAAV-gas6

The gas6 genome derived from mice was amplified and
introduced into the restriction enzyme sites Bgl-II and
Xhol-I through PCR. The DNA fragment was ligated into
a linearised plasmid vector pAAV-MCS digested with
endonuclease BamH-I (1 pl) and Xhol-I (1 ul) through
the T4 ligation system and transformed into XL10-Gold
ultracompetent cells. Positive clones were sequenced
and cultured to obtain the recombinant pAAV-gas6
(rAAV-gas6).

Production of rAAV-gas6 particles

Transfection was conducted when AAV-293 cells were
approximately 70-80% confluent. Three plasmids
(pAAV-gas6 or pAAV-GFP 10 pg, pAAV-RC 10 pg, and
pHelper 20 pg in 2 ml DMEM) were mixed with trans-
fection regent LipoFectMAX (ABP Biosciences, USA)
(120 pl in 2 ml DMEM). After 25 min, the mixture was
added to AAV-293 cells at T75. After incubation for
6 h at 37 °C, the medium was changed into 10 ml fresh
DMEM growth medium. About 66 h later, the cells and
supernatants were harvested for concentration and
purification of rAAV-gas6 particles. Virus particles in
the supernatant were deposited through centrifugation
at 160,000 g for 4 h at 4 °C. The cell pellets were resus-
pended in lysis buffer (150 mM NaCl, 20mM tris, pH 8.0)
and freeze-thawed three times. The deposit and lysate
were mixed with MgCl2 (1 mM) and Benzonase (250U/
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mL, Sigma, USA) and homogenised completely. After
centrifugation for 20 min at 5500 g, the supernatant was
collected. Then virus was purified further through iodix-
anol gradients (17%, 25%, 40%, and 60%) at 240,000 g,
90 min, 16 °C. After centrifugation, the viral fraction in
40% was harvested and re-suspended in 1xXPBS. The virus
suspension was concentrated through 100 K columns at
3500 g, 30 min at 4 °C and aliquoted and stored at -80 °C.
To evaluate the viral titre, AAV-293 cells were infected
with the rAAV-gas6 at different dilutions and harvested
for GAS6 assessment 48 h later.

Intracerebroventricular injection of rAAV-gas6 or rAAV-GFP
Mice (4 weeks) were anesthetized using 10% chloral
hydrate (0.1 ml/ 10 g body weight) and transferred to a
stereotaxic apparatus (Stoelting Co., Wood Dale, IL,
USA). Then, rAAV-gas6 or rAAV-GFP in 4 pl PBS was
injected slowly (approximately 5 min) into cerebral ven-
tricles (approximately 0.6 mm posterior to the bregma,
1.2 mm lateral right and 2.3 mm below dura) through a
5-ul microsyringe (Gaoge, China). GAS6 expression in
the brain was tested by qPCR at 1, 2 and 3-weeks post-
injection. Four weeks later, mice were subjected to JEV
infection.

Results

Gas6 KO mice were more susceptible to JEV infection
GASG6 is a growth factor secreted by neurons, microg-
lia, and endothelial cells in the CNS [11]. During JEV
induced neuronal death, the mRNA of gas6 decreased
(Supplementary Fig. 1A), and there was a negative cor-
relation between gas6 expression and JEV copies in the
brain (Supplementary Fig. 1B). The expression of gas6
decreased with neuronal loss (Supplementary Fig. 1C).
GAS6 plays an important role in maintaining CNS
homeostasis [12]. To explore the effect of gas6 expression
on JE progression, gas6_/ ~ and WT mice were periph-
erally infected with JEV at 10° PFU. Compared to WT
mice, gas6~'~ mice showed increased mortality (Fig. 1A),
more serious behavioural scores (Fig. 1B), and weight loss
(Fig. 1C) after JEV infection. At 3 dpi, the viral loads from
the brains of most gas6~'~ mice were higher than those of
WT mice, which was accompanied by increased expres-
sion of CCL2, IL-1p, and IL-6 (Fig. 1D, E). At 5 dpi, there
was a significant increase in the viral load (Fig. 1F) and
proinflammatory cytokines including TNFa, CCL2, IFN
Y, IL-1B, and IL-6 (Fig. 1G) in the gas6~'~ group. Thus,
gas6~'~ mice were more susceptible to JEV infection indi-
cating that GAS6 may be a protective factor against JEV
infection.
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Fig. 1 GAS6 KO mice were more susceptible to JEV infection peripherally. Gas6 =~ and WT mice were infected with JEV at 10° PFU via foot pad injec-
tion. A, B, C. The survival rate (A), behavioural scores (B), and weight (C) of each group were recorded daily (gas6 KO n=11; WT n=8). D, F. The viral loads
in gas6~~ and WT mouse brains at 3 dpi (D) and 5 dpi (F) were detected using qPCR (gas6”~n=5; WT n=6). Data were normalised to B-actin and the
relative change of viral copies was calculated based on the viral level of WT- d3- 1 or WT- d5- 1. Data are shown as mean + SD. E, G. Relative expression of
proinflammatory cytokines (TNF-a, CCL2, IFN-y, IL-1{, IL-6) in gas6’/’ and WT mouse brains at 3 dpi (E) and 5 dpi (G) were detected by gPCR (gas6’/’n:5;
WT n=6). The data were normalised to 3-actin and the relative change of expression was calculated based on the level of WT-d3-1 or WT-d5-1. Data are

shown as mean + SD

Mice with AXL, MERTK or AXL/MERTK blockage were
vulnerable to JEV attack accompanied by aggravated
neuroinflammation

AXL and MERTK are the main GAS6 receptors with
higher affinity than Tyro3 [5]. To identify whether the
protective effects of GAS6 during JE occurred via AXL

or MERTK activation, AXL-, MERTK- or AXL/ MERTK
(AM)- deleted mice were peripherally infected with JEV
at different titres. At 10° PFU, 36% WT mice survived.
All AXL™7, MERTK™~ and AM ~'~ mice died. Mean-
while, the median survival time of AXL™~, MERTK ™/~
and AM ~/~ mice were significantly shorter than that of
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WT mice (Fig. 2A). Mice were infected with lower titre
JEV at 10° PFU, and the survival proportion of AXL™/",
MERTK™~ and AM™/~ mice were 6.67%, 0%, and
14.29%, respectively, which were still much lower than
the survival proportion of the WT (38.46%) (Fig. 2B).
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Collectively, mice with AXL, MERTK or AM blockage
were as vulnerable to JEV infection as GAS6-deficient
mice.

GASG is the sole ligand of AXL, whereas MERTK and
TYROS3 are activated by PROS1 in gas6 KO mice [11].

The effects of GAS6 signalling on JEV infection and
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Fig. 2 AXL, MERTK, or AM deleted mice were vulnerable to JEV attack with aggravated neuroinflammation. A. AXL™, MERTK =, AM~~, and WT mice
were infected with JEV at 10° PFU. The survival rates of AXL™~, MERTK™~ and AM™~ mice were all 0%, and that of WT mice was 36%. The median survival
times of AXL™~, MERTK™~, AM™~, and WT mice were 5.5, 7.5, 8, and 12 days respectively. B. AXL™~, MERTK™~, AM™~, and WT mice were infected with JEV
at 10° PFU; the survival proportions of AXL™, MERTK™~, and AM™~ mice were 6.67%, 0%, and 14.29%, while that of WT mice was 38.46%; the median
survival times were 7.5, 11,9, and 15 days, respectively. AXL™~ and WT mice were infected with JEV at 10° PFU, and the brains from each group were har-
vested for HE staining and proinflammatory cytokine detection at 3 and 5 dpi. C. Histopathological changes in the meninges and cerebral cortex in each
group. The meninges thickened after JEV infection, as indicated by the black arrows. There were obvious reticular softening lesions in the AXL™~ mouse
cortex, as indicated by black triangles at 5 dpi. D. The histomorphology of blood vessels in the brains of WT and AXL™~ mice is indicated by blue arrows.
Perivascular cuffing (blue arrow) and glial nodules (black squares) were more evident, and inflammatory cell accumulation (black circles) was increased in
AXL™~ mouse brains at 5 dpi. E. IFN-y, TNF-a, and IL-1 expression after JEV infection at 3 and 5 dpi was assayed by gPCR and was normalised to B-actin
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neuroinflammation were explored in AXL™/~ mice. His-
topathological changes and inflammatory cytokines in
brains from WT and AXL™'~ mice were assayed at 3 and
5 dpi. Compared to the PBS treated groups, JEV infected
mouse brains showed slightly thickened meninges at 3
dpi accompanied by infiltrated immune cells (Fig. 2C).
At 5 dpi, there was a significant accumulation of inflam-
matory cells in the meninges and cortex, as well as more
perivascular cuffings and glial nodules in AXL™/~ mice
(Fig. 2D). As expected, proinflammatory cytokines
including IFN-y, TNF-a, and IL-1p (Fig. 2E) were also
increased significantly in AXL™'~ mouse brains at 5 dpi.
Thus, the blockage of GAS6/AXL signaling accelerated
neuroinflammation during JEV infection.

Deficiency of GAS6/ AXL signal exacerbated BBB
breakdown during JEV infection, which increased viral
invasion into the CNS

In line with gas6 KO mice, higher viral copy numbers
(Fig. 3A) and JEV E protein levels were observed in AXL
deleted mouse brains than that in WT mice at 3 and 5
dpi (Fig. 3B). We investigated the reasons of these dif-
ferences. In the peripheral system, the level of infectious
viral particles in AXL™'~ mouse blood was comparable
to that in WT mice (SUP Fig. 2A) and was even lower
at 3 dpi (SUP Fig. 2B). Meanwhile, there were no signifi-
cant differences in IFN-f expression (SUP Fig. 2D) and
number of viral copies in the spleens between WT and
AXL™~ mice at 1 and 3 dpi (SUP Fig. 2C). To identify
the effect of gas6/AXL signal on JEV propagation in the
brains, intracerebral injection of JEV was performed in
WT and AXL™'~ mice, and no significant difference in
viral load was found at 1, 3 or 5 dpi (SUP Fig. 2E). These
results showed that the gas6/AXL signal had little effect
on JEV propagation in the peripheral system and brains.
Thus, consistent with the results of Wang et al. [13], the
blockage of gas6/AXL contributed to more viral particles
entering into the brains during JEV peripheral infections.
The BBB plays an important role in maintaining CNS
homeostasis by preventing the invasion of pathogens. We
next assessed the BBB integrity in WT and AXL™~ mice.
AXL™~ mice showed increased EB leakage after JEV
infection, especially at 5 dpi (Fig. 3C) which was consis-
tent with gas6 KO mice (SUP Fig. 2F). Meanwhile, NaF
extravasation detection confirmed augmented BBB per-
meability in AXL™'~ mice compared to WT mice at 3 dpi
(Fig. 3D). We next analysed the structure and expression
of tight junction (TJ) proteins in the AXL™~ and WT
mouse brains. In AXL™~ mouse brains, the continuity of
Z0O-1 expression decreased at 3 dpi, and the structures
of ZO-1 and endothelial cells were significantly damaged
at 5 dpi (Fig. 3E). Meanwhile, occludin expression was
lower in AXL™~ mouse brains at 3 dpi (Fig. 3F). Taken
together, the BBB in GAS6/AXL blocked mice was more
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liable to disruption, which allowed more viral particles to
enter into the CNS.

GAS6 increased TJ proteins expression and BBB integrity in
vitro

GAS6 has been reported to participate in maintaining
the vascular endothelial barrier via AXL and MERTK by
reinforcing TJ] proteins [14, 15]. To explore the role of
GAS6 in BBB maintenance during JEV infection, bEnd.3
cells were treated with the recombinant GAS6 protein
(rGAS6). According to the cell proliferation assay, the
viability of bEnd.3 cells treated with rGAS6 was compa-
rable (Fig. 4A). The expression of claudin5 and occludin
were relatively higher in rGAS6-treated bEnd.3 cells after
JEV infection (Fig. 4B). In vitro BBB models were con-
structed using bEnd.3 cells combined with neuro2a and
C8-D1A cells (Fig. 4C) and then treated with rGAS6 and
JEV. The rGAS6-treated group showed higher TEER than
the control, suggesting that GAS6 increased the integrity
of bEnd.3 cell monolayer (Fig. 4D). TEER from AXL KO
bEnd.3 cells decreased significantly after JEV infection,
and rGAS6 treatment enhanced TEER partly indicating
that other TAM receptors MERTK or TYRO3 also partic-
ipated in BBB maintenance mediated by GAS6 (Fig. 4D).
Thus, during JEV infection, GAS6 directly increased BBB
integrity and T] proteins expression in endothelial cells.

GAS6 supplementation increased BBB integrity in vivo

We investigated whether GAS6 over-expression in the
brains strengthens the BBB in vivo. rAAV-gas6 and
rAAV-GFP were constructed, purified, and concentrated
(SUP Fig. 3A, B). GAS6 expression was upregulated at 4
weeks after rAAV-gas6 intracerebroventricular injection
(SUP Fig. 3C). The distribution of rAAV was evaluated
using AAV-GFP at 4 weeks after injection (SUP Fig. 3D).
Mice overexpressing GAS6 or GFP were infected with
JEV (107 PFU) via the footpad. BBB permeability was
detected at 5 dpi using EB staining (Fig. 5A) and NaF
extravasation assay (Fig. 5B). Compared to the GFP
group, the BBB integrity in the gas6 group was increased.
Meanwhile, the viral load in the CNS decreased at 3
(Fig. 5C) and 5 dpi (Fig. 5D) in the gas6 group compared
to that in the GFP group. Thus, GAS6 overexpression in
the brains strengthened BBB and prevented viral invasion
during JEV infection.

GASG6 alleviated neuroinflammation during JEV infection

To determine whether GAS6 overexpression affected
neuroinflammation, changes in cytokine levels and his-
topathology in both the gas6é and GFP groups were
detected after JEV infection. Even though the differ-
ence was not statistically significant, CCL2, TNFa, IL-1p
(Fig. 6A, B, C) expression was lower in most of the brains
with GAS6 overexpression compared to those of the GFP
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group during JEV infection. Meanwhile, meningitis and  be due to enhanced BBB integrity which prevented JEV

inflammatory cells infiltration were alleviated in gas6-
mouse brains compared to GFP-mice at 5 dpi (Fig. 6D).
In addition, there were few perivascular cuffings and glial
nodules in the gas6-mouse brains but not in the GFP
group (Fig. 6E). Thus, the alleviated neuroinflammation
in GAS6-overexpressed mice during JEV infection might

and inflammatory cells from entering the CNS, as well as
immunoregulation of GAS6, which has been reported to
regulate glia activation and inhibit neuroinflammation
[12].
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Mice supplemented with GAS6 in brains were more
resistant to JEV infection

We next explored whether GAS6 overexpression
decreased morbidity and mortality induced by JEV infec-
tion. When infected with JEV at a relatively low titre (107
PFU), gas6- mice showed alleviated weight loss (Fig. 6A)
and symptom score (Fig. 6B) as well as decreased mor-
tality (Fig. 6C) compared to the GFP- mice. At 2x10’
PFU, most of the gas6- mice showed delayed onset of JE
(Fig. 6D, E) and improved behavioural scores (Fig. 6F).
When infected with a higher dose (3x10” PFU), sev-
eral mice in the gas6- group survived, with a total sur-
vival time that was longer than that of GFP mice, which
were all sacrificed (Fig. 6G, H, I). In general, GAS6

supplementation in mouse brains alleviated JE progres-
sion (See Fig 7).

Discussion

Viral encephalitis is a potentially fatal sequela of viral
infection across the globe. The common pathogenic
characteristics of viral encephalitis are frequently asso-
ciated with BBB disruption, enabling viruses, inflamma-
tory cells, and deleterious molecules to enter the brain
parenchyma [16]. In this study, we found that GAS6 was
downregulated in the brains of JE models, which was
accompanied by increased BBB leakage. Mice with GAS6
blockage or AXL, and MERTK deletion were more sus-
ceptible to JEV infection, which was accompanied by
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more serious neuroinflammation and BBB breakdown.
GASG6 overexpression in brains improved BBB integrity
and enhanced resistance to peripheral JEV infection.

MERTK and AXL maintain BBB integrity during WNV
infection [15]. Additionally, it has been reported that
AXL-deleted macrophages secreted more IL-la which
promoted BBB breakdown during JEV infection [13]. In
this study, we found that both MERTK and AXL showed
protective effects against JEV invasion and that MERTK
and AXL in endothelial directly enhanced BBB integ-
rity. Meanwhile, we found that deficiency in GAS6, the
ligand of TAM receptors, aggravated JE progression and
that mice with gas6 overexpression in the brain showed
increased resistance to JEV infection. Furtherly, the dif-
ferent role of GAS6 interaction with MERTK, AXL and
Tyro3 are being explored in our lab.

GAS6 contributed to maintenance of CNS homeosta-
sis by binding to TAM receptors including Tyro3, AXL
and MERTK. Currently, it is thought that GAS6 is the
sole ligand to AXL. Therefore, AXL KO mice were mainly
used to identify the effect of blocking GAS6/AXL signal-
ling on JE progression in this study. It has been reported
that AXL mediated viral entry into glial cells and inhib-
ited innate immune responses during ZIKV infection
[17]. However, in the present study, the effect of AXL on
JEV propagation in the brain was not significant. Indeed,
our group revealed that AXL-deleted neurons promoted
JEV infection by dampening innate immunity [7]. JEV
NS2B-3 protein complex down-regulated AXL expres-
sion to promote cell apoptosis and viral particle release
[18]. Thus, GAS6/ AXL may provide comprehensive pro-
tection by strengthening BBB integrity, activating cellular
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Fig.6 GAS6 alleviated neuroinflammation during JEV infection. The brains from gasé or GFP mice were harvested for cytokines detection and HE staining
at 3and 5 dpi. A. B. C. The expression of CCL2 (A), TNFa (B), IL-1B (C) were detected by gPCR. Data were normalised to 3-actin and the relative change was
calculated based on the level in PBS treated mouse brains. Data represent the mean +SD. D. Histopathological changes in the meninges and cerebral
cortex in each group. The meninges in the GFP group were significantly thickened, accompanied by infiltrated inflammatory cells at 5 dpi (yellow arrows),
which were alleviated in the gas6 group. E. Histomorphology of blood vessels in the brains of GFP and gasé groups. Increased inflammatory cell accumu-

lation around vessels (blue arrows) and glial nodules (red arrow) was observed in GFP mouse brains, but not in gasé mouse brains at 5 dpi

innate immunity and limiting viral particles release dur-
ing JEV infection.

During JEV infection, the initiation of BBB breakdown
is complicated, and the aggravation of BBB permeability
amplifies secondary neuroinflammation [19]. After eva-
sion from peripheral immunity, JEV enters into CNS via
intricate pathways such as transcytosis of brain endo-
thelial cells, peripheral-infected leukocytes mediated
“Trojan horse”, and direct infection of peripheral axons
and olfactory bulb [4]. Direct damage to endothelial cells
from JEV infection has a negligible effect on the break-
down of BBB. Indeed, it has been demonstrated that
entry of JEV into the CNS occurs earlier than BBB break-
down [20]. Moreover, previous studies demonstrated
that the inflammatory cytokines, such as IEN y, TNFa,
CXCL10, and chymase, released by JEV-infected innate
immune cells in the CNS promoted BBB breakdown [21,
22]. GAS6-enhanced BBB integrity may be mediated by
directly increasing endothelial function and regulating
neuroinflammation [23]. Massive neuronal death and loss
may lead to decreased GAS6 production and impaired

GAS6/ TAM signals during JEV infection. Meanwhile,
downregulation of GAS6 augmented BBB compromise,
which allowed more viral particles to enter CNS, leading
to increased neuronal death. Therefore, GAS6 Supple-
mentation may alleviate this vicious cycle.

Supplementing the brain with GAS6 is a potential strat-
egy for JE treatment. In this study, rAAV-GAS6 was con-
structed and injected into the lateral ventricles to achieve
overexpression in the brains. We attempted to directly
deliver rGAS6 protein into the brains after JEV infection.
However, continuous intracerebral pumping was difficult
to perform, and few mice survived surgery. Next, we will
explore vehicles to achieve CNS-targeted delivery from
the peripheral system.

GAS6/TAM signallings alleviates neuroinflammation
by regulating microglia and promotes neurogenesis by
supporting neural stem cells (NSCs) [11, 24]. Addition-
ally, GAS6/TAM signalling contributes to the survival of
oligodendrocytes and improved remyelination [24]. In
this study, we focused on the role of GAS6 in BBB integ-
rity and neuroinflammation. Because GAS6/TAM signals



Bian et al. Journal of Neuroinflammation (2024) 21:231 Page 12 of 14

>
w
(@)

107 PFU
150
100 -~ gas6 (n=9)
= = GFP (n=9) 6
2 =
2 =2
g s ey
»n © £
- c 4 H
5 1 3 5
o § 2 H
o
]
]
0 T T T 1 . 0 5
0 5 10 15 20 dpi 4 9 14 19 dpi 4 9 14 19 dpi
[ P=0.0122 [ gas6é (n=9) _ GrP(n=9) |

[ Median sunvival | Undefined 10 |

2x107 PFU
100 -+ gasb (n=9)
il - GFP(n=9) 61 =

s

2 .
o

H 2 =

@ 24 )

2

- o -

d) P g

o 3 =
52 g
Qo
o

0 T T T 1 . 0 ¥ x * -
0 5 10 15 20 dpi 4 9 14 19 dpi 4 9 14 19 dpi

| gas6 (n=9) [ GFP(n=9) |
| Median sunvival | Undefined | 11

G H |

3x107 PFU

o
=3

Percent survival
(%]
o
scores of behavior
weight change %

T r O 1 0 .
0 5 10 15 20 dpi 4 9 14 19 dpi
[ [ gas6 (n=9) _ GFP (n=9) |

| Median survival | 12 10 |
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promote microglial phagocytosis of apoptotic cells and infections and other types of viral encephalitis. This find-

myelin debris, increases oligodendrogenesis and myelina-
tion, and supports neuronal survival [25], the role of
GAS6 in improving neurological sequelae requires fur-
ther investigation.

In conclusion, GAS6 played a protective role against
the progression of JE. GAS6 overexpression enhanced
BBB integrity and resistance to JEV invasion and neuro-
inflammation. Our study suggested that GAS6 supple-
mentation is a potential therapeutic strategy for JEV

ing has promising prospects because of the expansion
of elderly populations with increased BBB degeneration,
who are more susceptible to viral infections [26].
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Supplementary Material 1: Supplementary fig 1. GAS6 was decreased in
JEV-infected brains and was correlated reversely with viral load. A. Mice
were infected with JEV (107 PFU) via peripheral injection, and their brains
were harvested at 3 and 5 dpi. The expression of GAS6 in the brains was
detected by qPCR. Data were normalised to 3-actin and the relative
change was calculated based on the level in PBS treated mouse brains.
Data represent the mean= SD (PBS n = 6; 3 dpin = 8; 5 dpin =6).B. Cor-
relation analysis of GAS6 expression and JEV copies in JEV- infected brains.
C. Immunofluorescence staining showing the expression of JEV E protein
(red) and GASE (green) in JEV- infected brains

Supplementary Material 2: Supplementary fig 2. Viral load in WT and AXL-
/- mice after intracerebral or peripheral JEV infection. WT and AXL-/- mice
were injected with PBS or JEV 106 PFU via the footpad, spleen and the
plasma from each mouse were harvested at 1 and 3 dpi (1 dpi: WT n =3,
AXL-/- n =4; 3 dpi: WT n =4, AXL-/- n =4.). A, B. Infectious JEV particles

in the blood of WT and AXL-/- mice at 1 (A) and 3 dpi (B) were detected
by plaque assay. C. The viral load in the spleens of WT and AXL-/- mice

at 1 and 3 dpi was assayed by qPCR. Data were normalised to 3-actin

and the relative change of viral copies was calculated based on the viral
level of WT-d1-1. PBS:WT n = 3, AXL-/- n = 3; 1 dpi: WT n = 3, AXL-/-n

=4, 3 dpi: WT n =4, AXL-/- n = 4. Data are shown as the mean= SD. D.
IFN-B in spleens of WT and AXL-/- mice was assayed by gPCR. Data were
normalised to B-actin and the relative change was calculated based on
the level in WT-PBS. E. Viral copies in the brains of WT and AXL-/- mice at 1,
3,and 5 dpi after intracerebral injection of 100 PFU of JEV were detected
by gPCR. Data were normalised to B-actin and the relative change of viral
copies was calculated based on the viral level of WT-d1-1. At 1 dpi: WT n
=4, AXL-/-n=5;3dpi:WTn=3,AXL-/-n=3;5dpi WT n=4, AXL-/-n =
4. Data are shown as the mean+ SD. F. WT and gas6-/- mice were infected
with JEV 106 PFU via the footpad. Qualitative detection of BBB permeabil-
ity using EB staining at 4 dpi

Supplementary Material 3: Supplementary fig 3. Preparation and
identification of rAAV-gas6 in vitro and in vivo A. Schematic diagram of
recombinant pAAV-gas6. B. Concentration, purification and identification
of rAAV-gas6. AAV-293 cells were infected with supernatant from the AAV-
packaged system, concentrated virus diluted at 1: 103; 1: 104; 1: 105 and
supernatant after ultracentrifugation. After 48 h, the GAS6 expression in
each group was detected using gRT-PCR. C, D. rAAV-gas6 was constructed
and injected intracerebroventricularly into the mouse brain. C. Expression
of GAS6 in the brains at 1, 2, and 3 weeks after intracerebroventricular
injection. The relative expression of GAS6 in the mouse brain increased
after rAAV-gas6 injection. Data represent the mean =+ SD. D. Distribution of
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GFP 4 weeks post rAAV-GPF intracerebroventricular injection (1. rAAV-GFP
injection; 2. PBS injection)
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