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Traumatic brain injury (TBI) induces pro-inflammatory polari-
zation of astrocytes and causes secondary disruption of the
blood-brain barrier (BBB) and brain damage. Herein, we report
a successful astrocyte-targeted delivery of small interfering
RNA (siRNA) by ligand functionalized lipid nanoparticles
(LNPs) formulated fromadenosine-conjugated lipids and a novel
ionizable lipid (denoted by Ad4 LNPs). Systemic administration
ofAd4LNPs carrying siRNAagainst TLR4 to themiceTBImodel
resulted in the specific internalizationof theLNPsby astrocytes in
the vicinity of damaged brain tissue. A substantial knockdown of
TLR4 at bothmRNAandprotein levels in thebrainwas observed,
which led to a significant decrease of key pro-inflammatory cyto-
kines and an increase of key anti-inflammatory cytokines in
serum. Dye leakage measurement suggested that the Ad4-LNP-
mediated knockdown of TLR4 attenuated the TBI-induced
BBB disruption. Together, our data suggest that Ad4 LNP is a
promising vehicle for astrocyte-specific delivery of nucleic acid
therapeutics.

INTRODUCTION
Traumatic brain injury (TBI) is caused by traumatic events such as falls
and traffic accidents, leading to the death of neural cells at the impact
site.1 TBI often induces serious effects on neurological function and is
one of the leading causes of disability and mortality.2,3 Astrocytes are
themost abundant glial cells in the brain that greatly contribute to tissue
repair after TBI.4 Astrocytes are activated in response to TBI, leading to
inflammation of nerve tissue, which often causes secondary brain dam-
age.5 In brain lesions, activated astrocytes polarized into pro-inflamma-
tory or anti-inflammatory phenotypes during neuroinflammation.6–8

The pro-inflammatory phenotype promotes inflammatory response,
oxidative stress, induces immune response, and extends damage
range.9,10 The anti-inflammatory phenotypic glial cells release anti-in-
flammatory cytokines that have neuroprotection effects.11–13 Glial cell
polarization can be regulated by therapeutics. For example, Maraviroc,
a CCR5 antagonist, can alleviate neurological deficits and restore func-
tion after TBI injury by regulating the polarization of microglia.14,15

However, treatments for TBI encounter a variety of obstacles, including
reaching target tissue and the blood-brain barrier (BBB).16 TBI-induced
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brain damage results in the release of cell debris and intact or partially
degraded biomolecules that act as the endogenous ligands for the
pattern recognition receptors (PRRs). For example, sulfatides, the nat-
ural membrane glycolipids in mammals, directly activate Toll-like re-
ceptor 4 (TLR4) and its coreceptor myeloid differentiation factor-2
(MD2), triggerMyD88-dependant signaling, andupregulate the expres-
sion of tumor necrosis factor alpha (TNFa) in macrophages.17 Previ-
ously, we created a mannose receptor (MR)-specific lipid nanoparticle
(LNP) by conjugating mannose to DoGo lipid18 and demonstrated
that MR-mediated endocytosis of LNP carrying small interfering
RNA (siRNA) against TLR4 can efficiently reprogram the polarization
of oxygen-glucose deprived (OGD) microglia in vitro.19

RNA interference (RNAi) is a highly efficient tool that selectively ma-
nipulates gene expression, and therefore provides a potential therapeu-
tic approach to a broad spectrum of diseases.20–22 The large molecular
weight and negative charge of siRNA requires delivery systems to over-
come these barriers.23–25 LNPs are the most advanced delivery system
for RNA therapeutics, including siRNA drugs21,26 and mRNA vac-
cines.27,28 LNP delivery systems consisting of ionizable lipids are posi-
tively charged at acidic pH and neutral at physiological pH, making
them more likely to encapsulate siRNA and escape endosomes,29 and
reduced immunogenicity or toxic effects.30 The tissue targeting effi-
ciency of the passive LNP delivery systems or naked RNA molecules
could be improved by decoration of active targeting moieties,31–34

such asmonoclonal antibodies,35,36 peptides,37–39 aptamers,40 or recep-
tor ligands.41–43 Among them, receptor ligands have the advantages of
low cost, small size, low immunogenicity, high stability, and relatively
easier chemicalmodification.32 And, the binding affinity of the receptor
ligand to the target is generally low, resulting in weak and reversible
ligand/target interactions, but thisweak binding abilitymay favor endo-
cytosis and tissue penetration. If the binding is too strong, the ligand
nanocarriers may become trapped in the tissue or transported to the
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Figure 1. Characterization and screening for in vitro siRNA delivery of the DoGo-derived ionizable lipids

(A) Structures of DoGo-derived ionizable lipids. (B) pKa value of the DoGo-derived ionizable lipids. (C) The particle size and zeta potential of LNP formulated from DoGo-

derived ionizable lipids. (D) TEM images of the LNP formulated from DoGo-derived ionizable lipids. (E) Cellular uptake efficiency of LNP formulated from DoGo-derived

ionizable lipids. (F) siRNA transfection efficiency of LNP formulated from DoGo-derived ionizable lipids. OGD-treated C8-D1A cells were treated with the LNPs carrying siRNA

against TLR4, respectively. Twenty-four hours later, the mRNA level of TLR4 in the cells was measured by RT-qPCR. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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lysosome for degradation, which is a challenge for antibody-modified
delivery systems.41,44 Adenosine receptors (ARs), also known as P1 re-
ceptors, are a class of purine G protein-coupled receptors with adeno-
sine as endogenous ligand,45 and highly expressed in the brain.46

In this study, we designed an active targeting LNP system by formu-
lating novel DoGo-derived ionizable lipids and adenosine-conjugated
DoGo lipids. DoGo lipids are a series of cationic peptidomimetics-con-
jugated lipids that have great siRNAdelivery efficiency.18Wepreviously
demonstrated thatDoGo-derived LNP can specifically deliver siRNA to
microglia in a mouse model of middle cerebral artery occlusion and
induce efficient knockdown of TLR4.47We hypothesize that adenosine
functionalized LNP would be internalized by astrocytes via ARs, which
are highly expressedonastrocytes cell surface.Wediscovered that astro-
cyte-targeted Ad LNPs can deliver siRNA against TLR4, reprogram
astrocyte polarization, and attenuate TBI-induced secondary brain
injury and enhance the integrity of the BBB in a mice TBI model.

RESULTS
Our previous studies revealed that LNP or polymeric NP can infiltrate
brain tissue via transiently permeable BBB in a mice stroke model and
deliver siRNA to specific glial cell populations to regulate their polariza-
tion.47,48 The goal of the present study was to create an astrocyte target-
ing LNP carrier for siRNAthat canmodulate the polarizationof the glial
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cells after brain damage. Astrocytes are a major population of glial cells
in theCNS, and they express all four subtypes of adenosine receptor.As-
trocytes are a main source of adenosine during episodes of ischemia,
injury, and inflammation.49,50 Our previous study demonstrated that
AR can be utilized for the receptor-mediated siRNA delivery.51

Ionizable lipids with different chemical properties have been studied
since 2008. Ionizable lipids can be divided into unsaturated ionizable
lipids, multi-tail ionizable lipids, ionizable polymer-lipids, biodegrad-
able ionizable lipids, and branched-tail ionizable lipids.52 So far, the
Food andDrugAdministration-approved lipids used to deliver siRNA
and mRNA all belong to ionizable lipids, for example, DLin-MC3-
DMA or MC3 which are tertiary amine structures with two unsatu-
rated tails.53 DoGo lipids are peptidomimetics conjugated with lipids
that have appreciable nucleic acids delivery efficiency and negligible
cytotoxicity.18 To further enhance the in vivo siRNA delivery effi-
ciency of DoGo lipids, we synthesized four ionizable DoGo derivative
lipids (denoted by DMB-DoGo1, DEP-DoGo1, DME-DoGo1, and
DEE-DoGo1). After the structure of the ionizable lipidswas confirmed
by NMR spectroscopy (Figure 1A, supporting information materials
and methods), we measured the pKa value of each individual lipid
(Figure 1B). Surface pKa value is one of the critical parameters for
LNP in terms of siRNA delivery ability,54,55 because gene silencing ef-
ficiency was strongly correlated with pKa, with the optimal pKa values



Table 1. Characterization of physicochemical properties of LNP prepared from DoGo-derived ionizable lipids

LNP Size (nm)a PDI Zeta potential (mV) Encapsulation efficiency (%) pKa of ionizable lipidb

DMB-DoGo1 65.4 ± 2.85 0.23 ± 0.04 1.92 ± 2.21 88.6 ± 0.50 7.67

DEP-DoGo1 65.5 ± 3.21 0.21 ± 0.03 4.50 ± 2.56 97.8 ± 0.08 6.72

DME-DoGo1 68.1 ± 2.21 0.24 ± 0.07 3.72 ± 4.22 94.3 ± 0.71 7.45

DEE-DoGo1 69.2 ± 2.76 0.30 ± 0.06 4.00 ± 1.35 97.5 ± 0.30 7.19

aMeasured by Dynamic Light Scattering.
bDetermined by TNS assay.
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being around 7.0.55 For example, SM-102 lipid used in Moderna
mRNA COVID-19 vaccine has a pKa value of 6.68, and pKa value
of DLin-MC3-DMA was 6.44. DoGo-derived ionizable lipids showed
pKa value ranging from 6.72 to 7.67 (Table 1). Finally, we observed the
stability of DEP-DoGo1 lipid in full medium. Themixtures of full me-
dium and lipids at 6/1 (v/v), were observed after 0, 1, 2, and 3 days,
respectively, and the results showed that DEP-DoGo1 lipid had high
stability in full medium (Figure S1).

Next, we prepared LNP derived from each of the DoGo-derived lipids
by mixing with DSPC, cholesterol, DMG-PEG2000, and siRNA,
respectively, using an extrusion method. DEP-DoGo1 LNP showed
the highest encapsulation efficiency (Tables 1 and S1). All LNPs
showed a favorable particle size ranging from 65 to 69 nm and low
zeta potential ranging from 1.92 to 4.50 mV (Figures 1C, 1D, and
S2; Table 1). The particle size distribution and morphology of LNPs
are among the crucial factors that determine the circulation time, bio-
distribution, stability, and clearance of LNPs.56 LNPs with a diameter
of 45 nmwere most effective for subcutaneous administration, while a
diameter of 80 nm makes the LNPs most effective for intravenous
administration.57 LNPs with a particle size of less than 100 nm can
pass through capillary pores and reach the blood circulation, which
is a key step in crossing the vascular barrier immunogenicity.58

To evaluate the in vitro siRNA delivery efficiency of the DoGo-derived
lipids, we first treated C8-D1A cells with the DoGo-derived LNP car-
rying FAM-labeled siRNA, respectively, and quantified the cellular up-
take efficiency of each LNP by flow cytometry. C8-D1A cells are an
astrocyte cell line isolated from mouse cerebellum that express a high
level of ARs. The OGD is an in vitro model for stroke that induces
neuronal injury. DEP-DoGo1-based LNP showed the highest cellular
uptake by the C8-D1A cells (Figures 1E and S3). On the OGD-treated
C8-D1A cells, DEP-DoGo1-based LNP carrying siRNA against TLR4
induced 89% decrease in TLR4 mRNA level, the highest among the
four LNPs (Figure 1F). These results demonstrated that DEP-DoGo1
has themost favorable physicochemical properties and in vitro transfec-
tion efficiency, therefore it can be used as the first choice of ionizable
lipid for subsequent formulation of receptor targeting LNPs.

To achieve AR receptor-mediated siRNA delivery to astrocytes, we
first synthesized adenosine functionalized lipids by conjugating either
single adenosine moiety (denoted by Ad1-DoGo1) or four adenosine
moieties (denoted by Ad4-DoGo4) to the DoGo1 and DoGo4, respec-
tively (supporting information materials and methods, Figures 2A
and 2B). Next, we incorporated Ad-DoGo lipids into the DEP-
DoGo1-based LNP as an auxiliary lipid to prepare the AR-targeting
LNP and obtained eight formulations based on variant ratio of
DSPC and Ad-DoGo lipids (Table 2, denoted by Ad1-1 to Ad1–4
LNP or Ad4-1 to Ad4-4 LNP). The subsequent characterizations of
Ad4-3 LNP revealed that incorporation of Ad-DoGo lipids increased
the pKa of the resulting LNP to 7.51 and 7.05, respectively (Figure 2C).
Although the encapsulation efficiency of DEP-DoGo1 LNP with or
without adenosine-conjugated lipids did not change, the particle
size increased and zeta potential decreased (Figure 2D and
Table S2). However, transmission electron microscopy (TEM) obser-
vation of the morphology indicated that Ad4 LNP was more homo-
geneous compared with the Ad1 LNP (Figure 2E).

The screening of the transfection efficiency of the Ad LNPs on C8-D1A
cell lines revealed that increasing the adenosine moiety in the LNP can
enhance the transfection efficiency, and Ad4 LNPs had significantly
higher transfection efficiency compared with Ad1 LNPs. For example,
Ad4-3 LNP and Ad4-4 LNP, which contain a higher ratio of Ad4-
DoGo4 lipid, showed higher transfection rate and exhibited superior
siRNA delivery efficiency compared with all Ad LNPs (Figures 3A,
S4, and S5). The cellular uptake of Ad4-3 LNP and Ad4-4 LNP
measured by flow cytometry showed no significant difference between
the two LNPs. To fine-tune Ad4 LNPs for the optimal transfection effi-
ciency, we next compared the in vitro siRNA delivery efficiency of
Ad4-3 and Ad4-4 LNPs. To do this, we transfected OGD-treated C8-
D1A cells with the Ad4-3 and Ad4-4 LNPs carrying siRNA against
TLR4, respectively, using a series of siRNA concentration (10, 5, 1,
and 0.5 nM). RT-qPCR and western blot analysis revealed that Ad4-
3-mediated siRNA delivery to the astrocyte cell line had the best gene
silencing efficiency at both the mRNA and protein level of the target
gene (Figures 3B, 3C, and S6).

Next, we evaluated the astrocyte AR specificity of Ad4-3 LNP. To do
this, we first conducted a competitive blocking experiment.We selected
AMP, the natural ligand for ARs, as the receptor binding competitor to
evaluate the AR receptor binding specificity of Ad4-3 LNP using GMP
as negative controls. C8-D1A cells were pretreated with either AMP or
GMP, and then treated with Ad4-3 LNP carrying FAM-labeled siTLR4.
Four hours later, the transfection efficiencies were quantitatively
analyzed by flow cytometry. The results showed that cellular uptake
of Ad4-3 LNP was significantly inhibited by AMP but not by GMP
Molecular Therapy: Nucleic Acids Vol. 34 December 2023 3
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Figure 2. Screening and in vitro siRNA delivery of the adenosine functionalized LNPs

(A) Structures of Ad1-DoGo1 and Ad4-DoGo4. (B) Measurement of pKa value of the naked LNP, Ad1–3 LNP, and Ad4-3 LNP. (C) Measurement of pKa value of the Ad LNPs.

(D) The particle size and zeta potential of naked LNP, Ad1–3 LNP, and Ad4-3 LNP. (E) TEM images of the Ad1-3 LNP and Ad4-3 LNP.
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(Figure 3D), suggesting that Ad4-3 LNP may have been internalized
through AR receptor-mediated endocytosis. To further confirm the
AR specificity of Ad4-3 LNP, we knocked down each individual AR
(i.e., A1R, A2AR, A2BR, and A3R) using antisense oligonucleotide
(ASO) to silence the corresponding target gene inC8-D1A cells, respec-
tively. Amixture of fourASOswas also used to knock downall fourARs
simultaneously. Upon confirmation of AR knockdown 24 h after the
transfection of ASO (Figure S7), we treated the cells with Ad4-3 LNP
carrying FAM-labeled siTLR4. Four hours later, the cellular uptake of
Ad4-3 LNP in each treatment group was quantified by flow cytometry.
The results showed that knockdown of each individual AR decreased
the uptake ofAd4-3 LNPby55%–65% (Figure 3E). Significantly, a com-
bined knockdown of all ARs simultaneously in the cells resulted in 90%
decrease in the internalization of Ad4-3 LNP, confirming the AR recep-
tor-dependent uptake of Ad4-3 LNP by C8-D1A cells.

Furthermore, we performed a temperature-dependent internalization
assay to investigate the energy dependency of Ad4-3 LNP uptake by
C8-D1A cells. To do this, we treated C8-D1A cells with Ad4-3 LNP
carrying FAM-labeled siRNA at either low temperature (4�C) or
normal incubation temperature (37�C), followed by the measurement
of fluorescence intensity of the cells by flow cytometry. The results
showed that the fluorescence intensity at 4�C was lower than at
37�C at all measured time points, and the overall cellular uptake
increased with time, indicating that the energy-dependent uptake
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occurred at 37�C (Figure 3F). This result can be explained as follows:
the increase of fluorescence intensity at 4�C reflected the number of
Ad4-3 LNPs binding to ARs on the cell surface, and at 37�C reflected
the endocytic uptake of Ad4-3 LNP plus the amount of binding to the
cellular surface, suggesting that Ad4-3 LNP was internalized by the
C8-D1A cells through an energy-dependent endocytic process.

Finally, we performed immunocytochemistry (ICC) to further confirm
AR-mediated internalization of Ad4-3 LNP by astrocyte cell line.
Because A2AR is the most abundantly expressed AR in C8-D1A cells,
we used it as a representative receptor for ICC analysis. We first treated
C8-D1A cells with Ad4-3 LNP carrying FAM-labeled siRNA. Four
hours later, we stained the cells with anti-A2AR antibody and Alexa
Flour 594 dye-conjugated secondary antibody. After staining the nuclei
with DAPI, we observed the cells under confocal microscope. Clear
overlaying ofA2AR (red) andAd4-3 LNP (green)was observed, demon-
strating that Ad4-3 LNPs bound to A2AR and were subsequently inter-
nalized byC8-D1Acells viaA2AR-mediated internalization (Figure 3G).
These results confirmed that Ad4-3 LNPs were internalized by the
astrocyte cell line via AR-mediated endocytosis.

To investigate the brain-targeting ability and astrocyte specificity of
Ad4-3 LNP in vivo, we systematically administrated Ad4-3 LNP
carrying FAM-labeled siTLR4, or naked FAM-labeled siTLR4 to the
mouse TBI model, and PBS to the healthy mouse as a negative control.



Table 2. Formulation of Ad1 LNPs and Ad4 LNPs

Formulation Variable (molar %) Constant (molar %)

Adenosine lipid (molar %) DSPC DEP-DoGo1 Cholesterol DMG-PEG2000

Naked LNP 0 10

50 38.5 1.5

Ad1-1 Ad1-DoGo1 (2.5) 7.5

Ad1-2 Ad1-DoGo1 (5.0) 5

Ad1-3 Ad1-DoGo1 (7.5) 2.5

Ad1-4 Ad1-DoGo1 (10) 0

Ad4-1 Ad4-DoGo4 (2.5) 7.5

Ad4-2 Ad4-DoGo4 (5.0) 5

Ad4-3 Ad4-DoGo4 (7.5) 2.5

Ad4-4 Ad4-DoGo4 (10) 0
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Twenty-four hours after intravenous (i.v.) injection, we collected major
organs (liver, lung, spleen, kidney, and brain) and observed the fluores-
cence intensity by UVP Ibox Scientia. The strongest fluorescence signal
was detected in brain of an Ad4-3 LNP-treated mouse.When we quan-
tified by ImageJ, we found that the brain harvested from theAd4-3 LNP
treatment mouse had significantly stronger fluorescence intensity than
naked siRNA and PBS-treated mouse (Figures 4A and S8), suggesting
that Ad4-3 LNP enters the brain via disrupted BBB. To further investi-
gate the neural cell specificity of Ad4-3 LNP, we observed the fluores-
cence signal of peri-infarct region of brain tissue slides. The strongest
green signal of FAMwas detected in peri-infarct region,mostly colocal-
ized with GFAP-positive cells (Figures 4B and 4C), indicating that
Ad4-3 LNP specifically delivered siRNA to astrocytes in the peri-infarct
region in the ipsilateral cortex. No colocalized fluorescence signal of
Iba1 and NeuN (Figure S9) was observed, suggesting that the Ad4-3
LNP penetrated the BBB in the TBI model of mice and actively entered
the astrocyte through AR-mediated endocytosis.

Next, we measured the astrocyte-specific gene silencing efficiency of
Ad4-3 LNP-mediated siRNA delivery at mRNA and protein levels.
RT-qPCR and western blot analysis revealed significant knockdown
of TLR4 at both mRNA and protein levels in the lesion region
(Figures 4D and 4E), while the siCtrl group had a negligible effect
on TLR4 expression, indicating that Ad4-3 LNP systematically deliv-
ered siRNA to the peri-infarct region and silenced the key compo-
nents in the transcription factor modulating pro-inflammatory
response. To examine whether knockdown of TLR4 can alleviate sec-
ondary damage or inflammation in TBI mice, we measured the BBB
integrity or permeability of TBI model mouse after knockdown TLR4
by systemically administration of Evans Blue dye (EB) to the Ad4-3
LNP-treated TBI mice. EB is one of the largest dyes commonly
used for evaluation of BBB permeability due to its advantages of
macroscopic observation and spectrophotometry quantification. EB
cannot cross an intact BBB.59 We i.v. injected EB dye to four groups
of mice: sham group, PBS group, Ad4-3 LNP carrying siCtrl group,
and Ad4-3 LNP carrying siTLR4 group (n = 6). The quantitative anal-
ysis revealed that EB content in the siTLR4 group was significantly
decreased compared with the PBS group, indicating a good integrity
of the BBB (Figure 4F). Therefore, it can be concluded that the
destruction of the BBB can be alleviated after Ad4 LNP-mediated
knockdown of TLR4 in astrocytes. Furthermore, the analysis of
neuronal apoptosis by NeuN staining in brain tissue from the TBI
mouse showed that the apoptosis of neurons near the brain injury
area was significantly reduced in the siTLR4 group compared with
the siCtrl group (Figure S10).

To investigate the change of cytokine expression pattern resulting from
Ad4-LNP-mediated astrocyte-specific knockdown of TLR4 in mouse
TBI models, we measured the serum level of representative cytokines
involved in inflammatory immune response. TLR4 silencing results in
significant changes in the expression characteristics of cytokines and
other immune responders. The ELISA results showed that the expres-
sion levels of canonical pro-inflammation cytokines TNFa and IL-1b
were dramatically decreased, while the anti-inflammation cytokines
IL-4 and IL-13 were significantly upregulated (Figure 5), suggesting
that RNAi-mediated TLR4 silencing possibly enabled transition of acti-
vated astrocytes from pro-inflammatory (A1) to anti-inflammatory
(A2) phenotype at the injury site in the mouse TBI model.

In summary, LNP formulated fromDoGo-derived ionizable lipid and
adenosine-conjugated DoGo lipid can specifically deliver siRNA to
astrocyte via AR-mediated internalization. Particularly, Ad4-3 LNP
could specifically deliver siRNA in astrocytes in the peri-infarct re-
gion in the TBI mouse model, reprogram the polarization of astrocyte
via knockdown TLR4, upregulate the expression of anti-inflamma-
tory factors, and inhibit the secretion of pro-inflammatory factors,
attenuating secondary neural damage in the mouse TBI model.

DISCUSSION
Neurological disorders are the second leading cause of death.60 The
development of drugs for CNS diseases is characterized by low treat-
ment satisfaction, high demand for new drugs, and the lack of effec-
tive delivery systems, which deliver less than 1% of the dose to the
brain in most cases, including trastuzumab.61 However, systemic
drug delivery to brain parenchyma can be achieved via receptor-
mediated approaches, despite the tight junction of BBB. The receptors
Molecular Therapy: Nucleic Acids Vol. 34 December 2023 5
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Figure 3. Ad4 LNP is internalized by astrocytes via adenosine receptors

(A) Cellular uptake of Ad1 and Ad4 LNP. C8-D1A cells were treated with Ad1-LNP (formulations 3 and 4) and Ad4-LNP (formulations 3 and 4) containing FAM-labeled siRNA,

respectively. Twenty-four hours later, the fluorescence positive cells were quantitively analyzed by flow cytometry. (B) In vitro siRNA delivery efficiency of the Ad4-3 and Ad4-4

LNPs. OGD-treated C8-D1A cells were treated with Ad4-3 and Ad4-4 LNP containing siRNA against TLR4 (concentration: 1 nM and 0.5 nM), respectively. Twenty-four hours

later, total RNA was extracted from the cells and the expression level of TLR4 was quantitively analyzed by RT-qPCR. (C) TLR4 protein levels in the siTLR4-treated cells were

analyzed by western blot. (D) AMP competitively blocks the uptake of Ad4 LNP by C8-D1A cells. AMP but not GMP significantly reduces the internalization of Ad4 LNP

carrying FAM-labeled siRNA. (E) Knockdown of adenosine receptors significantly reduces the uptake of Ad4 LNP by C8-D1A cells. (F) Uptake of Ad4 LNP byC8-D1A cells are

temperature dependent. (G) Confocal images of C8-D1A cells treated with Ad4 LNP carrying FAM-labeled siRNA. Adenosine receptor positive cells (red) and FAM-labeled

siRNA (green) are highly overlaying. Scale bar, 50 mm. **p < 0.01; ***p < 0.001; ****p < 0.0001.
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on brain endothelial cells, such as transferrin receptors, insulin recep-
tors, folate receptors, and low-density lipoprotein receptors have been
utilized to study the systemic drug delivery efficiency of the ligand or
antibody conjugated nanoparticles including LNPs in intact brain.62

In the case of TBI patients, systemically delivered drugs may enter
the brain parenchyma via impaired BBB at the site of injury. In this
report, we synthesized four ionizable lipids based of our previously re-
ported cationic lipids, i.e., DoGo lipids.18 Because ionizable lipids are
superior to the conventional cationic lipids in terms of RNA delivery,
we used DEP-DoGo1 lipid in the formulation of ligand functionalized
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LNP for astrocyte targeting. Compared with the rest of the newly syn-
thesized lipids, DEP-DoGo1-based LNP had the lowest pKa value and
smallest particle size (Figure 1 and Table 1).

Astrocytes are the most abundant glial cells in the brain. In early stage
of brain injury, astrocytes formulate the glial scar to isolate lesion
zones and protect surviving cells and express growth factors and other
molecules that can support the neuroregeneration.63–65 However, as-
trocytes are also one of the major contributors to neuroinflammation,
which is an important secondary injury mechanism that contributes



Figure 4. Astrocyte-specific siRNA delivery by Ad4 LNP in a TBI mouse model

(A) Images of mice brain harvested 24 h after administration of Ad4 LNP carrying FAM-labeled siRNA. TBImodelmouse administered with naked siRNA and a sham-operated

mouse injected with PBS are shown as control. (B) and (C) Confocal images of brain slides showing GFAP-positive cells at the boarder of damaged brain tissue colocalizing

with FAM-labeled siRNA. (D) Quantification of TLR4 mRNA in the brain by RT-qPCR. (E) TLR4 protein level in the brain was analyzed by western blot. (F) Measurement of EB

dye leakage in sham group, TBI model treated with PBS or Ad4 LNP carrying siCtrl or siTLR4, respectively; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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to ongoing neurodegeneration and neurological impairments associ-
ated with TBI.66 Changing the glial cell phenotype and regulating
cytokine expression may finally achieve the purpose of alleviating sec-
ondary brain injury after TBI incidence.67 However, to the best of the
authors’ knowledge, no therapeutics have been reported to specifically
target astrocytes. For example, Gal-NP@siRNA can penetrate the
BBB via glycemia-controlled glucose transporter-1 (GLUT 1)-medi-
ated transport, thereby ensuring that siRNAs decease BACE1
Molecular Therapy: Nucleic Acids Vol. 34 December 2023 7

http://www.moleculartherapy.org


Figure 5. Ad4 LNP-mediated knockdown of TLR4 in astrocytes resulted in the down regulation of pro-inflammatory cytokines and upregulation of anti-

inflammatory cytokines in mouse TBI model

ELISA measurement of serum cytokine level in sham group, PBS-treated group, Ad4 LNP group (carrying siCtrl and siTLR4, respectively). (A) Pro-inflammatory cytokines. (B)

Anti-inflammatory cytokines. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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expression and modify relative pathways.68 GLUT1 receptor-medi-
ated NP can endocytose by brain capillary epidermal cells, neurons,
and microglia, but not by astrocytes.

To explore the possibility of adenosine receptor-mediated siRNAdelivery
to astrocytes, we functionalized DoGo lipid by conjugating adenosine
moieties and obtained Ad1-DoGo1 and Ad4-DoGo4 lipid (Figure 2).
The advantages of ARs as the receptors for astrocyte-targeted siRNA de-
livery are as follows: (1) All four types of adenosine receptors (A1, A2A,
A2B, and A3) are expressed by astrocytes.69 (2) We previously proved
that ARs can bind and facilitate the receptor-mediated internalization
of adenosine-conjugated drug carriers.51,70 (3) Our previous studies re-
vealed that the adenosine-conjugated drug carriers are antagonistic to
ARs and therefore exert immunosuppressive effects.49,51 (4) Astrocytes
are the major glial cells in the brain, making up 30% of the total glial
cell population. TBI incidence induces the proliferation of astrocytes
and increases the density of astrocytes in the infarct region, which rein-
forces the contributionof astrocytesduringTBI-inducedneuroinflamma-
tion process.71 Therefore, astrocyte-specific delivery of therapeutics is
crucial for the facilitation of the anti-inflammatory phenotype of the
astrocyte population.

A side-by-side comparison revealed that Ad4-DoGo4 functionalized
LNP (Ad4 LNP) was more efficient in terms of cellular uptake and
in vitro RNAi activities on the C8-D1A cell line (Figures 3A and 3B).
8 Molecular Therapy: Nucleic Acids Vol. 34 December 2023
Thismay be attributed to the ligand density and clustering effect, which
can greatly affect the efficiency of receptor-mediated siRNA delivery.72

We proved that the internalization of Ad4 LNP was indeed dependent
on AR by demonstrating the ligand blocking, receptor knockdown as
well as temperature dependency experiments (Figures 3D–3G). More-
over, systemic administration of Ad4-LNP carrying dye-labeled siRNA
in the TBI mouse model resulted in accumulation of siRNA at the
injury site in the brain. Significantly, immunohistochemical analysis
confirmed that the Ad4 LNPs were specifically taken up by GFAP-pos-
itive cells (Figure 4B), demonstrating the successful establishment of an
astrocyte-specific RNA therapeutic delivery system. Remarkably, the
robust knockdown of the target gene expression in the peri-infarct sec-
tion of injured site (Figures 4A and 4B) led to the significantly
decreased dye leakage in the brain (Figure 4E), whichmay have resulted
from the BBB protective effect originated in situ from the phenotypi-
cally changed astrocytes at the vicinity of the injury site releasing the
increased level of anti-inflammatory cytokines and decreased level of
pro-inflammatory cytokines (Figure 4F).

TheCNSofTBImice is characterizedby severe inflammatory responses
induced by activated astrocytes and microglia, which also disrupt and
increase permeability of the BBB. The cell debris resulting from TBI-
induced neural cell apoptosis activates astrocytes via PRRs such as
TLR4. Activation of the PRR pathway eventually facilitates nuclear
localization of p65, initiates NF-kB-dependent transcription, expresses
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pro-inflammatory cytokines including TNFa and IL-1b, and promotes
pro-inflammatory polarization of astrocytes. TLR4 is widely distributed
in the brain and plays a key role in neuroinflammation in the CNS.
Therefore, it is a promising therapeutic target for clinical treatment of
TBI.73 The knockdown of TLR4 can deactivate the NF-kB pathway
and subsequently induceneuroprotective ability.74 In this paper, instead
of analyzing themechanismof theNF-kBpathway, we analyzedpheno-
typic polarization of astrocytes at the cytokine level. The results demon-
strated that Ad4-3 LNP can weaken the NF-kB pathway signal through
knockdown of TLR4, upregulate the expression of neuroprotective cy-
tokines, and lead to neurovascular protection.

Astrocyte-specific delivery of RNA therapeutics potentiates a broad
application of Ad LNP system for curing CNS disease. Further explo-
ration of this unique system could include non-viral astrocyte-specific
mRNA delivery for modulation of astrocyte-to-neuron conversion in
neurodegenerative diseases. Overexpression of NeuroD1 by local in-
jection of viral vector (AAV) in the brain showed limited astrocyte-to-
neuron conversion, while systemic administration of increased doses
of AAV may potentially increase the efficiency of this conversion and
may also result in unintended broader expression.75

MATERIALS AND METHODS
Synthesis of ionizable lipids

SA-DoGo1

Succinic anhydride (SA, 1.24mmol) was dissolved in dry dichlorome-
thane (5 mL) under a nitrogen atmosphere with constant stirring at
35�C. Separately, the required DoGo1 (1.24 mmol) was dissolved in
dry dichloromethane (5 mL) and added dropwise to the SA solution
over a period of 5 min. The mixture was then heated at reflux for 5
h. After cooling to room temperature, the mixture was washed with
5% critic acid, distilled water, brine, and dried over anhydrous
Na2SO4. The crude product was purified by chromatography silica
gel using dichloromethane and methanol (v/v, 10/1) as eluent and
the product (named SA-DoGo1, yield = 92%) dried under vacuum.
1H NMR: 0.886–0.908 (t, 6 H, -CH3), 1.289 (m, 44 H, -CH2), 1.496–
1.507 (m, 4 H, NHCH2CH2-), 1.931–2.031 (m, 8 H, -CH2CH =
CHCH2-), 2.296–2.330 (m, 2 H, CO(NH)CHCH2-), 2.536–2.593 (m,
2 H, CO(NH)CHCH2CH2-), 2.643–2.739 (m, 4 H, HOOCCH2-,
HOOCCH2CH2-), 3.206–3.253 (m, 4 H, CONHCH2-), 4.431–4.466
(m, 1 H, CO(NH)CH-), 5.361–5.397 (m, 4 H, -CH2 = CH2-), 6.569
(t, 1 H, NH-), 7.205–7.223 (m, 1 H, NH-), 7.618–7.630 (d, 1 H,
NH-). 13C NMR: 14.093 (-CH3), 22.670 (CH3CH2-), 27.219 (HOOC
CH2-,HOOCCH2CH2-), 28.693–28.860 (CO(NH)CHCH2-, CO(NH)
CHCH2CH2-), 31.898 (-CH2CH = CHCH2-), 39.841–39.965 (CONH
CH2-), 51.932 (CO(NH)CH-), 129.772–129.976 (-CH2 = CH2-),
171.660–173.540 (CO), 177.195 (CO). MS: Anal. Calcd for formula
C45H83N3O5: 745.6333. Found: (M + H)+, 746.6254.

DMB-DoGo1

SA-DoGo1 (300 mg, 0.4 mmol) was dissolved in dry dichloromethane
(3mL) under a nitrogen atmospherewith constant stirring at room tem-
perature. Followed by the required 4-Dimethylamino-1-butanol (80mL,
0.6mmol), EDCI reagent (115mg, 0.6mmol), andDMAP catalyst were
added. The reaction was continuously stirred overnight. Adding more
dichloromethane, the mixture was washed with 5% citric acid, distilled
water, and brine, and dried by anhydrous Na2SO4. The crude product
was purified by silica gel chromatography using dichloromethane and
methanol (5/1, v/v) as eluent and the product (named DMB-DoGo1,
yield = 72%) dried under vacuum. 1H NMR: 0.889–0.908 (t, 6 H,
-CH3), 1.269–1.361 (m, 44 H, -CH2), 1.496–1.507 (m, 4 H, NHC
H2CH2-), 1.681–1.722 (m, 2 H, -COOCH2CH2-), 1.853–2.125 (m, 12
H, -COOCH2CH2CH2-, -CH2CH = CHCH2-, CO(NH)CHCH2-),
2.336–2.413 (m, 2 H, CO(NH) CHCH2CH2-), 2.513–2.672 (m, 4 H,
OOCCH2-, OOCCH2CH2-), 2.720–2.752 (m, 6 H, -N(CH3)2), 2.843–
2.951 (m, 2 H, -COOCH2CH2CH2CH2-), 3.170–3.252 (m, 4 H,
CONHCH2-), 4.101–4.162 (t, 2 H, COOCH2-), 4.363–4.389 (m, 1 H,
CO(NH)CH-), 5.333–5.412 (m, 4 H, -CH2 = CH2-), 6.389–6.409 (t, 1
H, NH-), 7.189–7.213 (m, 1 H, NH-), 7.632–7.640 (d, 1 H, NH-). 13C
NMR: 14.091 (-CH3), 21.801 (COOCH2CH2CH2-), 22.546–22.682
(CH3CH2-), 25.913(COOCH2CH2CH2-), 26.962–27.001 (CO(NH)
CHCH2-), 27.118 (OOCCH2-), 28.741–30.832 (CH2-), 32.642 (-CH2

CH= CHCH2-), 33.087 (CO(NH)CHCH2CH2-), 39.642–39.782 (CON
HCH2-), 43.578 (N(CH3)2), 52.752–53.143 (CO(NH)CH-), 57.942
(-COOCH2CH2CH2CH2-), 63.034 (COOCH2-), 129.772–129.976
(-CH2 = CH2-), 171.240–172.970 (CO). MS: Anal. Calcd for formula
C51H96N4O5: 844.7381. Found: (M + H)+, 845.7427.

DEP-DoGo1

SA-DoGo1 (200 mg, 0.3 mmol) was dissolved in dry dichloromethane
(3 mL) under a nitrogen atmosphere with constant stirring at room
temperature. Followed by the required 3-Dimethylamino-1-propanol
(81 mL, 0.6 mmol), EDCI reagent (104 mg, 0.6 mmol) and HOBt
(73 mg, 0.6 mmol) were added. The reaction was continuously stirred
overnight. Adding more dichloromethane, the mixture was washed
with 5% citric acid, distilled water, brine, and dried by anhydrous
Na2SO4. The crude product was purified by silica gel chromatography us-
ing dichloromethane and methanol (5/1, v/v) as eluent and the product
(named DEP-DoGo1, yield = 75%) dried under vacuum. 1H NMR:
0.853–0.913 (t, 6 H, -CH3), 1.277–1.297 (m, 44 H, -CH2), 1.388–1.412
(m, 6 H, NCH2CH3), 1.522 (m, 4 H, NHCH2CH2-), 2.013–2.121
(m, 12 H, -COOCH2CH2-, CH2CH = CHCH2-, CO(NH)CHCH2-),
2.350–2.433 (m, 2 H, -COOCH2CH2-), 2.568–2.655 (m, 4 H,
OOCCH2-, OOCCH2CH2-), 3.165–3.252 (m, 10 H, CONHCH2-,
N(CH2)2-, CO(NH) CHCH2CH2-), 4.214–4.232 (t, 2 H, -COOCH2-),
4.404–4.415 (m, 1 H, CO(NH)CH-), 5.354–5.374 (m, 4 H, -CH2 =
CH2-), 6.340–6.352 (t, 1 H, NH-), 7.342–7.353 (m, 2 H, NH-).
13C NMR: 8.791 (N(CH2CH3)2), 14.091 (-CH3), 22.671–29.773 (CH2-),
30.721–31.892 (OOCCH2-, OOCCH2CH2-), 32.602 (-CH2CH =
CHCH2-), 32.951 (CO(NH)CHCH2CH2-), 39.652–39.788 (CONHC
H2-), 46.873 (N(CH2)2-), 48.832 (CO(NH)CH-), 53.162 (-COOCH2CH2

CH2-), 60.944 (COOCH2-), 129.278–129.993 (-CH2 = CH2-), 171.190–
173.083 (CO). MS: Anal. Calcd for formula C52H98N4O5: 858.7537.
Found: (M + H)+, 859.7551.

DME-DoGo1

SA-DoGo1 (200 mg, 0.3 mmol) was dissolved in dry dichloromethane
(3 mL) under a nitrogen atmosphere with constant stirring at room
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temperature. Followed by the required 2-Dimethylaminoethanol
(55 mL, 0.6 mmol), EDCI reagent (104 mg, 0.6 mmol) and HOBt
(73 mg, 0.6 mmol) were added. The reaction was continuously stirred
overnight. Adding more dichloromethane, the mixture was washed
with 5% critic acid, distilled water, brine, and dried by anhydrous
Na2SO4. The crude product was purified by silica gel chromatography
using dichloromethane andmethanol (5/1, v/v) as eluent and the prod-
uct (namedDME-DoGo1, yield = 65%) dried under vacuum. 1HNMR:
0.865–0.914 (t, 6 H, -CH3), 1.091–1.280 (m, 44H, -CH2), 1.438 (m, 4H,
CONHCH2CH2-), 2.027–2.036 (m, 10 H, -CH2CH = CHCH2-,
CO(NH)CHCH2-), 2.229–2.254 (m, 2 H, CO(NH) CHCH2CH2-),
2.352–2.582 (m, 4 H, OOCCH2-, OOCCH2CH2-), 2.659–2.768 (m, 6
H, N(CH3)2), 3.221–3.231 (m, 6 H, CONHCH2-, COOCH2CH2-),
4.351–4.396 (t, 3 H, CO(NH) CH-, COOCH2-), 5.366–5.400 (m, 4 H,
-CH2 = CH2-), 6.294 (t, 1 H, NH-), 6.975 (t, 1 H, NH-), 7.612 (d, 1 H,
NH-). 13C NMR: 14.112 (-CH3), 22.681–29.773 (CH2-), 31.901–
31.932 (CONHCH2CH2-), 39.692–39.788 (CONHCH2-), 44.367–
44.734 (N(CH3)2), 52.912–53.162 (-CO(NH)CH-), 56.805 (COO
CH2-, COOCH2CH2-), 129.787–129.963 (-CH2 = CH2-), 171.252–
173.183 (CO). MS: Anal. Calcd for formula C49H92N4O5: 816.7068.
Found: (M + H)+, 817.7123.

DEE-DoGo1

SA-DoGo1 (200 mg, 0.3 mmol) was dissolved in dry dichloromethane
(3mL)under anitrogenatmospherewith constant stirring at room tem-
perature. Followed by the required diethylaminoethanol (72 mL,
0.6 mmol), EDCI reagent (104 mg, 0.6 mmol) and HOBt (73 mg,
0.6mmol)were added. The reactionwas continuously stirred overnight.
Adding more dichloromethane, the mixture was washed with 5% critic
acid, distilled water, brine, and dried by anhydrous Na2SO4. The crude
product was purified by silica gel chromatography using dichlorome-
thane and methanol (5/1, v/v) as eluent and the product (DEE-
DoGo1, yield = 63%) dried under vacuum. 1H NMR: 0.891–0.913 (t,
6 H, -CH3), 1.293–1.390 (m, 50 H, N(CH2CH3)2, -CH2), 1.514 (m, 4
H, CONHCH2CH2-), 2.025–2.034 (m, 10 H, -CH2CH = CHCH2-,
CO(NH)CHCH2-), 2.323–2.433 (m, 2 H, CO(NH)CHCH2CH2-),
2.562–2.741 (m, 4 H, OOCCH2-, OOCCH2CH2-), 3.220–3.334 (m, 10
H, COOCH2CH2-, N(CH2)2-, CONH(CH2)-), 4.355–4.498 (m, 3 H,
CO(NH)CH-, COOCH2-), 5.365–5.400 (m, 4 H, -CH2 = CH2-), 6.465
(t, 1 H, NH-), 7.108–7.128 (t, 1 H, NH-), 7.632 (d, 1 H, NH-).
13C NMR: 9.002 (N(CH2CH3)2), 14.112 (-CH3), 22.673 (CH3CH2-),
26.934–26.982 (CO(NH)CHCH2-), 27.222–29.943 (CH2-), 31.941
(OCOCH2-, OCOCH2CH2-), 32.601–39.988 (-CH2CH = CHCH2-),
39.687–39.823 (CONH(CH2)-), 47.405 (N(CH2)2-), 50.633–50.812
(-CO(NH)CH-, COOCH2CH2-), 52.985 (COOCH2-), 129.757–
129.967 (-CH2 = CH2-), 171.142–173.118 (CO). MS: Anal. Calcd for
formula C51H96N4O5: 844.7381. Found: (M + H)+, 845.7665.

Synthesis of adenosine-conjugated lipids

Ade 1

Compound 1. A suspension of 20,3’-(isopropylidene) adenosine
(200 mg, 0.65 mmol), hexamethyldisilazane (HMDS; 271 mL), and
4-dimethylaminopyridine (DMAP; 16 mg) was magnetically stirred
at 25�C. Trimethylsilyl trifluoromethanesulfonate (TMSOTf; 24 mL)
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was dropwise added to above suspension, then further 2 h at 75�C.
The mixture was evaporated to oil that was dissolved in 3 mL dry
THF and treated with di-t-butyl dicarbonate (449 mg; 1.95 mmol)
and DMAP (8 mg) in an ice bath, then stirred at 25�C for 4 h. The
solution was concentrated and then treated with 6 mL of 5:1 (v/v)
methanol:triethylamine. The reaction was performed at 55�C for
16 h and then evaporated to oil, the remaining mixture was taken up
in dichloromethane. The organic phase was concentrated and purified
by silica gel chromatography using ethyl acetate and hexane (5/1, v/v)
as eluent, Rf = 0.2. Combined product fractions were concentrated to
an oil that was pumped in vacuo 50�C to leave compound 1
(296 mg, yield: 90%). 1H NMR: 1.348–1.394 (d, 24 H, -COOC(CH3)3,
C(CH3)2), 3.520–3.545 (m, 2 H, -CH2OH), 4.283–4.289 (q, 1 H,
-CH(CH-O-)-O-), 4.993–5.010 (t, 1 H, -OH), 5.090–5.111 (t, 1 H,
-CH(CH-O-)-O-), 5.443–5.460 (m, 1 H, -CH(O)CH2OH), 6.287–
6.293 (d, 1 H, -O-CH(N)-), 8.816 (s, 1 H, -N=CH-N = ), 8.881 (s, 1
H, -N=CH-N). 13C NMR: 25.625 (-CH3), 27.458–27.768 (-COO
C(CH3)3), 61.885 (-CH2OH), 81.864 (-CH(CH-O-)-O-), 83.925–
84.063 (-COOC(CH3)3), 87.569 (-CH(CH-O-)-O-), 90.574 (-CH(O)-
CH2OH), 113.527 (-O-CH(N)-), 128.561 (-(O)C(CH3)2), 132.251
(-N(N)C=C(N = )-), 145.690 (-N=CH-N), 149.777 (-N=C(N)-),
150.459 (-COOC(CH3)3), 152.198 (N=C(N = )-), 152.903 ((Boc)2N-
C(=C)-). MS: Anal. Calcd for formula C23H33N5O8: 507.2329. Found:
(2 M + Na)+, 1037.4720.

Compound 2. Compound 1 (200 mg, 0.395 mmol) was dissolved in
dry dichloromethane, to this 4-dimethylaminopyridine (DMAP;
97 mg) was added and added dropwise a solution of 4-nitrophenyl
chloroformate (159 mg, 0.79 mmol). The mixture was stirred at
room temperature under nitrogen atmosphere overnight. The extra
solvent was removed by evaporation, and purified by silica gel chroma-
tography using petroleum and ethyl acetate (2/1, v/v) as eluent, Rf = 0.3.
The product fractions were concentrated to oil that was dried in vacuo
at 50�C to get compound 2 (228mg, 86% yield). 1H NMR: 1.163–1.587
(d, 24H, -COOC(CH3)3, C(CH3)2), 4.393–4.429 (q, 1 H, -CH(CH-O-)-
O-), 4.506–4.580 (m, 2H, -CH2OH), 5.193–5.212 (t, 1 H, -CH(CH-O-)-
O-), 5.543–5.560 (m, 1 H, -CH(O)CH2OCO), 6.397–6.500 (d, 1 H,
-O-CH(N)-), 7.448–7.473 (m, 2 H, -CH = C(NO2)-, 8.255–8.287
(m, 2 H, -HC = C(C=C)-), 8.824 (s, 1 H, -N=CH-N = ), 8.888 (s, 1
H, -N=CH-N). 13C NMR: 25.675 (-CH3), 27.394–27.733 (-COO
C(CH3)3), 68.730 (-CH2OH), 81.225 (-CH(CH-O-)-O-), 83.792–
84.275 (-COOC(CH3)3, -CH(O)CH2OCO), 90.218 (-CH(CH-O-)-
O-), 114.116 (-O-CH(N)-), 122.857 (-HC = C(C=C)-), 125.769 (m, 2
H, -CH = C(NO2)-), 128.671 (-N(N)C=C(N = )-, -(O)C(CH3)2),
145.644–145.956 (-N=CH-N, C=C(NO2)-), 149.883–150.462 ((Boc)2
N-C(=C)-, -COOC(CH3)3), 152.033–152.754 (-N=C(N)-, -OCOO-,
-N=CH-N = ), 155.570 (OCOO-C(C = ) = C)). MS: Anal. Calcd for for-
mula C30H36N6O12: 672.2391. Found: (2 M + Na)+, 1367.4766.

Compound 3. To a solution of compound 2 (200 mg, 0.30 mmol) in
dry dichloromethane (2 mL) was added a solution of Val-DoGo1
(335 mg, 0.45 mmol) in dry dichloromethane, followed by N,N-diiso-
propylethylamine (DIPEA, 75 mL). The reaction mixture was stirred
at room temperature under nitrogen atmosphere for 24 h. The extra
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solvent was removed and purified by flash chromatography, eluting
with dichloromethane and methanol (15/1, v/v) to give compound
3 (306 mg, 80% yield), Rf = 0.5. 1H NMR: 0.836–0.862 (t, 6 H,
-CH3), 1.234–1.650 (m, 76 H, -COOC(CH3)3, CH2, OCONH
CH2CH2-, OCONHCH2CH2CH2-, -(O)C(CH3)2), 1.708–2.112 (m,
14 H, -CH2CH = CHCH2-, NHCOCH(NH)CH2-, NHCOCH(NH)
CH2CH2-, OCONHCH2CH2CH2CH2-), 2.903–3.064 (m, 6H,
OCONHCH2-, CH2CONHCH2-, CHCONHCH2-), 3.979–4.016 (m,
1 H, -CH(NH)CO), 4.132–4.177 (m, 2 H, -CH2OCO-), 4.386–4.414
(q, 1 H, -CH(CH-O-)-O-), 5.028–5.045 (t, 1 H, -CH(CH-O-)-O-),
5.308–5.349 (m, 4 H, -H2C = CH2-), 5.540–5.557 (m, 1 H,
-CH(CH)CH2O-), 6.325–6.330 (d, 1 H, -O-CH(CH)N), 7.185–
7.207 (t, 1 H, -NH-), 7.691–7.760 (m, 3 H, -NH-), 8.770 (s, 1 H,
-N=CH-N = ), 8.885 (s, 1 H, -N=CH-N). 13C NMR: 14.356 (-CH3),
22.520–22.958 (-(O)C(CH3)2), 25.637–27.434 (-CH2), 27.747–
27.924 (-COOC(CH3)3), 28.877–29.603 (-CH2), 31.716 (NHCOCH
(NH)CH2CH2-), 32.371 (-CH2CH = CHCH2-), 35.221 (OCONH
CH2CH2CH2CH2-), 38.863–38.908 (OCONHCH2-, CH2CONHC
H2-), 52.716 (-CH(NH)CO), 64.047 (-CH2OCO-), 81.745 (-CH(CH-
O-)-O-), 83.679–83.917 (-CH(CH)CH2O-, -COOC(CH3)3), 90.101
(-CH(CH-O-)-O-), 113.955 (-O-CH(CH)N), 130.074–130.511 (-N
(N)C=C(N = )-, -H2C = CH2-, -(O)C(CH3)2), 145.649 (-N=CH-N),
149.894–150.413 (-N=C(N)-, -COOC(CH3)3), 152.279–152.818
((Boc)2N-C(=C)-, -N=CH-N = ), 156.008 (OCO-), 171.564–171.682
(-NHCO-), 172.339 (-NHCO-). MS: Anal. Calcd for formula
C70H119N9O12: 1277.8978. Found: (M + Na)+, 1300.6721.

Ade 1. To a solution of compound 3 in dichloromethane (3 mL) was
added trifluoroacetic acid (TFA; 3 mL). The mixture was stirred at
room temperature for 4 h, the progress of the reaction was detected
by thin-layer chromatography (TLC). After completion of the reac-
tion, the solution was concentrated and washed with dichlorome-
thane to obtain target compound Ade 1. 1H NMR: 0.836–0.861
(t, 6 H, -CH3), 1.052–1.506 (m, 48 H, -CH2-), 1.629–1.824 (m, 4 H,
OCONHCH2CH2-, OCONHCH2CH2CH2-), 1.912–2.127 (m, 14 H,
-CH2CH = CHCH2-, NHCOCH(NH)CH2-, NHCOCH(NH)
CH2CH2-, OCONHCH2CH2CH2CH2-), 2.923–3.084 (m, 6H,
OCONHCH2-, CH2CONHCH2-, CHCONHCH2-), 4.076–4.251 (m,
6 H, -CH(NH)CO, OH, -CH2OCO-, -CH(CH-O-)-O-), 4.629–
4.651 (t, 1 H, -CH(CH-O-)-OH), 5.046 (m, 1 H, -CH(CH)CH2O-),
5.306–5.359 (m, 4 H, -H2C = CH2-),5.925–5.937 (d, 1 H, -O-
CH(CH)N), 7.267 (t, 2 H, -NH2), 7.698–7.851 (m, 4 H, -NH-),
8.269 (s, 1 H, -N=CH-N = ), 8.423–8.436 (s, 1 H, -N=CH-N). 13C
NMR: 14.336 (-CH3), 22.516–22.991 (-CH2), 24.754 (NH(CH)
CH2-), 25.604 (NH(CH)CH2CH2-), 26.773–27.406 (CH3CH2CH2-),
28.913–29.540 (-CH2CH = CHCH2-), 31.626–31.714 (NHC
OCH(NH)CH2CH2-), 32.259 (CH2CONHCH2-), 35.234 (NH(CH)
CONHCH2-), 38.982 (OCONHCH2-), 52.738 (-CH(NH)CO),
64.111–64.335 (-CH2OCO-), 71.004 ((-CH(CH-O-)-OH), 73.920
((-CH(CH-O-)-OH), 80.833 (-CH(CH)CH2O-), 90.148 (-O-
CH(CH)N), 119.260–119.430 (-N(N)C=C(N = )-), 130.064–130.502
(-H2C = CH2-), 141.761–141.999 (-N=CH-N), 147.498–149.244
(-N=C(N)-), 152.116 (-N=CH-N = ), 158.414–159.704 (H2N-
C(=C)-), 158.995–159.284 (-NHCO-), 171.595–171.725 (-NHCO-).
MS: Anal. Calcd for formula C57H99N9O8: 1037.76. Found: (M +
C2H3N)

+, 1079.10.

Ade 4

Compound 1. DoGo1 (200 mg, 0.310 mmol) was dissolved in dry
dimethyl formamide (DMF), followed by adding a solution of Di-Boc-
Osu (160 mg, 0.372 mmol) and N,N-diisopropylethylamine (DIPEA,
62mL).Themixturewas stirredat roomtemperatureundernitrogenat-
mosphereovernight.Theextrasolventwasremovedbyevaporation,and
washed with water and brine. The organic layer was dried (Na2SO4),
concentrated,andpurifiedbysilicagelchromatographyusingdichloro-
methaneandmethanol (10:1)aseluent.ToasolutionofDi-Boc-DoGo1
indichloromethane (3mL)was added trifluoroacetic acid (TFA; 3mL).
Themixturewasvigorouslystirredatroomtemperature for30min.The
productfractionswereconcentratedtooilthatwasdriedinvacuoat50�C
toobtaincompound1(210mg,89%yield).1HNMR:0.852–0.856(t,6H,
-CH3), 1.236–1.371 (m, 68 H, OCONHCH2CH2-, -CH2-, COOC
(CH3)3), 1.687 (d, 2 H, NHCHCH2-), 1.938–2.028 (m, 12 H,
-CH2CH = CHCH2-, NHCOCH2-, NHCOCH2CH2-), 2.883–3.049
(d, 4 H, CONHCH2-), 3.843 (d, 2 H, NHCOCH(NH)-), 4.122 (d, 2
H, NHCOCH(NH)-), 5.321 (m, 4 H, -CH2 = CH2-), 6.787 (m, 1 H,
OCONH(CH2)-), 7.055 (m, 1 H, OCONH(CH)-), 7.726 (m, 1 H,
CONH(CH2)-), 8.080–8.090 (m, 2 H, (CH)CONH(CH)-, (CH)CO
NH(CH2)-).

13C NMR: 14.404 (-CH3),22.559–29.606 (-CH2-, COO
C(CH3)3), 31.747 (-CH2CH = CHCH2-), 38.903–38.976 (-Boc
NHCH2-, CONHCH2-), 52.719 (-NHCOCH(NHBoc)-), 54.857
(NHCOCH(CH2)-), 77.815–78.650 (COOC(CH3)3), 130.090–
130.533 (-CH2 = CH2), 156.026–156.127 (COOC(CH3)3), 171.172–
172.669 (-CO). MS: Anal. Calcd for formula C56H105N5O7: 959.8014.
Found: (M+Na)+, 984.0798.

Compound 2. Compound1 (200mg, 0.263mmol)was dissolved in dry
DMF, followed by adding Di-Boc-Osu (249 mg, 0.579 mmol) and N,N-
diisopropylethylamine (DIPEA, 96 mL). The mixture was stirred at room
temperature under nitrogen atmosphere overnight. The extra solventwas
removed by evaporation, and washed with water and brine. The organic
layerwasdried (Na2SO4), concentrated, andpurifiedby silica gel chroma-
tography using dichloromethane and methanol (10:1) as eluent. To a so-
lution of 4-Boc-DoGo1 in dichloromethane (3 mL) was added trifluoro-
acetic acid (TFA; 3 mL). The mixture was vigorously stirred at room
temperature for 30 min. The product fractions were concentrated to
oil that was dried in vacuo at 50�C to obtain compound 2 (232 mg,
90% yield). 1H NMR: 0.853 (t, 6 H, -CH3), 1.236–1.368 (m, 96 H,
OCONHCH2CH2-, -CH2-, COOC(CH3)3), 1.978–2.029 (m, 12 H,
-CH2CH = CHCH2-, NHCOCH2-, NHCOCH2CH2-), 2.507–3.033 (t,
10 H, CONHCH2-), 3.838–3.897 (t, 2 H, NHCOCH(NH)-), 4.146–
4.249 (t, 2 H, NHCOCH(NH)-), 5.320 (m, 4 H, -CH2 = CH2-), 6.767–
6.865 (m, 4 H, OCONH(CH2)-), 7.749–7.957 (m, 4 H, CONH(CH2)-,
(CH)CONH(CH2)-), 8.111 (d, 1 H, (CH)CONH(CH)-). 13C NMR:
14.404 (-CH3),22.559–29.606 (-CH2-, COOC(CH3)3), 31.747 (-CH2

CH = CHCH2-), 38.903–38.976 (-BocNHCH2-, CONHCH2-), 52.719
(-NHCOCH(NHBoc)-), 54.857 (NHCOCH(CH2)-), 77.815–78.650
(COOC(CH3)3), 130.090–130.533 (-CH2 = CH2), 156.026–156.127
(COOC(CH3)3), 171.172–172.669 (-CO).
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Compound 3. Compound 2 (200 mg, 0.202 mmol) was dissolved in
dry dichloromethane, and added N,N-diisopropylethylamine (DIPEA,
167 mL), followed by adding dropwise a solution of Ade 1-compound
2 (681 mg, 1.012 mmol). The mixture was stirred at room temperature
under nitrogen atmosphere overnight. The extra solvent was removed
by evaporation, and washed with water and brine. The organic
layerwas dried (Na2SO4), concentrated, andpurifiedby silica gel chroma-
tography using dichloromethane andmethanol (8:1) as eluent. 1HNMR:
0.833–0.844 (t, 6 H, -CH3), 1.216–1.556 (m, 156 H, OCONHCH2CH2-,
OCONHCH2CH2CH2-, NHCOCH2-, NHCOCH2CH2-, -CH2-,
C(CH3)2-, COOC(CH3)3), 1.913–1.556 (m, 12 H, -CH2CH =
CHCH2-, NHCOCH2-, NHCOCH2CH2-), 2.896–3.046 (m, 10 H,
CONHCH2-), 3.938–4.383 (m, 16 H, -CH(CH-O-)-O-, -CH2OC-
ONH), 5.034 (t, 4 H, NHCOCH(NH)-), 5.312–5.344 (m, 4 H,
-CH(O)CH2OCO), 5.545 (m, 4 H, -CH2 = CH2-), 6.333 (m, 4 H,
-O-CH(N)-), 6.888–6.901 (t, 1 H, OCONH(CH2)-), 7.221–7.255 (t,
1 H, OCONH(CH2)-), 7.431–7.444 (d, 2 H, OCONH(CH)-), 7.759–
8.118 (t, 5 H, CHCONH-, CONH(CH2)-), 8.787–8.818 (s, 4 H,
N=CH-N = ), 8.892 (s, 4 H, -N=CH-N). 13C NMR: 14.366 (-CH3),
22.526 (CH3CH2-), 25.616 (OCONHCH2CH2-, CHCONHCH2CH2-),
26.779–29.538 (NHCOCH2CH2-, CH3CH2CH2-, NHCOCH2-,
C(CH3)2, -CH2), 31.718 (-CH2CH = CHCH2-), 38.865–39.081
(OCONHCH2-, CONHCH2-), 63.570–64.077 (-CH2OCONH, -(CH2)
CHNH(CH2), -(CH2)CHNH(CO)), 83.657–83.934 (-CH(CH-O)-O-,
-(COO)C(CH3)2), 90.202–90.423 (-CH(O)CH2OCO), 104.365
(-CH(CH-O)-O-), 116.289 (-O-CH(N)-), 126.655 (-(CH3)2C(O)2),
128.615 (-C(C)=(N)-N(Boc)2), 130.075 (CH2 = CH2), 140.3 (-N=
CH-N), 150.032–150.418 (N=CH-N = , -N=C(N)-), 152.307–152.822
(C=O), 172.610–173.206 (C=O).

Ade 4. To a solution of compound 3 in dichloromethane (3 mL) was
added trifluoroacetic acid (TFA; 3 mL). The mixture was stirred at room
temperature for 4 h, the progress of the reactionwas detected byTLC.After
the completion of the reaction, the solution was concentrated and washed
with dichloromethane to obtain target compound Ade 4 (350 mg, 80%
yield). 1H NMR: 0.836–0.858 (t, 6 H, -CH3), 1.230–1.643 (m, 60 H,
-CH2-), 1.930–2.026 (m, 12 H, -CH2CH = CHCH2-, NHCOCH2-,
NHCOCH2CH2-), 2.984–3.083 (m, 10 H, CONHCH2-), 4.002–4.341
(m, 16 H, -CH(CH-O-)-O-, -CH2OCONH), 4.999 (t, 4 H, NHC
OCH(NH)-), 5.316–5.346 (m, 4 H, -CH(O)CH2OCO), 5.442 (m, 4 H,
-CH2 = CH2-), 6.194–6.205 (m, 4 H, -O-CH(N)-), 6.933–8.134 (m, 17
H, -NH, -NH2), 8.261–8.291 (s, 4 H, N=CH-N = ), 8.379–8.407 (s, 4 H,
-N=CH-N). 13C NMR: 14.349 (-CH3), 22.511 (CH3CH2-), 25.612
(OCOCH2CH2-), 26.807–27.420 (CONHCH2CH2CH2-, NHCOCH2-),
29.019–29.582 (OCOCH2CH2CH2-, CONH(CH2)3CH2-CONH(CH2)4
CH2-, CONH(CH2)5CH2-, CONH(CH2)6CH2-, CH3CH2CH2-, CH3

(CH2)2CH2-, CH3(CH2)3CH2-, CH3(CH2)4CH2-, CONHCH2CH2-),
31.706 (NHCOCH2-, -CH2CH = CHCH2-), 52.657 (OCOCH2-), 64.723–
64.051 (-(CH2)CHNH(CH2), -(CH2)CHNH(CO)), 73.683 (-CH2OC-
ONH), 81.770 (-CH(CH-O)-O-), 83.777–84.439 (-CH(CH-O)-O-),
87.732–88.089 (-CH(O)CH2OCO), 89.763 (-O-CH(N)-, 116.255 (-C(C)
=(N)-NH2), 130.055 (CH2 = CH2), 141.067 (-N=CH-N), 149.057
(-N=C(N)-), 150.062–151.112 (N=CH-N = ), 156.221 (NH2-C(=C)-),
12 Molecular Therapy: Nucleic Acids Vol. 34 December 2023
158.577–158.853 (C=O), 170.909–172.212 (C=O).MS:Anal. Calcd for for-
mula C100H153N29O25: 2160.1592. Found: (M - H)-, 2158.9636.

LNP formulation and characterization

For the preparation of LNPs, the desired lipids and siRNA were dis-
solved in 95% ethanol and 50 mM citrate buffer (pH = 5.0), respec-
tively. The ethanol solution of lipids contained DoGo-derived ioniz-
able lipid (DMB-, or DEP-, or DME-, or DEE-DoGo1), the helper
lipid (DSPC), cholesterol, and DGM-PEG2000 in a molar ratio of
50:10:38.5:1.5. Equal volumes of lipid solution and siRNA solution
(50 nM) were mixed and diluted into an equal volume of 50 mM cit-
rate buffer (pH = 6.0). Themixture was repeatedly extruded through a
30-mm membrane (Avanti Polar Lipids, Inc., AL, USA). Then, the
lipid complexes were dialyzed in a 10 KMWCO slide-A-Lyzer mini
dialysis device (Thermo Fisher Scientific, MA, USA) overnight
against 1x DPBS (pH = 7.4) at 4�C to remove ethanol.

The morphology of the LNPs was characterized by TEM (FEI, 80 kV,
USA). The mean diameter and zeta potentials of the LNPs after dial-
ysis was determined by dynamic light scattering (Malvern Zetasizer
Nano instrument, Malvern, UK). Lipid concentrations and encapsu-
lation efficiency (EE) were assessed bymeasuring the concentration of
unencapsulated siRNA in LNPs. Briefly, the LNPs containing FAM-
labeled siRNA after dialysis were centrifuged at 15,000 rpm for
10 min, and the supernatant fluorescence intensity (Ex/Em = 480/
520 nm) was measured using FilterMax F5 Multi-Mode Microplate
Reader (Molecular devices, CA, USA). The calculation formula was
EE (%) = (F0� F1)/F0� 100%, where F0 and F1 were the fluorescence
intensity of siRNA used for LNP formulations and in the supernatant,
respectively. The pKa of each ionizable lipid formulation was deter-
mined by TNS binding assay described previously.54

The stability of lipid in full medium was investigated as follows: DEP-
DoGo1 was dissolved in ethanol to a final concentration of 4 mg/mL;
5 mL of DEP-DoGo1 ethanol solution was added to 20 mL full medium
(DMEM medium containing 10% fetal bovine serum) and mixed thor-
oughly. After incubating the mixture at room temperature for 0, 1, 2, and
3 days, the concentration ofDEP-DoGo1 in each incubationwasmeasured
by TLC using dichloromethane (DCM) andmethanol (10:1 volume ratio)
as the eluent. The lipid spots on the TLC plate were visualized using iodine
vapor. The ethanol solutionofDEP-DoGo1and the fullmediumwereused
as control. and the results were quantified by ImageJ software.

To prepare Ad LNPs, Ad1-DoGo1 or Ad4-DoGo4 was mixed with
DEP-DoGo1, cholesterol, DSPC, and DMG-PEG2000 at the required
molar ratio (Table S2), respectively, and dissolved in 95% ethanol.
Then, the ethanol solution and critic acid (pH = 5.0) solution of
siRNA (50 nM) were mixed thoroughly at equal volumes, then diluted
by an equal volume of 50 mM citrate buffer (pH = 6.0). The mixture
was repeatedly extruded through a 30-mm membrane (Avanti Polar
Lipids, Inc., AL, USA). The lipid complexes were dialyzed in 10
KMWCO slide-A-Lyzer mini dialysis device (Thermo Fisher Scienti-
fic, MA, USA) overnight against 1xDPBS (pH = 7.4) in 4�C.
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Analysis of cellular uptake efficiency of LNPs

Cellular uptake of Ad LNPs carrying FAM-labeled siTLR4 and subse-
quent RNAi effect were monitored in vitro on a C8-D1A cell line. Cells
were plated in 12-well plates at 2.5� 105 cells per well density and incu-
bated overnight before transfection of the LNPs. After transfection for
4 h, cellular uptake efficiency was examined by flow cytometry. For
OGD insult,76 cells were cultured in low glucose DMEM in incubation
chamber with 5% CO2, and 95% N2 for 2 h and further incubated in
high glucose medium to reoxygenate for 24 h under normal conditions.
The total RNA was extracted with TRIzol (Invitrogen, Carlsbad, CA,
USA) and the expression of endogenousTLR4mRNAwasmeasuredus-
ing iScript reverse transcription supermix for RT-qPCR and iTaq Uni-
versal SYBR Green supermix (Bio-Rad, Hercules, CA, USA) for qPCR.

Receptor blocking and temperature-dependent cellular uptake

In brief, C8-D1A cells were seeded in a 24-well plate at a density of
1� 106 cells per well and cultured for 24 h. Then the cells were treated
with AMP (90 mg/mL) for 2 h, followed by addition of Ad4-3 LNP con-
taining FAM-labeled siTLR4. After further incubation for 6 h, FAM-
positive cells were quantified by flow cytometry. For antisense oligonu-
cleotide (ASO)-mediated knockdown of AR receptors, ASO against
A1R, A2AR, A2BR, and A3R, or a mixture of four ASO sequences
(100 mM) was transfected into C8-D1A cells by DoGo4 transfection re-
agent, respectively, and the knockdownefficiencywas confirmedbyRT-
qPCR. After 24 h, Ad4-3 LNP carrying FAM-labeled siRNAwas added
to the cells for 6 h and the FAM-positive cells were quantified by flow
cytometry analysis. For the analysis of temperature-dependent cellular
uptake, the cells were transfected with Ad4-3 LNP carrying FAM-
labeled siRNA and incubated at 4�C or 37�C. The cells were re-sus-
pended in 110 mL of PBS and applied to flow cytometry analysis.

Astrocyte-targeted siRNA delivery in mice model of TBI and

in vivo RNAi efficiency

Balb/c mice (male, 8 weeks old) were purchased from Spife Biotech-
nology Company (Beijing, China). All animal experiments were
approved by the animal care and use committee of InnerMongolia Uni-
versity (approval number: 32160231). TBImodel was performed as pre-
viously reported.77 In brief, following anesthesia, an incision was made
in the midline of the head. A core-shaped copper cooled with liquid ni-
trogen was placed stereotactically on the right parietal skull for 1 min
(the area is 1.5 mm posterior, 1.5 mm lateral). Sham-operated mice
went through the same procedure without placing the core-shaped cop-
per. The mice were divided into four groups (three mice in each group):
sham operation group; PBS-treated group: the TBI model was injected
with PBS by i.v. injection; siCtrl and siTLR4 group: TBI model was in-
jected with Ad4-3 LNP carrying either siCtrl or siTLR4 by i.v. injection.
The dose of siRNA was 1 mg/kg body weight, and the corresponding
dose of Ad4 LNP was 10 mg/kg body weight. After 24 h, the mice
were killed for analysis of siRNAdelivery efficiency. Total RNAand total
protein were isolated from the lesion site of brain, and RT-qPCR and
western blotting were performed for detecting the expression of TLR4
on mRNA and protein levels. For IHC analysis, the brain was sliced
by vibratome (Leica VT 1200S, Switzerland), and was probed with pri-
mary antibodies for astrocyte marker (GFAP, Abcam, Cambridge, En-
gland), or microglia marker (Iba1, Abcam, Cambridge, England), or
neuron marker (NeuN, Abcam, Cambridge, England), and visualized
by secondary antibodies (goat anti-rabbit Alexa Fluor 594 conjugate,
Abcam, Cambridge, England).

Western blot analysis

For in vivo experiments, the lesion site of brain was collected and
lysed with TRIzol reagent, and the protein layer was extracted accord-
ing to the protocol of TRIzol reagent. For in vitro experiments, C8-
D1A cells treated with Ad4-3 LNP were washed three times with
ice-cold PBS before being lysed with mammalian protein extraction
reagent with protease inhibitor Cocktail (CWBioTech, Beijing,
China). Protein concentration was determined using Pierce BCA pro-
tein assay (Thermo Fisher Scientific, MA, USA). All samples were
heated in SDS-PAGE loading buffer at 95�C for 5 min before loading.
After transferring the protein to polyvinylidene fluoride (PVDF)
membrane and blocking, the primary antibodies (TLR4 Rabbit
mAb, 1:1000, Bioss Antibodies, Beijing, China; GAPDH Rabbit
mAb, 1:1000, Cell Signaling Technology, Danvers, MA, USA) were
loaded and incubated with secondary antibody (Goat Anti-Rabbit
IgG H&L [HRP], 1:4000, Abcam). Images were visualized by eECL
Western blot kit (CW biotech, Beijing, China) and captured by Ana-
lytik jena UVP Chemstudio imaging system.

Organ distribution of siRNA delivered by Ad4-3 LNP in mice

model of TBI

For the organ distribution study, sham group, FAM-labeled naked
siTLR4, and Ad4-3 LNP carrying FAM-labeled siTLR4 were injected
to TBI model mice, respectively. After 24 h, mice were intracardially
perfused with normal saline and killed, and organs (liver, lung, heart,
spleen, kidney, and brain) were harvested. Ex vivo fluorescence images
of organswere obtained byUVP Ibox Scientia (Analytik Jena, Jena,Ger-
many). The fluorescence intensity of brains was quantified by ImageJ.

Confocal microscope

The C8-D1A cells and brain slices were fixed in 4% paraformaldehyde,
permeated in 0.1% Triton X-100. Then, the cells were stained with
Phalloidin-iFluor 555 and DAPI. Brain slices were stained with corre-
sponding primary antibodies and secondary antibodies sequentially.
Imageswere obtained using a confocalmicroscope (NikonAXR, Japan)
at the channel of Ex/m = 556/574 nm; 460/550 nm; 358/461 nm.

Thewhole brain stainingprocedurewas according to themanufacturer’s
protocol of Five-color mIHC kit (abs50029, absin, China). In brief, the
fixed brain slices (5-mm thickness) were stained with first primary anti-
body and correspondingTSA secondary antibody sequentially. After the
amplification of signals, slices were treated with antibody eluent, fol-
lowed by staining with second, third antibodies and corresponding
TSA secondary antibodies. After themounting of slides, the whole slides
were scanned by PANNORAMIC MIDI II (3D HISTECH, Hungary).

Determination of BBB integrity in mice by EB dye leakage

For evaluation of the BBB permeability or integrity, we used EB dye
extravasation method, performed as per previous study.59 After
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injection of the dye, the skin color of mice changed immediately, and
the brain lesions turned macroscopically blue. Four groups of mice
(six mice in each group) were gently injected with 2% (w/v) EB dye
(3 mL/kg) through the femoral vein. After 1 h, intracardial perfusion
with normal saline was performed to remove the dye by circulation.
After the brains were collected and weighed by analytical balance,
the brain tissue was ground with 50% trichloroacetic acid, and the
fluorescence intensity of the supernatant was measured at 620/
680 nm using fluorescence intensity of EB dye in ethanol (100, 250,
500, 750, and 1000 ng/mL) as standard curve. The results were ex-
pressed as ng dye/mg brain tissue.

Measurement of serum cytokine level after knockdown of TLR4

To examine the consequences of Ad4-3 LNP-mediated knockdown of
TLR4 in astrocytes in the TBI mouse model, we measured the expres-
sion of representative cytokines in serum. The expression level of
representative anti-inflammatory cytokines (or A2 markers) and
pro-inflammatory cytokines (or A1 markers) were quantified by
ELISA kits (Thermo Fisher Scientific, MA, USA) according to the
manufacturer’s protocol.

Statistical analyses

All results were expressed as a mean ± standard deviation. Student’s t
test was used for statistical analysis between two groups and one-way
ANOVA was used for multiple comparison test.
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