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The imbalance of the immune system can lead to the occurrence of autoimmune diseases. Controlling
and regulating the proliferation and function of effector T (Teff) cells and regulatory T (Treg) cells
becomes the key to treating these diseases. Dendritic cells (DCs), as dedicated antigen-presenting cells,
play a key role in inducing the differentiation of naive CD4+ T cells. In this study, we designed a cationic
lipid-assisted PEG-PLGA nanoparticle (NPs/VD3/siLkbl) to deliver 1,25-dihydroxyvitamin D3 (VD3) and
small interfering RNA (siRNA) to DC cells in the draining lymph nodes. By modulating the phenotypic
changes of DC cells, this approach expands Treg cells and reduces the occurrence of autoimmune dis-
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Introduction

Multiple sclerosis (MS) is a chronic autoimmune disease with
inflammatory demyelination of the central nervous system as
the main pathological change, which lacks effective treatment
in clinic. Autoimmune diseases are due to an imbalance of the
immune system caused by the body’s misidentification of
autoantigens. The experimental autoimmune encephalomyeli-
tis (EAE) model was first established in 1935," and it is a
classic animal model for studying multiple sclerosis. Because
of its clinical manifestations, histopathological and immuno-
logic changes are similar to those of multiple sclerosis.
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immune diseases while also minimizing the risk of unwanted complications.

Dendritic cells constitute the most potent group of dedi-
cated antigen-presenting cells within the body, involved in
both innate and adaptive immune responses. They serve dual
functions in immune response and immune tolerance, contri-
buting significantly to the maintenance of immune balance in
autoimmune diseases.”> Tolerant dendritic cells (TolDCs),
stable and semi-mature subpopulations intermediate between
antigen-captured immature DCs (iDCs) and immunogenic
mature DCs (mDCs), promote immune tolerance. TolDCs regu-
late peripheral tolerance against autoantigens by exhibiting
low expression of co-stimulatory molecules, secreting anti-
inflammatory cytokines, and inducing effector T cell weakness
as well as regulatory T cell proliferation.**

T-Helper type 1 (Th1) and T-helper type 17 (Th17) cells,
subsets of pathogenic T cells, play significant roles in the
pathogenesis of autoimmune diseases.” Dendritic cells (DCs)
are instrumental in the activation of both Th1 and Th17 cells.
In the peripheral lymphoid organs of animal models with
experimental autoimmune encephalomyelitis (EAE), DCs bind
to T cells through surface molecules, providing costimulatory
signals that promote the polarization of Th1 and Th17 cells.
Consequently, these T cells are activated by dendritic cells and
other antigen-presenting cells, cross the blood-brain barrier,
and are involved in mediating the demyelination of the central
nervous system.® Regulatory T cells (Treg cells), a group of lym-
phocytes, negatively regulate the body’s immune response,
maintaining peripheral immune tolerance and preventing
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excessive immune response and damage to the body.
Produced by the thymus and exported to the periphery, Treg
cells reduce the activation and proliferation of potential auto-
reactive T cells present in the normal body by secreting cyto-
kines or through direct contact, thus preventing the occur-
rence of autoimmune diseases.”

Given the therapeutic effect of Treg in autoimmune dis-
eases, enhancing their proliferation and function can be
applied in the treatment of such conditions. 1,25-
Hydroxyvitamin D3, an activated form of vitamin D, participates
in the immunomodulatory process of the body, primarily
relying on the vitamin D receptor (VDR), which is expressed on
all immune cells.*® VD3 facilitates the differentiation of DCs
into TolDCs, stimulating Treg amplification,'® the secretion of
anti-inflammatory cytokines 11-10,'" and the reduction of
inflammatory Th17 lymphocytes’” and pro-inflammatory cyto-
kines IL-17.'* However, long-term administration of VD3, even
in small doses, may lead to toxic side effects such as hypercalce-
mia.’* Consequently, to attenuate the therapeutic dose of VD3,
alleviate side effects, and expand the Treg pool, our research
group incorporated liver kinase B1 (Lkb1) in the study.

Lkb1, a central regulator of cellular metabolism and
growth, has been found to cause lipid accumulation and glycoly-
sis upregulation in peripheral DCs when deficient, leading to
metabolic  disorders and enhanced immunogenicity.
Interestingly, this phenotype with enhanced maturation capacity
also enables DCs to increase the development and expansion of
thymic Treg under homeostatic conditions, ultimately leading
to immunosuppressive effects,'” as demonstrated by a reduced
ability to control tumor growth and protect against allergic
asthma."® This evidence suggests that Lkb1 acts as an important
rheostat in DCs to maintain immune homeostasis by regulating
the balance between proinflammatory and regulatory T cell
responses. Our group used siRNA as an RNA interference tech-
nique (RNAi) to reduce Lkb1 expression. Although siRNA has
been highly effective in gene silencing, suitable delivery vehicles
are still required to transport it to the target site due to nuclease
hydrolysis, cell membrane charge repulsion, various biological
barriers, and off-target effects.'”>°

The drug delivery system based on engineering precision
nanoparticles has become a research hotspot, improving drug
solubility and distribution.>® Engineered precision nano-
particles are diverse, with developed drug delivery systems,
including polymeric NPs, lipid-based NPs, and inorganic NPs.
Biodegradable polymer nanoparticles can serve as a versatile
platform for signaling to the immune system, offering variable
drug delivery capabilities. Therapeutics can be encapsulated
within the NP core, wrapped in the polymer matrix, chemically
conjugated to the polymer, or bound to the NP surface. This
enables delivery of multidrug compounds, including hydro-
phobic and hydrophilic substances, as well as cargos with
different molecular weights.”*>® Simultaneously, surface
modification can be easily performed for additional targeting,
and the nanoparticles are designed to precisely control the
encapsulation effect and release kinetics of encapsulated
drugs, thereby improving drug solubility and prolonging drug
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half-life. It also reduces toxic side effects and synergistically
facilitates drug penetration through biological barriers.!

In this study, we report the co-delivery of VD3 and Lkb1-siRNA
into DCs using a cationic lipid-assisted PEG-PLGA nanoparticles
to modulate phenotypic changes, maintain immune tolerance,
and inhibit the development of EAE disease models by expanding
Tregs. This study provides new insights for treating autoimmune
diseases and regulating the immune microenvironment.

Materials and methods
Chemicals, antibodies, and cells

Poly(ethylene  glycol)-poly(p,i-lactic-co-glycolide) (PEGs k-
PLGA;, ) was purchased from Kelan Bio Co. (Guangzhou,
China), while 1,2-dioleoyl-3-trimethylammonium-propane
(DOTAP) was acquired from Corden Pharma (Liestal,
Switzerland). Additionally, 1a,25-dihydroxyvitaminD3 (VD3) was
purchased from J&K Scientific Co. (Beijing, China), and Myelin
oligodendrocyte glycoprotein 35-55 (MOG35-55) peptide was
purchased from Genscript Biotech Co. (Nanjing, China).
Roswell Park Memorial Institute (RPMI) 1640, phosphate-
buffered saline (PBS), penicillin/streptomycin, -glutamine, fetal
bovine serum (FBS), trypan blue and 0.25% trypsin were all
sourced from Life Technologies (Gibco, CA, USA). Moreover, the
Aqua dead cell stain kit was obtained from Invitrogen
(Carlsbad, CA, USA), and the red blood cell lysis buffer was pur-
chased from Solarbio (Beijing, China). 1,1-Dioctadecyl-3,3,3",3"-
tetramethylindocarbocyanine perchlorate (Dil) was purchased
from Sigma-Aldrich (Saint Louis, MS, USA).

Fluorescence-labeled rat anti-mouse CD11b, CD11c, I-A/I-E,
CD80, CD86, CD40, CD45, CD3, CD4, CD25, Foxp3, CD8, and
CD19 monoclonal antibodies were obtained from Biolegend
(San Diego, CA, USA) and BD Biosciences (Franklin Lakes, NJ,
USA). Mouse granulocyte-macrophage colony-stimulating
factor (GM-CSF) was purchased from R&D (Minneapolis, MN,
USA), and Mouse IL-4 was purchased from Peprotech (Rocky
Hill, NJ, USA). siRNA targeting Lkb1l-mus-625 (Lkb1-siRNA,
antisense strand, 5-AUUGGUGGUGAGUAGCAGGTT-3’), nega-
tive control siRNA with a scrambled sequence (NC-siRNA, anti-
sense strand, 5-~ACGUGACACGUUCGGAGAATT-3'), and fluores-
cently labeled Cy5-siRNA were synthesized by Suzhou Ribo Life
Science Co. (Kunshan, China).

The dendritic cell line DC1.2 was purchased from the
American Type Culture Collection (ATCC). DC1.2 cells were cul-
tured in RPMI1640 supplemented with 10% FBS at 37 °C in an
incubator with 5% CO2. Bone marrow (BM) cells were flushed
out of the femurs and tibias of C57NL/6 mice. Bone marrow-
derived DCs (BMDCs) were generated by culturing cells for 7d
in culture medium containing 10 ng mL™" mouse IL-4 and
GM-CSF. The medium was changed every two days until the
cells were harvested for in vitro analysis.

Animal

Female C57/B6] mice, aged 6-8 weeks, were collected from
Charles River (Beijing, China) and housed in a specific patho-
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gen-free environment with ad libitum access to food and water.
All animals were maintained in accordance with the
Guidelines for The Care and Use of Laboratory Animals. The
experimental procedures were approved by the Jilin University
Animal Care and Use Committee.

Preparation of nanocomposites

In the preparation of our dual-agent nanocomposites, the
water-in-oil-in-water double emulsion solvent evaporation
method was deemed suitable. The inner aqueous phase con-
sisted of siRNA (0.2 mg) in 25 pL of RNase-free water, while the
organic phase contained 500 pl of chloroform with 25 mg of
encapsulating polymer, 3 mg of cationic lipid material, and 10
ng of VD3. The first emulsification was performed using a
sonicator (VCX130, Sonics & Materials, Inc. Newtown, CT, USA)
at 60% amplitude and ice bath ultrasonication for 60 seconds
(pausing 1 s every 4 s). Subsequently, 5 ml of ultra-pure water
was introduced to the water-in-oil emulsion. The water-in-oil-
in-water emulsion was generated by 60% amplitude ultrasonic
action for 60 s (pausing 1 s every 10 s) in an ice bath. Rotary
evaporator (R-210, Buchi, Switzerland) removed chloroform,
and the supernatant was collected for encapsulation efficiency
analyses. Nanoparticles were centrifuged at 30 000g using a
high-speed microcentrifuge (Beckman, USA) for 30 min, rinsed
twice with sterile water, and subsequently re-dispersed in ultra-
pure water. For fluorescent dye (Dil)-labeled NPs, the dye was
incorporated into chloroform at a 0.1% mass ratio during syn-
thesis. PEG-PLGA nanoparticle size and zeta potential were
monitored by Zetasizer NanoZS90 (Malvern Instruments,
Southborough, UK) at 25 °C.

Loading efficiency and in vitro release

VD3 quantitative analysis was conducted using high-perform-
ance liquid chromatography (HPLC, Youngling YL 9100 HPLC
system, South Korea). The detection wavelength for VD3 was
265 nm, and the column employed for separation was Zorbax
SB-C18 (3 x 150 mm, 3.5 pm particle size). The column temp-
erature was kept at 25 °C, the total flow rate was 0.5 ml min™*,
the sample volume was 20 pl, and each sample’s run time was
13 min. A mobile phase consisting of acetonitrile/water
(90:8:2, v/v) was applied. The calibration curve was estab-
lished from samples with various concentrations
(3.90625-4000 ng mL™"). Following the HPLC analysis method
validation for precise VD3 quantification, the VD3 amount
loaded into the particles was determined using the calibration
curve. The VD3 encapsulation efficiency (EE) in the PVD3s was
calculated according to the equation:

EE (%) = loaded VD3 amount in particle/feed VD3 amount
X 100

NPs/VD3 and NPs/VD3/siLkb1 particles loaded with 500 ng
of VD3 were suspended in 500 pL of ultra-pure water and trans-
ferred to dialysis tubes (3.5 kDa, Spectrum, USA). The tubes
were then immersed in 15 mL PBS and maintained at 37 °C in
a 100 strokes per min water bath. External buffers were col-
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lected at predetermined intervals, and the VD3 release concen-
tration was determined by high-performance liquid chromato-
graphy (HPLC).

In vitro Lkb1 gene silencing with NPs/siLkb1

DC1.2 cells were seeded in 24-well plates at a density of 5 x 10"
cells per well and incubated at 37 °C overnight. Following this,
cells were transfected with NPs/siLkb1 and other controls in
10% RPMI 1640 (pH 7.4 or 6.8) at an siRNA dose of 100 nM.
Blank-NPs and Lipofectamine 2000-transfected Lkb1-siRNAs
served as negative and positive controls, respectively. After
6 hours of incubation, the medium in each well was replaced
with complete 10% RPMI 1640. Cells were harvested 24 hours
post-transfection, and Lkbl expression was determined
through quantitative real-time PCR.

Total RNA from NPs/siLkb1l and control transfected cells
was extracted using Trizol. cDNA was synthesized with HiScript
II Q RT SuperMix for qPCR (+gDNA wiper) (Vazyme, Nanjing,
China). To measure Lkbl mRNA expression levels, cDNA
underwent qPCR analysis targeting Lkb1 and f-actin using the
ChamQ Universal SYBR qPCR Master Mix (Vazyme, Nanjing,
China). The StepOnePlus Real-Time PCR system (Applied
Biosystems) executed the quantitative real-time PCR, and cycle
threshold (Ct) values were calculated using StepOne Software
(Applied Biosystems). Primers for mouse Lkb1l and f-actin
were as follows:

Lkb1, 5-GGACGTGCTGTACAATGAGG-3' (forward) and 5'-
GCATGCCACATACGCAGT-3' (reverse);

B-Actin, 5-ATATCGCTGCGCTGGTCGTC-3' (forward) and 5'-
AGGATGGCGTGAGGGAGAGC-3' (reverse).

Cellular uptake of nanoparticles

DC1.2 cells (5 x 10*) were seeded into 24-well plates and cul-
tured for 24 hours to reach 50% confluency. Subsequently,
cells were incubated at 37 °C for 2 hours with NPs/Dil/Cy5-
siNC suspended in complete RPMI1640 medium at an siRNA
concentration of 200 nM. PBS, NPs/Dil, and NPs/Cy5-siNC
were used as controls.

For fluorescence microscopy observation, DC1.2 cells were
fixed with acetone for 30 min at —20 °C and stained with
Phalloidin-AF488 for cytoskeleton visualization. Coverslips
were mounted on glass microscope slides, nuclei were stained
with a drop of antifade mounting medium containing DAPI,
and photobleaching was reduced. Cellular uptake of nano-
particles was visualized using a laser scanning confocal micro-
scope (Carl Zeiss, Oberkochen, Germany).

For flow cytometry analysis, DC1.2 cells were trypsinized
and washed with PBS. Cells from each sample were stained
with appropriate dilutions of various combinations. Stained
cells were analyzed using a LSRII Flow Cytometer with BD
FACSDiva software (BD Bioscience), and data were processed
using Flowjo software.

Biodistribution of NPs in vivo

Twenty-four hours after intradermal injection of NPs/Dil/Cy5-
siNC and PBS into the inguinal region in C57BL/6] mice, the
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distribution of nanoparticles was performed using an IVIS
Spectrum In Vivo Imaging system (PerkinElmer, USA). Mice
were sacrificed 24 hours post-injection, and various tissues,
including the brain, heart, lung, liver, spleen, kidney, and
draining lymph node, were harvested and imaged with the
IVIS Spectrum In Vivo Imaging system. Data analysis was con-
ducted using Living Image software (Caliper Life Sciences).

Confocal laser scanning microscopy imaging

Bilateral draining lymph nodes were harvested from C57BL/6]
mice 24 hours after the injection of NP/Dil/Cy5-siNC or PBS
into unilateral draining lymph nodes. Lymph nodes were fixed
in 4% paraformaldehyde overnight, then immersed in a 30%
sucrose solution overnight. Subsequently, lymph nodes were
sectioned into 5 pm slices and stained with DAPI and CD11c-
AF488 according to the provided protocol. Images were cap-
tured using a Zeiss LSM 880 confocal laser scanning micro-
scope with a 40x objective (Carl Zeiss, Oberkochen, Germany).

NPs affect BMDC differentiation in vitro

BMDCs were generated by flushing BM cells from the tibia and
femur of C57BL/6 mice and culturing them for seven days in
RPMI 1640 medium supplemented with 10% FBS, mouse IL-4
(10 ng ml™"), and GM-CSF. Following a 24-hour incubation
with PBS, free-VD3, NPs/siNC, NPs/VD3, NPs/siLkb1, and NPs/
VD3/siLkb1, the cells were further stimulated with ovalbumin
(OvA, 10 pg mL™") for an additional 24 hours. Cells were then
harvested and washed twice with PBS. The expression of CD80,
CD86, CD40, and MHC-II (I-A/I-E) on BMDCs (CD11b'CD11c")
was determined by flow cytometry.

Induction of EAE, assessment of clinical signs, and
administration route

C57/B6] mice (18-20 g) were subcutaneously injected with
myelin oligodendrocyte glycoprotein (MOG) 3555 polypeptide
(Genscript, Nanjing, China) emulsified with complete
Freund’s adjuvant (CFA, Sigma-Aldrich, Missouri, USA) con-
taining 8 mg ml™" thermally inactivated Mycobacterium tuber-
culosis (Difco, Michigan, USA). Mice were then intraperitone-
ally injected with 300 ng of pertussis toxin (PTX, Calbiochem,
USA) at 0 and 48 hours post-immunization. EAE clinical scores
were graded according to the criteria proposed by Kono
et al.:*® 0, asymptomatic; 1, tail paralysis or shambling; 2,
severe single hind limb paralysis or mild double hind limb
paralysis; 3, severe paralysis of both hind limbs; 4, severe
paralysis of both hind limbs with forelimbs involved; 5, mori-
bund or dead. Nanoparticles were administered intradermally
through bilateral inguinal draining lymph nodes once before
induction and 4 times after induction (every other day).

Histopathology

On day 20 post-immunization, spinal cords were harvested
from all rats, fixed, paraffin-embedded, sectioned at 5 pm
thickness, and subsequently stained with hematoxylin and
eosin (H&E) for histopathological examination. Demyelination
was detected by Luxol fast blue (LFB) staining.

5934 | Biomater. Sci, 2023, 11, 5931-5941

View Article Online

Biomaterials Science

Flow cytometry analysis

Twenty-four hours after administering the last dose, C57/B6]
mice were sacrificed, and bilateral inguinal draining lymph
nodes, blood, and spleen were harvested. Lymph node and
spleen cells were isolated by grinding the spleens through
40 pm filters, followed by centrifugation at 1650 rpm for
5 minutes. The resultant pellet was re-suspended in FACS
buffer and sequentially filtered through 40 pm mesh filters to
remove debris and cellular fragments. After lysing red blood
cells, blood cells and splenic cells were washed and resus-
pended in FACS buffer. The cells were then stained with appro-
priate dilutions of various combinations of the following fluo-
rescence-labeled antibodies: anti-CD11b, anti-CD11c, anti
I-A/I-E, anti-CD86, anti-CD80, anti-CD40, anti-CD45, anti-CD3,
anti-CD4, anti-CD25, anti-Foxp3, anti-CD8, and anti-CD19.
Stained cells were acquired on an LSRII Flow Cytometer using
BD FACS Diva software (BD Bioscience), and data were ana-
lyzed using Flowjo software.

Statistical analysis

The data were represented as the mean + standard error.
Differences were analyzed using one-way analysis of variance
(ANOVA) and the Student’s ¢-test. Results with a p < 0.05 were
considered statistically significant.

Results

Preparation and characterization of PEG-PLGA nanoparticles
co-loaded with VD3 and siLkb1

In this study, PEG-PLGA nanoparticles were prepared using
the double emulsion method (Fig. 1A). The resulting particles’
size (Fig. 1B) and surface potential (Fig. 1C) were characterized
using a dynamic light scattering (DLS) particle size analyzer.
The particle sizes of NPs/siNC, NPs/VD3, NPs/siLkb1, and NPs/
VD3/siLkb1 were 97.9 + 0.5 nm, 86.3 + 0.7 nm, 107.1 + 0.2 nm,
and 108.1 + 0.5 nm, respectively, while the surface potentials
were 38.8 £ 1.67 mV, 22.3 + 0.35 mV, 36.9 + 1.85 mV, 22.3 +
0.35 mV, and 34 + 1.51 mV. The entrapment efficiencies of
VD3 in NPs/VD3 and NPs/VD3/siLkb1 were approximately 7%
and 16%, respectively. Moreover, the encapsulation efficiency
of siRNA by particles exceeded 90%, as determined by gel
retardation (Fig. 1D). The in vitro drug release of VD3-loaded
nanoparticles was further evaluated, revealing that nearly
79.8% of VD3 was released after 48 hours of incubation in PBS
when encapsulated in nanoparticles, compared to free-VD3
(Fig. 1E). This finding demonstrates that NPs encapsulation
could extend the release time of VD3, thereby prolonging the
drug’s circulatory half-life. The efficacy of NPs/siLkb1 in inhi-
biting Lkb1 expression in vitro was measured using real-time
PCR (RT-PCR) (Fig. 1F). Results indicated that DC1.2 cells
incubated with NPs/siLkb1 showed a significant decrease in
Lkb1 mRNA levels compared to those treated with NPs/Blank,
suggesting that NPs/siLkb1 can effectively downregulate Lkb1
expression in DC1.2 in vitro.

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 The characterization of nanoparticles. (A) Schematic illustration
of the synthesis of polymer nanoparticles via the double emulsification
method. (B) Particle sizes for NPs/siNC, NPs/VD3, NPs/siLkb1, and NPs/
VD3/siLkbl. (C) The zeta potential of NPs/siNC, NPs/VD3, NPs/siLkbl,
and NPs/VD3/siLkb1. (D) Gel retardation assay of siRNA and NPs. (E) The
cumulative release of VD3 from free-VD3, NPs/VD3, and NPs/VD3/
siLkbl incubated in PBS. (F) The relative mRNA levels of DC1.2 upon
treatment with NPs/siLkbl for 24 h were assayed by quantitative real-
time PCR. Statistical significance is denoted with an asterisk (*): P < 0.05;
double asterisks (**): P < 0.01. Data are presented as mean + S.E.M. (n =
3).

NPs/VD3/siLkb1 significantly promote the generation of
tolerogenic DCs in vitro

Before examining the impact of NPs/VD3/siLkb1 on the pheno-
type of DC cells, we assessed the capacity of PEG-PLGA nano-
particles to concurrently deliver both hydrophilic and hydro-
phobic drugs to the same cells. We chose the hydrophobic
fluorescent material Dil and hydrophilic Cy5-siNC as model
preparations for nanoparticles (NPs/Dil/Cy5-siNC), and evalu-
ated their distribution in DC cells by detecting the intracellular
fluorescence signals of Dil and Cy5 using a flow cytometer. In
contrast to PBS, nearly all DC1.2 cells treated with NPs/Dil/
Cy5-siNC were Dil and Cy5 double-positive cells, whereas NPs/
Dil- or NPs/Cy5-siNC-treated cells were Dil or Cy5 single-posi-
tive cells (Fig. 2A). The intracellular distribution of NPs/Dil/
Cy5-siNC in DC1.2 cells was further observed through confocal
laser scanning microscopy (CLSM). After incubation with NPs/
DiI/Cy5-siNC, the fluorescence signal of Dil and Cy5 exhibited
a partially overlapping distribution in the cytoplasm of DC1.2
cells, with Dil or Cy5 signals also clearly detected in the cyto-
plasm of cells treated with NPs/Dil or NPs/Cy5-siNC, respect-
ively (Fig. 2B).

Subsequently, we incubated BMDC from C57/B6] mice with
drug-loaded nanoparticles and controls for eight days and
identified the phenotype. The results showed that Free-VD3,
NPs/VD3, and NPs/VD3/siLkb1l downregulated the expression
of CD86, CD40, and MHC-II on DCs, while the expression of
CD80 did not significantly decrease (Fig. 2C). Nevertheless,
after BMDC stimulation with OVA, Free-VD3, NPs/VD3, and
NPs/VD3/siLkb1 maintained low expression of CD86, CD40,
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Fig. 2 NPs/VD3/siLkbl maintain a tolerant phenotype in vitro for DC
cells. (A) Representative flow cytometric images of DC1.2 cells demon-
strating cellular uptake of NPs/Dil, NPs/Cy5-siNC, or NP/Dil/Cy5-siNC.
(B) Confocal laser scanning microscope (CLSM) images of DC1.2 cells
after a 2-hour incubation with PBS, NPs/Dil, NPs/Cy5-siNC, or NP/Dil/
Cy5-siNC. Dil and Cy5 fluorescence signals were pseudo-stained green
and red, respectively, with cell membranes and nuclei stained using
Phalloidin-AF488 (white) and DAPI (blue). The scale bar measures
20 pm. (C and D) NPs containing different drugs significantly affect the
expression of DC surface molecules in vitro. BMDC were co-cultured
with PBS, Free-VD3, NPs/siNC, NPs/VD3, NPs/siLkbl, and NPs/VD3/
siLkbl for 24 hours, followed by a 24-hour stimulation with OVA (D) or
no stimulation (C). Expression of CD80, CD86, CD40, and MHC-II
detected by flow cytometry. Statistical significance is denoted with an
asterisk (*): P < 0.05; double asterisks (**): P < 0.01. Data are presented
as mean + S.E.M.

and MHC-II, and CD80 expression was also lower than that of
the control groups (Fig. 2D). Additionally, the surface antigen
expression of the NPs/siLkb1 treatment group decreased com-
pared to NPs/siNC, but without statistical difference.

Based on these findings, we can conclude that PEG-PLGA
nanoparticles can be effectively phagocytosed by DC cells
in vitro, simultaneously releasing drugs in DCs. Furthermore,
NPs/VD3/siLkb1 can effectively induce the differentiation of
DCs to the TolDC phenotype in vitro and maintain their toler-
ant phenotype after stimulation with sensitizing antigens.

NPs/VD3/siLkb1 effectively accumulate in lymph nodes and
deliver both VD3 and siLkb1 into DCs in vivo

To determine the localization of nanoparticles in draining
lymph nodes of DC cells in vivo, we administered NPs/Dil/Cy5-
siNC via intradermal injection into the unilateral inguinal
region of mice and subsequently examined the fluorescence
biodistribution. Twenty-four hours post-injection, fluorescence
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Fig. 3 The biodistribution of drug-loaded nanoparticles in mice. (A) In
vivo fluorescence images were obtained 24 hours after intradermal
injection of PBS or NPs/Dil/Cy5-siNC into the unilateral inguinal region
of C57BL/6 mice. (B and C) Representative ex vivo fluorescent images of
excised organs (brain, lung, heart, liver, spleen, kidney (B), and draining
lymph node (C)) at 24 hours post-administration of PBS or NPs/Dil/Cy5-
siNC. (D) CLSM images depicting the distribution of Cy5-siRNA and Dil
in draining lymph nodes 24 hours after intradermal injection of PBS or
NPs/Dil/Cy5-siNC. Nuclei were stained with DAPI (blue), CD11c + with
AF488 (white), and NPs were labeled with Dil (green) and Cy5 (red). The
scale bar measures 20 pm. (E) Representative flow cytometry plots of
lymph nodes from C57BL/6 mice and the frequency of Cy5+/Dil+ in
dendritic cells are shown. Statistical significance is denoted with an
asterisk (*): P < 0.05; double asterisks (**): P < 0.01. Data are presented
as mean + S.E.M.

signals of Dil and Cy5 in the inguinal area were detected in
the NPs/Dil/Cy5-siNC group compared to PBS (Fig. 3A).
Furthermore, the enrichment of Dil and Cy5 fluorescence
signals was observed in the draining lymph nodes of isolated
mouse organs in the NPs/Dil/Cy5-siNC treated group (Fig. 3B
and C). Confocal laser scanning microscopy (CLSM) images of
draining lymph node sections showed an accumulation of
drug-loaded nanoparticles within the lymph nodes. Dil and
Cy5 fluorescence signals co-localized, with the majority of
signals located in CD11c" cells. In contrast, no Dil and Cy5
fluorescence signals were detected in the lymph nodes of PBS-
treated mice (Fig. 3D). Flow cytometry analysis yielded similar
results, revealing that more than 85% of Dil and Cy5 double-
positive fluorescence signals were enriched in CD11b" cells in
the lymph nodes of mice treated with NPs/Dil/Cy5-siNC.
Additionally, DCs in the lymph nodes of NPs/Dil/Cy5-siNC-
treated mice exhibited significantly higher fluorescence signal
enrichment compared to PBS-treated mice (Fig. 3E). These
findings indicate that both hydrophilic and hydrophobic
drugs encapsulated in PEG-PLGA nanoparticles can be effec-
tively delivered to the lymph nodes and phagocytosed by DC
cells.

NPs/VD3/siLkb1 significantly promote the generation of
tolerogenic DCs and increase the Treg amount in vivo

Upon confirming that DCs in the draining lymph nodes can
phagocytose nanoparticles, we administered the drug-loaded
nanoparticles NPs/VD3/siLkb1, NPs/VD3, NPs/siLkb1, and
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control groups PBS and NPs/siNC into mice via intradermal
injection in the groin. Subsequently, the mice were sacrificed
24- and 48-hours post-injection to obtain draining lymph
nodes, spleen, and peripheral blood samples. Flow cytometry
analysis revealed that NPs/VD3/siLkb1 significantly down-regu-
lated CD40 and MHC-II expression on DCs and reduced the
proportion of DC cells in the draining lymph nodes of mice
(Fig. 4A, and S2Bt). However, CD86 expression showed a down-
ward trend without statistical difference compared to other
groups, and CD80 expression remained unchanged. NPs/VD3
was more effective in reducing CD40 expression than NPs/VD3/
siLkb1, but the latter demonstrated a more pronounced effect
in decreasing MHC-II expression levels (Fig. 4A).

We evaluated the proportion and count of Treg cells in the
lymph nodes, spleen, and peripheral blood. In the lymph
nodes (Fig. 4B, E, and S2D¥) and spleen (Fig. 4C, and S2Ef) of
mice treated with NPs/VD3/siLkb1 for 24 hours, the Treg cell
ratios in CD45" cells, CD4" T cells, and Treg/CD8'T cells all
increased. The Treg count in lymph nodes was significantly
higher than that in PBS and NPs/siNC. In the spleen, the Treg
count was significantly higher compared to NPs/siNC, but
showed no statistical difference when compared to PBS. The
proportion and count of Treg cells in NPs/VD3 and NPs/siLkb1
were slightly higher than those in NPs/siNC, lower than those
in the NPs/VD3/siLkb1l group, but without statistical differ-
ence. No significant difference was observed in the proportion
and count of Treg cells treated with NPs/VD3 and NPs/siLkb1
in lymph nodes compared to PBS, with a slight decrease
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Fig. 4 Impact on immune cells of drug-loaded nanoparticles in mice.
(A) Effects of NPs containing different drugs on the expression of den-
dritic cell surface molecules in vivo. Following intradermal injection in
the inguinal region for 48 hours, the expression of CD80, CD86, CD40,
and MHC-II in DC cells obtained from lymph nodes was analyzed by
flow cytometry. (B—D) Alterations in Treg levels in peripheral immune
organs. After intradermal injection in the inguinal region, NPs/VD3/
siLkbl increased Treg levels and counts in lymph nodes (B) and the
spleen (C) at 24 h post-injection, subsequently decreasing after 48 h.
Treg levels in peripheral blood (D) remained comparable to the 24 h
levels at 48 h. (E) Representative flow cytometry of Tregs in lymph nodes
of C57BL/6 mice 24 hours after intradermal injection. Statistical signifi-
cance is denoted with an asterisk (*): P < 0.05; double asterisks (**): P <
0.01. Data are presented as mean + S.E.M.
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observed in the spleen, but no statistical difference. At
48 hours post-administration, the proportion and quantity of
Treg decreased in each drug-loaded nanoparticle treatment
group. In peripheral blood, the proportion of Treg at 48 h was
similar to the 24 h levels in each group (Fig. 4D).

Based on the above-mentioned findings, NPs/VD3/siLkb1
can induce DC differentiation to the tolDC phenotype in vivo
while amplifying Treg in the draining lymph nodes and spleen
to a certain extent within 24 hours. Although NPs/siLkb1 could
not induce a tolDC phenotype, the Treg pool in lymph nodes
and the spleen was slightly higher than NPs/siNC within
24 hours. However, at 48 hours post-injection, Treg levels in
the draining lymph nodes and spleen decreased, while Treg
amounts in the peripheral blood remained constant.

NPs/VD3/siLkb1 effectively delay the onset and inhibit the
development of EAE

To assess the impact of NPs/VD3/siLkb1 on EAE pathogenesis,
NPs/VD3/siLkb1 and other groups were intradermally injected
into EAE mice via the inguinal area one day before immune
response induction, and on days 1, 3, 5, and 7 following
immunization (Fig. 5A). As demonstrated by the mice’s weight
changes, weight loss was positively correlated with disease
severity. Notably, even a small dose of VD3 induced weight
loss in mice (Fig. S37). All nanoparticle administration groups
exhibited some inhibitory effects on EAE pathogenesis;
however, compared to other groups, EAE mice receiving NPs/
VD3/siLkb1 displayed a lower onset time and clinical score at
the peak of onset (mean clinical score in each group: PBS, 2.9
+ 0.995; NPs/siNC, 2.3 + 1.16; NPs/VD3, 2.1 + 1.45; NPs/siLkb
1, 2.3 + 0.95; NPs/VD3/siLkb1, 1.9 + 1.36). However, during the
recovery period, clinical scores for each group converged at
similar levels (Fig. 5B). Histological evaluation, conducted
through H&E and LFB staining, revealed results consistent
with clinical scores. The NPs/VD3/siLkb1-treated group exhibi-
ted significantly enhanced protection against spinal cord
inflammatory cell infiltration and white matter demyelination
compared to both the NPs/VD3- and NPs/siLkbi-treated
groups, whereas the PBS- and NPs/siNC-treated groups demon-
strated the most severe effects (Fig. 5C).

Flow cytometry analysis indicated that the proportion of DCs in
the draining lymph nodes of NPs/VD3/siLkb1-treated EAE mice
was significantly decreased, and the expression of CD86, CD40,
and MHC-II on DC cells was significantly lower than in other
groups, while CD80 expression remained statistically unchanged
(Fig. 5D). These findings corroborate previous in vitro and in vivo
results, suggesting that NPs/VD3/siLkb1 can direct DCs toward a
tolerogenic phenotype in the lymph nodes of EAE mice.

Discussion

Engineered nanomaterials hold significant potential for
enhancing disease diagnosis and treatment specificity. By
employing cell-specific targeting, molecular transport to par-
ticular organelles, and other strategies, nanotechnology can
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Fig. 5 NPs/VD3/siLkbl inhibits EAE pathogenesis. (A) Schematic repre-
sentation of EAE mice treated with NPs/VD3/siLkbl and other controls.
C57BL/6 mice received intradermal injections of PBS, NPs/siNC, NPs/
VD3, NPs/siLkbl, or NPs/VD3/siLkbl every other day for a total of 5
times (VD3 dose: 10 ng per mouse; Lkb1-siRNA dose: 3.5 ug per mouse)
starting from one day before the EAE ; the EAE mice model was induced
on day O (n = 10 per group). (B) EAE clinical scores were measured every
other day. EAE mice treated with NPs/VD3/siLkbl exhibited a delayed
onset time and a reduced clinical score at peak onset. (C) EAE mice
received NPs loaded with different drugs and were sacrificed when the
PBS group reached peak disease severity (day 20). Lumbar enlargement
and spinal cord tissue were excised and fixed with 4% paraformalde-
hyde. Histological evaluation of NPs/VD3/siLkbl-treated mice revealed
reduced inflammatory cell infiltration in H&E staining and less white
matter demyelination and structural damage in LFB staining compared
to other groups. (D) Mice were sacrificed 24 hours after the final admin-
istration, and bilateral draining lymph nodes were collected. The
expression of CD80, CD86, CD40, and MHC-II in DC cells obtained
from lymph nodes was detected by flow cytometry. Statistical signifi-
cance is denoted with an asterisk (*): P < 0.05; double asterisks (**): P <
0.01. Data are presented as mean + S.E.M.

overcome traditional delivery limitations such as biodistribu-
tion issues and intracellular transport barriers. Nanomaterials
can also increase the stability and solubility of encapsulated
drugs, promote transmembrane transport, and extend circula-
tory half-lives, ultimately improving the safety and efficacy of
drug applications.””*® Consequently, nanomedicine research
has been widely used, yielding promising results in vitro and
in animal model experiments.”® Compared with inorganic
NPs, organic polymeric NPs have good advantages in terms of
biocompatibility and biodegradation, and can be prepared
into liposomes, polymer micelles, polymer hydrogels, polymer
couplings, and other forms of drug nanocarriers. If gene
therapy, especially the silencing effect of siRNA on target
genes, is combined with the application of nanomaterials, it
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may also have good prospects for the long-term treatment of
autoimmune diseases.>**!

Biodegradable polymer particles provide a versatile plat-
form for immune system signaling, as they can be easily
surface-modified to target specific receptors and are designed to
release encapsulated drugs in a controlled, sustained
manner.’>*®* To address the challenge of low encapsulation
efficiency of hydrophobic drugs in traditional methods,
Bershteyn et al. wrapped polyethylene glycol phospholipid (PEG)
bilayers on PLGA particles to synthesize nanospheres that self-
assemble, forming nanospheres with a hydrophilic core and
hydrophobic coating suitable for both hydrophilic and hydro-
phobic cargoes.”® In this study, a cationic lipid-assisted
PEG-PLGA nanoparticle was investigated for efficient co-delivery
of a hydrophobic small molecule drug (VD3) and a hydrophilic
nucleic acid drug (siLkb1) in vivo. The particles simultaneously
encapsulated hydrophobic (VD3) and hydrophilic (siRNA) drugs,
maintaining nanoscale dimensions and a stable positive surface
charge. Due to the encapsulation of negatively charged siRNA
and larger particle size, the mass of polymer nanomaterials and
the adsorption of cationic liposomes within NPs/VD3/siLkb1
increased, thus increasing the encapsulation efficiency of VD3.
Nanoparticles within 20 to 200 nm were reported to be more
readily diverted to the lymph nodes and endocytosed early by
APC residents in the lymph nodes, thus presenting the antigen.**
The particle size that we produced was within this range. The
method of administration was intradermal injection in the drain-
ing lymph node area. Subsequently, the nanoparticles’ effective
phagocytosis by DCs and drug delivery into cells were confirmed
both in vitro and in vivo. We expect to regulate the phenotypic
changes of dendritic cells using this particle while expanding the
Treg cell pool to achieve immunomodulation.

As immune sentinels, dendritic cells play a crucial role in regu-
lating immune responses. They absorb and process antigens on
the MHC, present the antigens to T cells, and then activate T cells
through the expression of costimulatory factors CD40 and CD80/
CD86 acting on T cells surface ligands, resulting in an immune
response.®*® DCs can induce either an inflammatory or tolero-
genic response, depending on cell subtypes and stimuli received
from their local environment. This dual capability of DCs
enhances the therapeutic interest in altering immune activation
by generating TolDC. Characterized by lower expression levels of
MHC-II and co-stimulatory molecules than normal DCs, TolDC is
a stable, semi-mature dendritic cell subset that produces low
levels of pro-inflammatory cytokines and high levels of immuno-
modulatory cytokines.”” TolDC-induced immune tolerance
mechanisms include (1) T cell depletion; (2) T cell inactivation
induction; (3) T cell cytokine profile deviations (e.g., from T
helper type 1 (Th1) to T helper type 2 (Th2)); and (4) Treg induc-
tion. Additionally, TolDC may directly inhibit immune responses
through the secretion of immunosuppressive molecules.*®*° In
contrast to immature DCs, TolDC remains in a stable, semi-
mature state even when encountering infectious agents, while
immature DCs become mature DCs.*

VD3, one of several compounds capable of inducing the
change of DCs to the TolDC subtype, not only acts on the
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vitamin D receptor (VDR) on the surface of lymphocytes® for
immune regulation, but also reduces the expression of surface
molecules on DCs, thereby inducing the TolDC phenotype and
treating transplant rejection*' and autoimmune diseases such
as non-obese diabetes (NOD) and rheumatoid arthritis.**** We
obtained similar results with VD3-loaded polymer nano-
particles reported previously, wherein NPs/VD3 could down-
regulate the expression of CD86, CD40, and MHC-II on DCs
in vitro and in vivo, successfully inducing and maintaining the
phenotype of TolDC.***> However, the in vivo amplification of
Treg levels remains limited.

Treg cells, a subset of CD4" T cells, maintain immune toler-
ance*® and play a critical role in controlling autoimmunity;
thus, strategies to enhance their activity and number may
imply a therapeutic avenue for autoimmune diseases.”” To
further expand the Treg pool, we co-regulated Lkb1 expression
in DCs while administering VD3. Lkb1, a serine/threonine
kinase, activates AMPK at low intracellular ATP levels, inducing
catabolism and oxidative metabolism.*® Treg cells utilize Lkb1
signaling to coordinate their metabolism and immune homeo-
stasis, controlling the balance between immunity and toler-
ance, while the loss of Lkbl impairs Treg survival and
function.*®*® Recently, Lkb1 was found to play a role in DCs’
regulation of Treg cell differentiation. The loss of Lkb1 also
results in aberrant DC maturation and the production of cyto-
kines and immunomodulatory molecules.’® Lkb1-deficient
DCs upregulate OX40L expression by inhibiting the NF-kB
pathway, thereby expanding Treg cells,”* and promoting the
proliferation of functional Treg cells by enhancing mTOR sig-
naling through the AMPK signaling pathway.'>'® In this study,
Lkb1-siRNA-encapsulated PEG-PLGA NPs downregulated the
expression of Lkb1 in DCs. Although NPs/siLkb1 did not effec-
tively alter the expression of molecules on the surface of DC
cells in vitro and in vivo, it still amplified the Treg cell pool
compared to NPs/siNC. Some scholars have shown that knock-
out of the Lkbl gene in DCs can promote the increase of
thymus-derived Treg production and peripheral output.’’ In
this study, target gene silencing after siRNA administration
was weaker than gene knockouts. Nevertheless, the co-delivery
of VD3 and siLkb1 by PEG-PLGA not only induced and main-
tained the TolDC phenotype in vitro and in vivo but also sig-
nificantly expanded the ratio and count of Treg cells in vivo. In
the treatment experiment using EAE as an animal model, all
nanoparticle treatment groups induced immune tolerance,
considering the properties of the PEG-PLGA material itself.
Some studies have shown that PLGA carriers, after phagocyto-
sis by APC cells, produce the metabolic intermediate lactic
acid, which has anti-inflammatory capacity,>* allowing NPs/
siNC to have some effect in treating EAE. However, the thera-
peutic effect and histological evaluation of NPs/VD3/siLkb1
were significantly better than those of the other groups. These
data suggest that VD3 and Lkb1-siRNA delivered to peripheral
lymphoid organ-draining lymph nodes may act synergistically
to differentiate DCs towards the TolDC phenotype while
expanding Tregs. However, its underlying mechanism requires
further exploration.
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Conclusion

In summary, we have successfully developed a PEG-PLGA drug
delivery system capable of simultaneously encapsulating VD3
and Lkb1-siRNA for combined application in DC cells. Upon
intradermal injection in the inguinal region, the payload
rapidly accumulated and was released in the draining lymph
nodes. Subsequent to phagocytosis by DC cells, NPs/VD3/
siLkb1 induced and maintained phenotypic changes in TolDC
by reducing the expression of dendritic cell surface molecules,
while simultaneously amplifying Treg levels. Notably, in the
treatment of mice with EAE as a model of autoimmune
disease, the onset time was significantly delayed and the
disease severity diminished. This study offers a reliable thera-
peutic approach for the treatment of autoimmune diseases;
however, the underlying mechanism warrants further detailed
exploration.
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