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KEY WORDS Abstract  Psoriasis is an autoimmune skin disease in which dendritic cells (DCs) trigger the progres-
sion of psoriasis by complex interactions with keratinocytes and other immune cells. In the present study,

Csecl’:siisl’- we aimed to load celastrol, an anti-inflammatory ingredient isolated from Chinese herbs, on mannosy-
Mannose" lated liposomes to enhance DC uptake as well as to induce DC tolerance in an imiquimod-induced pso-
Liposomé' riasis-like mouse model. Mannose was grafted onto liposomes to target mannose receptors on DCs. The
Anti-maturation; results demonstrated that compared with unmodified liposomes, DCs preferred to take up more
Dendritic cells; fluorescence-labeled mannosylated liposomes. After loading celastrol into mannose-modified liposomes,
Microneedle; they effectively inhibited the expression of maturation markers, including CD80, CD86 and MHC-II, on
y y P’ g
Inflammation DCs both in vitro and in vivo. Additionally, after intradermal injection with a microneedle, celastrol-

loaded mannose-modified liposomes (CEL-MAN-LPs) achieved a superior therapeutic effect compared
with free drug and celastrol-loaded unmodified liposomes in the psoriasis mouse model in terms of
the psoriasis area and severity index, histology evaluation, spleen weight, and expression of inflammatory
cytokines. In conclusion, our results clearly revealed that CEL-MAN-LPs was an effective formulation
for psoriasis treatment and suggested that this treatment has the potential to be applied to other inflam-
matory diseases triggered by activated DCs.
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1. Introduction

Psoriasis is a chronic, autoimmune skin disease that affects
approximately 125 million people globally'. Visible changes in
appearance, including erythema, scaling, and thickening on the
skin lesions of psoriasis patients lead to psychological problems in
their social lives’. Moreover, psoriasis is also associated with
other comorbidities, such as psoriatic arthritis® and cardiovascular
disease”. At present, the mechanism of psoriasis is still unclear. It
is generally known that environmental stimuli, genetic factors, and
medications can trigger the pathogenesis of psoriasis’. As an
autoimmune disease, psoriasis shows disorders in both innate and
acquired immunity, where dendritic cells (DCs) act as professional
antigen-presenting cells®’. During the progression of psoriasis,
mature myeloid DCs present antigens to naive T cells with MHC
molecules and activate naive T cells through costimulatory mol-
ecules such as CD 80 and CD 86. Meanwhile, innate immune
cytokines, IL-12, IL-23 and tumor necrosis factor alpha (TNF-c),
are secreted by DCs to stimulate the activities of crucial T cell
populations and the hyperproliferation of keratinocytes® '*.
Recent studies have demonstrated that inhibiting the activation of
DCs achieved good antipsoriasis efficacy''"'.

Tripterygium wilfordii Hook F. which is a traditional Chinese
herbal medicine has been widely utilized to treat inflammatory dis-
eases, including rheumatoid arthritis, systemic lupus erythematosus,
and psoriasis for many years'>'*. Celastrol (CEL), a pentacyclic tri-
terpenoid compound extracted from 7. wilfordii Hook F, demon-
strated anti-inflammatory and antioxidant potential in inflammatory
diseases'>'®. Additionally, a recent study showed that CEL could
inhibit DC activation and subsequently suppress T cell responses' .
However, as a small molecule drug with a low target-specific ability to
DCs, CEL may have restricted therapeutic efficacy.

Recently, surface-specificity modified nanoparticles, which can
be recognized by receptors on the surface of DCs, have been
utilized in cancer and inflammation therapeutics'®'®. These drug
delivery systems have shown good potential to improve DC up-
take, subsequently inducing DC maturation or leading to DC
tolerance'” %', Moreover, the cellular uptake mediated by re-
ceptors on DCs can cause active agents to be specifically delivered
to dendritic cells, thus reducing immune-related adverse side ef-
fects. Mannose receptors that are highly expressed on DCs are
desirable targets for receptor-mediated delivery strategies” >*.
Mannosylated polymeric carriers have been applied in some anti-
inflammatory therapies, and impressive progress has been
made” . DC dysfunction is essential in the pathogenesis of
psoriasis. However, to the best of our knowledge, the DC targeting
strategy has not been applied in psoriasis therapy.

Approximately 80%—90% of psoriasis patients suffer from mild
to moderate disease, which affects less than 20% of the body sur-
face®””®. For this situation, topical treatment is highly recom-
mended because of its low systemic exposure and targeting ability
on the skin lesion®”. However, effective delivery of nanoparticles to
the epidermis or dermis must overcome the firm stratum corneum
barriers. Recently, microneedle technology has attracted increasing
attention to increase the skin permeability of nanoparticles. As a
microinvasive method, the micron-sized needle-like structure can

painlessly deliver the active agent across the stratum corneum, only
creating reversible microchannels with proper patient compli-
ance’**!. Various microneedles, such as solid microneedles, coated
microneedles, hollow microneedles and dissolvable microneedles,
have been designed for different purposes’> . Compared with
other types of microneedles, hollow microneedles can infuse a
massive amount of drug into the dermis layer’®. MicronJet600, a
marketed hollow microneedle device, has been used in immuno-
therapy and insulin administration®’~*®,

In this study, to enhance the target-specific ability of celastrol
to DCs, we prepared CEL-loaded mannose-modified liposomes
(CEL-MAN-LPs) and explored the mannose receptor-mediated
uptake of fluorescence-labeled mannosylated liposomes by den-
dritic cells both in vitro and in vivo. Then, the anti-maturation
activity of CEL-MAN-LPs on DCs was tested in vitro on bone
marrow-derived DCs. Finally, we intradermally injected CEL-
MAN-LPs into imiquimod (IMQ)-induced psoriasis-like mice
with hollow microneedles and further evaluated the therapeutic
effect and antipsoriasis mechanism of CEL-MAN-LPs. This study
reported for the first time that the mannosylated drug delivery
system enhanced the uptake and anti-maturation efficacy of active
agents on DCs in psoriasis therapy.

2. Materials and methods
2.1. Materials

CEL was obtained from Chengdu Pufei De Biotech Co., Ltd.
(Chengdu, China). Lecithin and Tween 80 were purchased
from Aladdin Industrial Corporation (Shanghai, China). 1,2-
Distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy (poly-
ethylene glycol-2000)]-mannose (mannose-PEG2000-DSPE) was
synthesized by Shanghai Toyang Biotech Inc. (Shanghai, China).
Methanol and chloroform were purchased from Damao Chemical
Reagent Factory (Tianjin, China). IMQ was purchased as Aldara,
a topical cream (5% imiquimod; Health Care Limited, Lough-
borough, UK). Hair remover spray foam (Linco Care Ltd., Man-
chester, UK) was purchased from Sasa (Macau, China).
Recombinant mouse GM-CSF (554586), recombinant mouse 1L-4
(550067), PE-Cy7-conjugated anti-mouse CD45 (552848) and
PerCP-CyS5.5-conjugated anti-mouse I-A/I-E (562363) were pur-
chased from BD Biosciences (San Diego, CA, USA). Fetal bovine
serum (FBS), APC-conjugated anti-mouse CD11c (17-0114-82),
FITC-conjugated anti-mouse CD80 (11-0801-82) and PE-
conjugated anti-mouse CD86 (12-0862-82) were purchased from
Thermo Fisher Scientific (Waltham, MA, USA). Mouse IL-23
ELISA Kits (433704) were purchased from Biolegend (San
Diego, CA, USA). Anti-IL-23 antibody (ab45420), anti-Ki-67
antibody (ab15580), anti-IL-17A antibody (ab79056), Alexa Flu-
or® 488-conjugated goat anti-rabbit IgG H&L (ab150077) and
goat anti-rabbit IgG H&L (Biotin) (ab6720) were obtained from
Abcam (Cambridge, UK). HRP-conjugated streptavidin (SE068)
and 3,3'-diaminobenzidine (DA1010) were obtained from Beijing
Solarbio Science & Technology Co., Ltd. (Beijing, China). 3,3'-
Dioctadecyloxacarbocyanine perchlorate (DiO), 1,1'-dioctadecyl-
3,3,3',3'-tetramethylindocarbocyanine (Dil) and Hoechst 33342
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were purchased from Invitrogen (Carlsbad, CA, USA). DNase I
(10104159001) was purchased from Roche Molecular Bio-
chemicals (Rotkreuz, Switzerland). Collagenase type IV
(L'S004188) and collagenase type 1I (LS004176) were purchased
from Worthington Biochemical Corp. (New Jersey, USA). Milli-Q
water was obtained from a Millipore Direct-Q ultrapure water
system (Millipore, Bedford, USA).

2.2.  Animals and cell lines

C57/BL6 mice (female, 6—8 weeks old), which were reared under
specific pathogen-free conditions, were obtained from the Faculty
of Health Sciences of the University of Macau. All animal studies
were conducted following the NIH Guidelines for the Care and
Use of Laboratory Animals, and the animal experimental pro-
tocols were approved by the University of Macau Animal Ethics
Committee.

The JAWS 1II cell line was obtained from American Type
Culture Collection (ATCC, USA). The cells were cultured with
alpha MEM (Gibco, a-MEM, nucleosides, 12571-063) containing
10% (v/v) FBS, 100 U/mL penicillin—streptomycin, and 20 ng/mL
murine GM-CSF at 37 °C under 5% CO,.

2.3.  Hollow microneedle devices

The hollow microneedle device (MicronJet600, NanoPass Tech-
nologies Ltd., Nes Ziona, Israel) used in our study is composed of
three 600 pm-length silicon microneedles bonded to the tip of a
plastic hub, which can be installed to a standard Luer syringe.

2.4.  Preparation of CEL-MAN-LPs

In this study, CEL-MAN-LPs were prepared using a thin-film
dispersion method. Briefly, CEL, lecithin, Tween 80, and
mannose-PEG2000-DSPE at a weight ratio of 2:70:15:15,
2:70:15:10, 2:70:15:5 or 2:85:15:0 were dissolved in chloroform
in a flask to prepare CEL-MAN-LPs or CEL-LPs, respectively.
After that, the chloroform was removed with a rotary evaporator at
40 °C under a vacuum of 200 Mbar to generate a thin layer on the
flask, and then the dried lipid layer was hydrated using 0.9% sa-
line at 50 °C for 40 min with spinning. The suspension was
collected and sonicated using a probe ultrasound device (37.5 W,
3 mm probe, 2 s/2 s) for 4 min. To generate a uniform particle size
distribution, the preparations were passed through a polycarbonate
membrane with a pore size of 100 nm using a mini-extruder
(Avestin, LF-1, Canada) 20 times.

2.5.  Characterization of CEL-MAN-LPs

The size distribution and zeta potential of the CEL-MAN-LPs
were measured using dynamic light scattering (DLS) (Malvern,
Worcestershire, WR, UK). Before the test, the samples were
diluted five times with 0.9% saline. Each sample was tested three
times. The stability of CEL-MAN-LPs was evaluated with DLS at
4 °C for up to 3 months.

To calculate the encapsulation of the CEL-MAN-LPs, free
CEL was separated with ultrafiltration. In brief, the solution of
CEL-MAN-LPs was centrifuged at 4000 rpm (Heraeus™ Multi-
fuge™ X3R, Thermo Fisher Scientific, Waltham, MA, USA) for
60 min in an ultrafiltration tube (3-kDa cutoff). The total amount
of CEL in the CEL-MAN-LP solution before centrifugation and
the amount of free CEL in the filtrate were detected with HPLC.

For the HPLC method, the test was conducted using an Agilent
1200 series system (Agilent, USA) with a C18 column (Agilent
Zorbax; 4.6 mm x 250 mm, 5 um) at room temperature. HPLC
elution was conducted with methanol—0.4% H3PO, solution
(85:15, v/v) at a rate of 1 mL/min. The sample volume was 10 uL,
and the wavelength of the UV detector was set at 430 nm. After
detection, the following equations were used to calculate the
encapsulation efficiency [EE (%)] and drug-loading capacity
[DLC (%)]:

_ Total drug — Free drug

EE (%) = Total drug x 100 (1)
Drug

DLC (%) = 100 2

(%) Drug + Carrier agent x @)

The in vitro drug release profile of CEL and CEL-MAN-LPs
was investigated as previously described with some modifica-
tion”. Briefly, CEL-MAN-LPs containing 200 pg of CEL were
suspended in 1 mL of PBS and transferred into a dialysis bag
(MWCO 8000—14,000 Da). Then, the dialysis bag was placed in
50 mL of 1% Tween 80 solution (w/v) (in 1 x PBS) and shaken in
the dark at 120 rpm. The release medium (1 mL) was sampled and
replaced with fresh buffer at the same volume after 2, 4, 8, 10, 12,
24, 36 and 48 h. The cumulative release amount of CEL was
detected with HPLC as described above. The release profile of
CEL was studied with the same method. Before the test, CEL was
solubilized in a mixed solution containing Cremophor EL, ethanol
and H,O (1:1:10, v/v/v).

To detect the morphology of the CEL-MAN-LPs, the CEL-
MAN-LPs were negatively stained with 2% (w/v) neutral phos-
photungstic acid and observed under transmission electron mi-
croscopy (TEM, JEM-2100F, Tokyo, Japan) at an accelerating
voltage of 80 kV. For the concanavalin A (CON A) agglutination
assay, Con A solution (1 pmol/L) was added to 0.5 mg/mL lipo-
somes. TEM was used to observe the aggregated CEL-MAN-LPs.
The particle size distribution was measured by DLS.

2.6.  Invitro DC uptake

JAWS II DCs were seeded in a 12-well plate at a density of
1 x 10° cells/well and incubated with Dil-LPs (0.8 pg/mL), 5%
(mannose-PEG2000-DSPE/total carrier, w/w) Dil-MAN-LPs, 10%
Dil-MAN-LPs, and 15% Dil-MAN-LPs for 4 h at 37 °C with 5%
CO,. In investigation experiments of mannose receptor-mediated
uptake, 20 mg/mL D-mannose was added 30 min prior to the
treatment of liposomes. The cellular uptake of Dil by JAWS II cells
was measured with flow cytometry (BD LSRFortessa, BD, USA).

In the qualitative analysis, Dil-LPs (5 pg/mL) and 15% Dil-
MAN-LPs were used to treat JAWS 1II cells (1 x 10° cells/well)
for 2, 4 and 8 h at 37 °C with 5% CO,, and then the nuclei were
stained with Hoechst 33258 (Invitrogen, USA). Confocal laser
scanning microscopy (TCS SP8II, Leica, Germany) was used to
visualize the fluorescence of Dil in JAWS II cells.

2.7.  Isolation and culture of mouse BMDCs

C57/BL mice (male, 7—9 weeks of age) were sacrificed by
inhalation of CO,. The mouse femurs and tibias were removed
under sterile conditions. The ends of the bones were cut off, and
the bone marrow was rinsed out from the bone cavity with 2%
FBS-PBS and collected into a sterile centrifuge tube. After
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centrifugation at 1000 rpm (HeraesusTM MultifugeTM X3R,
Thermo Fisher Scientific, Waltham, MA, USA) for 5 min, the
supernatant was discarded. The pellet was lysed with red blood
cell lysis buffer for 3 min. The BMDCs were washed with 2%
FBS-PBS and resuspended in RPMI 1640 medium containing
10% FBS, 100 U/mL penicillin/streptomycin, 20 ng/mL GM-CSF
and 20 ng/mL IL-4. BMDCs (1 x 10° cell/mL) were seeded in
six-well plates and cultured in an incubator at 37 °C with 5% CO,.
Half of the medium was replaced every other day. On Day 6,
immature BMDCs were collected by gentle agitation with a
pipette for the next experiments.

2.8.  Anti-maturation effect of the CEL-MAN-LPs on BMDCs
in vitro

Immature BMDCs were isolated and cultured according to section
2.7. Free CEL (25 ng/mL), CEL-LPs and CEL-MAN-LPs were
used to pretreat immature BMDCs (5 x 10° cell/well) in nontissue
culture-treated 96-well U-bottom plates for 4 h. After that, R848
(1 pg/mL) was applied to induce the maturation of BMDCs in an
incubator at 37 °C with 5% CO,. After 24 h, the levels of IL-23 in
the supernatants were measured using IL-23 ELISA kits. The
BMDCs were collected and incubated with diluted anti-CD1lc,
anti-CD80, anti-CD86 and anti-I-A/I-E antibodies for 20 min at
4 °C to detect the maturation status of BMDCs with flow
cytometry (BD LSRFortessa, BD, USA).

2.9.  DC uptake of the MAN-LPs in mice

The in vivo DC uptake test was performed on the IMQ-induced
psoriasis mouse model (model establishment is described in sec-
tion 2.10). After applying IMQ for 6 days, 50 pL of DiO-LPs
(187.5 pg/kg) and DiO-MAN-LPs were intradermally injected
into the top, middle and bottom site of the back skin with hollow
microneedles, respectively. The vertical distance between each in-
jection site was about 1.5 cm. The mice were sacrificed after 4 and
24 h. The full-thickness skin and draining lymph nodes (DLNs,
axillary, brachial and inguinal lymph nodes) were harvested to
prepare a single-cell suspension. Briefly, the DLNs were ground and
passed through 70-pm cell screens, and the isolated cells were
dispersed in 1% FBS-PBS. For the skin samples, the full-thickness
skin was minced with scissors and digested with 2.5 mg/mL
collagenase type II, 2.5 mg/mL collagenase type IV, and 0.5 mg/mL
DNase I in PBS containing 1% BSA at 37 °C under continuous
stirring for 90 min, after which the samples were quenched with
DMEM containing 10% FBS and passed through a 70-pm cell
mesh. To mark DCs in a single-cell suspension, isolated cells were
stained with anti-CD45 and anti-CD11c antibodies. The DiO fluo-
rescence taken by the DCs of the skin and DLNs was measured with
flow cytometry (BD LSRFortessa, BD, USA).

2.10.  Topical administration in an IMQ-induced psoriasis-like
mouse model

The IMQ-induced psoriasis-like mouse model was established
according to our previous studies”. Briefly, IMQ cream (62.5 mg
containing 3.125 mg of the active ingredient) was applied to the
shaved back skin of female C57/BL mice for 6 days. For the
in vivo dosing regimen, after receiving imiquimod cream for 4 h,
the mice received an intradermal injection of 50 pL of 0.9% saline
(IMQ group), CEL solution (375 pg/kg), CEL-LPs and CEL-
MAN-LPs on three different points of the back skin using

MicronJet600 hollow microneedles for 6 days. The injection sites
were chosen according to section 2.9. On Day 7, the mice were
sacrificed. Full-thickness skin, skin DLNs, and spleen samples
were taken for experiments.

2.11.  Psoriasis area and severity index (PASI) scores evaluation

The PASI scores were used to measure the severity of psoriasis
skin lesions. The factors in this scoring system include erythema
and desquamation on a scale of 0—4, as follows: 0, none; 1, mild;
2, moderate; 3, severe; and 4, very severe. The scoring was con-
ducted independently by two people daily for 7 days. The overall
score of the factors reflects the severity of inflammation on a scale
of 0—8.

2.12.  Weight ratio of spleen to body (spleen/body, %, w/w)

The spleen is an important lymphoid organ of the human body and
is a storage site for immune cells such as B cells and T cells.
Splenomegaly is a typical phenomenon of inflammation*’. The
spleen/body (%, w/w) is an evaluation index of the severity of
inflammation. After the mice were sacrificed, the spleens were
harvested, and the spleen/body (%, w/w) was immediately
measured, avoiding water loss of the samples.

2.13.  Histological analysis

The back skin was collected at the end of the experiment and fixed
with 4% paraformaldehyde, subsequently embedded in paraffin.
After dewaxing and hydration, 4-pm-thick sections were stained
with hematoxylin and eosin (H&E), and then observed with a
microscope (BDS 200, Aote, China) at 400 x magnification.

2.14.  Immunohistochemistry (IHC) and immunofluorescence
(IF) staining

For IHC staining, the paraffin sections were first deparaffinized
and hydrated, and then the sections were treated with 3%
hydrogen peroxide for 10 min at room temperature. After blocking
nonspecific antigens, the sections were incubated with primary
antibodies, including anti-IL17 antibody (1:100 dilution) and anti-
IL-23 antibody (1:100 dilution), overnight at 4 °C. After that, the
sections were incubated with biotin-linked secondary antibody
(1:500 dilution) for 1 h followed by incubation with HRP-
conjugated streptavidin (1:100 dilution) for 30 min. Finally,
3,3'-diaminobenzidine was used for chromogenic detection, and
the stained sections were counterstained with hematoxylin. Im-
ages of the sections were captured with a microscope (BDS 200,
Aote, China) at 400 x magnification. For the IHC quantification,
the staining intensity of IL-17 and IL-23 in 3 random visual fields
of the skin sample was calculated with ImageJ software.

For IF staining, the skin samples were embedded in OCT.
Samples were sectioned into 10-um sections. The sections were
fixed in 4% paraformaldehyde for 15 min at room temperature and
then washed in PBS. For staining the intracellular protein, per-
meabilization and blocking procedures were performed with 10%
goat serum containing 0.3% Triton X-100 for 60 min at room
temperature. Primary antibodies (Ki67, 1:200 dilution) were
incubated overnight at 4 °C in 10% goat serum containing 0.3%
Triton X-100. Sections were rinsed with PBS and incubated with
Alexa Fluor® 488-conjugated secondary antibodies (1:500 dilu-
tion) for 1 h at room temperature. The slides were mounted with
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ProLong Gold Antifade Mountant with DAPI and observed with
confocal laser scanning microscopy (TCS SPS8II, Leica, Ger-
many). The fluorescent intensity of Ki67 in the epidermis of the
skin sample was quantified with Image] software.

2.15.  Quantification of mRNA by real-time PCR (qRT-PCR)

The back skin sample (50 mg) was added to 500 puL of TRIzol
reagent (Invitrogen, USA) and homogenized with the TissueLyser
IT System (Qiagen, CA, USA) at 30 frequency/s for 10 min to
extract total mRNA. The reverse transcription was performed with
the PrimeScript RT Reagent Kit (Takara, Japan) on a C1000
Touch thermal cycler system (Bio-Rad, UK) according to the
manuscript protocol. The reaction cycle was 37 °C for 15 min,
85 °C for 5 s and kept at 4 °C. qRT-PCR was conducted with
SYBR Premix Ex Taq II (Takara, Japan) on a VIIA7 Real-Time
PCR instrument (Applied Biosystems, USA), following the
manufacturer’s instructions. The primer sequences are listed in
Table 1. The comparative Ct method (AACt) was used to calculate
the relative mRNA levels.

2.16.  Evaluation of the maturation state of the DCs in the
lymphoid organs

To detect the maturation state of DCs, the spleen and lymph nodes
were ground and passed through 70-pm cell screens to prepare
single-cell suspensions, and the isolated cells were dispersed in
1% FBS-PBS. After blocking FcR, the single-cell suspensions
were incubated with anti-mouse CD45, anti-mouse I-A/I-E, anti-
mouse CD11c, anti-mouse CD80 and anti-mouse CD86 antibodies
for 20 min at 4 °C in the dark. Isotype antibodies were used as
negative controls. Acquisition was performed by flow cytometry
(BD LSRFortessa, BD, USA).

2.17.  Safety evaluation of CEL-MAN-LPs on the skin of healthy

mice

To test the skin safety of the treatment, 50 pL of 0.9% saline, CEL
solution (375 pg/kg), CEL-LPs or CEL-MAN-LPs were injected
on three different sites of the mouse back skin with hollow
microneedles for 6 days. The selection of the injection site
referred to section 2.9. To evaluate the status of the skin, the
images of the back skin were recorded on Days 1, 4 and 7.

Table 1  Primer sequences of mouse genes examined by
quantitative real-time PCR.

Primer Base sequence (5’ to 3')

1I-18 (S) CCCTGCAGCTGGAGAGTGTGGA
1i-183 (AS) TGTGCTCTGCTTGTGAGGTGCTG
11-6 (S) CCTCTCTGCAAGAGACTTCCAT
1I-6 (AS) AGTCTCCTCTCCGGACTTGT
II-17A (S) TTTAACTCCCTTGGCGCAAAA
1I-17A (AS) CTTTCCCTCCGCATTGACAC
1-23 (S) TCCTCCAGCCAGAGGATCACCC
1I-23 (AS) AGAGTTGCTGCTCCGTGGGC
Tnf-a (S) GCCCACGTCGTAGCAAACCAC
Tnf-a (AS) GCAGGGGCTCTTGACGGCAG
Gapdh (S) GGGCTCTCTGCTCCTCCCTGT
Gapdh (AS) CGGCCAAATCCGTTCACACCG

2.18.  Statistical analysis

The statistical significance of the differences between different
groups was determined via one-way ANOVA, where P < 0.05 was
considered as statistically significant difference.

3. Results and discussion

3.1.  Preparation and characterization of CEL-MAN-LPs

As shown in Fig. 1A, the hydrodynamic size of CEL-MAN-LPs
(15% mannose lipid grafted ratio) was 85.5 £+ 0.7 nm with a
PDI of 0.248 £ 0.01, indicating a homogenous particle size dis-
tribution. TEM imaging (Fig. 1A) shows that CEL-MAN-LPs had
a regular spherical shape without visible aggregation. After stor-
age at 4 °C for 3 months, the particle size of CEL-MAN-LPs did
not significantly change, indicative of satisfactory stability
(Fig. 1B). The free drug was removed using a hyperfiltration tube,
and the EE (%) and DLC (%) were detected with HPLC. The
results showed that the EE (%) and DLC (%) of CEL in CEL-
MAN-LPs were 90.8 + 0.4% and 1.78 + 0.01%, respectively,
indicating effective CEL loading. For the in vitro cumulative drug
release (Fig. 1C), CEL-MAN-LPs showed a sustained release
profile where only approximately 35% of CEL released after in-
cubation in the release medium for 48 h. In contrast, the solubi-
lized CEL released much faster than CEL-MAN-LPs. Nearly 80%
of CEL released into the medium after 12 h. After being modified
with different grafted ratios of mannose-PEG2000-DSPE, the
particle size of the LPs increased with the mannose lipid grafted
ratios from 75.0 £ 0.7 nm to 85.5 & 0.7 nm (Fig. 1D), and the zeta
potential of the LPs decreased with the mannose lipid grafted
ratios from —1.8 + 0.2 to —6.0 £ 0.3 (Fig. 1E). To further confirm
whether mannose-PEG2000-DSPE was effectively grafted onto
the liposomes, the agglutination efficiency was evaluated as
described in the previous reports*'. CONA, a plant lectin, spe-
cifically binds to terminal a-p-mannosyl, causing aggregation of
mannose-modified nanoparticles. The TEM image shows that the
CEL-MAN-LPs formed larger aggregates after addition of CONA
(Supporting Information Fig. S1). Moreover, the DLS results are
shown in Fig. 1F and G. As expected, for the CEL-MAN-LPs, the
particle size and PDI significantly increased after incubation with
CONA. However, the CEL-LPs barely changed in particle size and
PDI, indicating that mannose was successfully grafted onto the
liposome surface.

3.2.  Invitro cellular uptake evaluation

To evaluate the effect of the mannose lipid-grafted ratio on DC
uptake, JAWS 1I cells were incubated with unmodified Dil-LPs
and Dil-MAN-LPs at different grafting ratios. The Dil fluores-
cence intensity in the cells was quantified with flow cytometry.
After incubating for 4 h, the amount of Dil uptake by DCs in all
the mannose-grafted LP groups was markedly higher than that in
the ungrafted LP group (Fig. 2A and B). Moreover, the uptake by
DCs increased with the mannose lipid grafting ratio. Specifically,
when the grafted ratio of mannose lipid reached 15%, the Dil
uptake in the Dil-MAN-LPs group was more than two times
higher than that in the Dil-LPs group, suggesting effective DC
uptake of mannose lipid-grafted liposomes. However, when we
further increased the grafted ratio of the mannose lipid to 20%, the
liposomes demonstrated a broad particle size distribution. So 15%
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Figure 1  Characterization of CEL-MAN-LPs. (A) Particle size profile and TEM image of CEL-MAN-LPs. (B) The stability of CEL-MAN-LPs
at 4 °C for 3 months analyzed by DLS. (C) In vitro drug release profile of CEL-MAN-LPs and solubilized CEL in PBS (pH 7.4) with 1% Tween
80. (D) The particle size and (E) Zeta potential of CEL-MAN-LPs with different grafted ratios of mannose-PEG2000-DSPE. (F) Particle size and
(G) PDI changes of CEL-MAN-LPs and CEL-LPs before and after adding CONA solution. Data points shown are mean + SD (n = 3),
*#*%P < 0.001, compared with the indicated group. Scale bar = 200 nm.

was considered to be a proper grafted ratio of the mannose lipid. inhibit the expression of costimulatory molecules (CD80 and CD86) on
To investigate whether the enhanced uptake by DCs was mediated the BMDCs which were induced with R848, and the anti-maturation
by the mannose receptor, as the competitor of the mannose re- ability of CEL was dose-dependent with concentration (Supporting
ceptor, free p-mannose was used to pretreat JAWS II cells. The Information Fig. S3). We further investigated the anti-maturation effect

results of flow cytometry quantification shown in Fig. 2C of CEL preparations. For cytokine detection, the IL-23 level in the
demonstrate that the uptake of Dil-MAN-LPs by DCs was supernatant of the BMDCs was dramatically increased after induction
markedly reduced after pretreatment with p-mannose compared with R848. Moreover, as shown in Fig. 3A, CEL, CEL-LPs and CEL-
with the control group. Based on these results, we can conclude MAN-LPs significantly inhibited the secretion of IL-23. The effect on

that this mannose modification strategy could enhance DC uptake the maturation status of the DCs is shown in Fig. 3B—D where R848
via mediation of the mannose receptor. To further evaluate DC successfully induced the expression of CD80, CD86 and MHC-II on the
uptake, the localization of Dil fluorescence in JAWS II cells was BMDCs. Meanwhile, the expression of these maturation markers was
visualized with confocal microscopy. As shown in Fig. 2D and E, significantly decreased after pretreatment with CEL, CEL-LPs and

the fluorescence intensity located in the DCs in the 15% Dil- CEL-MAN-LPs, and the blank vehicle showed no effect on the matu-
MAN-LP group was significantly higher than that in the Dil-LP ration status of BMDC:s. Notably, the anti-maturation efficacy of CEL
group at different incubation time points (i.e., 2, 4, and 8 h), was obviously enhanced by encapsulation into the MAN-LPs. The
consistent with the flow cytometry results (Fig. 2B). As the MAN- above results may be because the mannose modification strategy could
LPs with a 15% mannose lipid grafted ratio showed excellent markedly increase DC uptake of CEL and then showed a better anti-
delivery efficiency, this optimized formulation was selected for maturation effect on DCs, which was further tested in section 3.4.
further in vivo mouse studies.

3.4. DC uptake in the skin and DLNs of mice
3.3.  CEL-MAN-LPs inhibited the maturation of BMDCs in vitro
In psoriatic skin lesions in mice, a certain number of myeloid DCs

DCs are a type of innate immune cell that plays a vital role in the accumulate in the dermis as antigen-presenting cells and trigger
pathological process of psoriasis. Mature myeloid DCs release in- the immune response. The skin DLNs are secondary lymphoid
flammatory cytokines and stimulate T cells, subsequently triggering the organs, where the nanoparticles and drugs can be drained to the
development of psoriasis’. The costimulatory molecules on the surface DLNSs through the lymphatic vessels after penetrating the dermis

of mature DCs, such as CD80, CD86 and MHC-II, are essential for 1ayer42. To effectively deliver the DiO-MAN-LPs to the dermis,
activating T cells. Since the therapeutic targets of CEL-MAN-LPs are we applied the hollow microneedles. Because the DiO-MAN-LPs
myeloid DCs, we attempted to test the anti-inflammatory effect of CEL mainly accumulated in the stratum corneum without the hollow
preparations on BMDCs in vitro. R848, a TLR7/8 agonist, was used microneedles (Supporting Information Fig. S4). In this study,
here to establish an inflammatory DC model. As shown in Supporting following intradermal injection of DiO-MAN-LPs and DiO-LPs
Information Fig. S2, the purity of the cultured BMDCs was more than with hollow microneedles, DCs were isolated from skin and
85%, indicating successful isolation of the BMDCs. The CEL could DLN samples, and the ratios of DiO-positive DCs were



Celastrol-loaded mannosylated liposomes for psoriasis treatment

T

A ) : B
15% Dil-MAN-LPs |
i
1 25000
10% Dil-MAN-LPs /\ 20000
/i
A _ 15000
5% Dil-MAN-LPs [} | s
o Dil-| -LPs |
! ,,‘H' \ 10000

5000

345
C Bl Mannose -
@8 Mannose +
25000 e
20000
e o 15000 4 i
= 10000 '_\ ’_I

105 1t'l6

Q° Q° 0 0 &° &° &°
S A S Sl S
' Q \g W W @? gy \g
4 ! ¥ & & s o
o\eo o\oo e\eo &¥ ¥ &¥
T v % S » N N
10 10

Figure 2

In vitro uptake of MAN-LPs and LPs by JAWS 1II cells. (A) Histogram profiles and (B) mean fluorescence intensity analyzed by flow

cytometry after incubation with Dil-MAN-LPs (different grafted ratio) and Dil-LPs for 4 h. (C) The intracellular uptake of Dil-MAN-LPs
(different grafted ratio) after being pretreated with or without mannose. Confocal images to show uptake of (D) 15% Dil-MAN-LPs and (E)

Dil-LPs after incubation for 2, 4 and 8 h. Nuclei (blue), Dil (red). Data are represented as mean value + SD (n

3), where *P < 0.05,

##kP < (0,001 compared with Dil-LPs group. *P < 0.05, ¥P < 0.01, *P < 0.001 compared with indicated group. Scale bar = 25 pm.

determined with flow cytometry. The gating strategy is illustrated
in Supporting Information Fig. S5. As shown in Fig. 4, after
administrating the preparations for 4 and 24 h, the ratios of DiO-
positive DCs from the skin and DLN samples in the DiO-MAN-
LPs group were markedly higher than those in the DiO-LPs
group, indicating that the mannose modification strategy can
enhance DC uptake of LPs in the psoriasis mouse model.

3.5.  Histology evaluation

Photographs of psoriatic skin lesions in different groups are
demonstrated in Fig. 5. Compared with the normal mice, psoriasis
pathological symptoms such as white scale, red skin and thickened
skin were obviously observed on the back skin of the mice in the
IMQ-induced group (Fig. 5B). The symptoms of white scales and
erythema on skin lesions were relieved after treatment with free
CEL, CEL-LPs and CEL-MAN-LPs. Moreover, the back skin of
the mice treated with CEL-MAN-LPs showed the slightest path-
ological symptoms. The H&E results were consistent with the
appearance of the skin lesion (Fig. 5C). A single layer of basal
cells was observed in the epidermis of the normal mice, but hy-
perplasia of basal cells displaying a multilayered arrangement was
observed in IMQ-induced mouse skin (Fig. 5D). CEL-LPs, CEL-

MAN-LPs and CEL inhibited the hyperplasia of epidermal cells.
Among all the tested groups, the CEL-MAN-LPs showed the best
bioactivity.

3.6.  PASI evaluation

The degrees of erythema and desquamation on the psoriatic
mouse back skin were scored for 7 days and are summarized
in Fig. 6. The symptoms of desquamation and erythema
started to be exhibited on the skin lesion on Day 2 and were
increased with time during the treatment, and the degree of
the pathological symptoms reached a peak on Day 6 and
slightly declined on Day 7. For the CEL group, the symptoms
of desquamation were mitigated significantly (P < 0.001)
compared with those in the IMQ only group (Fig. 6B), but no
significant changes were observed in the severity of erythema,
suggesting a limited therapeutic effect on psoriatic skin
(Fig. 6A). For CEL-LPs and CEL-MAN-LPs, the scores of
desquamation, erythema and total PASI were significantly
lower than those in the IMQ group (Fig. 6A—C). Moreover, the
CEL-MAN-LP group had the lowest PASI scores among all
the therapeutic groups after 6 days of treatment, reflecting its
excellent antipsoriasis activity.
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group. P < 0.01, compared with indicated group.

3.7.  CEL-MAN-LPs mitigated splenomegaly in a mouse model

As shown in Fig. 6D, serious splenomegaly was caused by
application of IMQ on the mouse dorsal skin for 6 days, where the
spleen/body (%, w/w) of the IMQ group was almost three times
higher than that of the normal group. The spleen/body (%, w/w) of
all the therapeutic groups showed a decreasing trend compared
with the psoriasis model group. However, there were no statisti-
cally significant differences in the CEL and CEL-LP groups at the
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Figure 4

0.05 level. Notably, CEL-MAN-LPs significantly reduced the
inflammation-induced splenomegaly (P < 0.01).

3.8.  CEL-MAN-LPs suppressed the mRNA expression of
inflammatory cytokines in psoriatic skin lesions

The expression levels of inflammatory cytokines in psoriatic
skin are closely related to the severity and therapeutic index of
psoriasis. As shown in Fig. 7, the mRNA expression levels of /I-
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In-vivo DC uptake of DiO-MAN-LPs and DiO-LPs in mice skin and DLN. DC uptake in (A) DLN and (B) skin after intradermally

delivering DiO-MAN-LPs and DiO-LPs with hollow microneedles for 4 and 24 h, respectively. Data are represented as mean £+ SD (n = 3).

*P < 0.05, **P < 0.01, by comparison with indicated groups.
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Psoriatic symptom of the skin lesion after topical application of IMQ and intradermal injection of different preparations. (A) The

timeline of the experiment. (B) The photographs of the dorsal skin of mice were taken on Day 7. (C) The H&E staining ( x 400) was conducted to
observe histological changes in skin lesions of mice after the treatment with CEL, CEL-LPs and CEL-MAN-LPs. (D) Enlarged view of H&E
sections of normal mice group (left) and the IMQ (right). Scale bar = 50 pum.

18, 11-6, II-17A, 1I-23 and Tnf-a in IMQ-induced skin were
dramatically upregulated compared with those in the normal
control group. After the treatment of mice with CEL-LPs and
CEL-MAN-LPs, the mRNA levels of 7I-18, 1I-6, II-17A, II-23
and Tnf-a in the affected skin were dramatically inhibited.
Comparatively, in the CEL group, only the mRNA levels of I/-
18, 1I-17A and [I-23 were significantly reduced, indicating a
limited therapeutic effect. Notably, the mRNA level of 1I-23,
which is mainly secreted from mature DCs, was significantly
lower in the CEL-MAN-LP group than that in the CEL-LPs
group (Fig. 7A). Furthermore, CEL-MAN-LPs showed a bet-
ter effect on inhibition of the mRNA level of /I-17A which is the
downstream cytokine of IL-23, compared with the CEL-LPs
(Fig. 7B). The above results demonstrate that the CEL-MAN-
LPs markedly mitigated the cytokine storm in the psoriasis
skin lesion and showed better efficacy on inhibition of DCs-
related inflammatory cytokines compared with other treat-
ments in vivo.

3.9. IHC and IF staining

The IL-23/IL-17 inflammation axis plays a key role in the path-
ological process of psoriasis. IL-23 and IL-17, which are mainly
secreted from inflammatory DCs and CD4 helper T 17 (Th17)
cells, respectively, are effective cytokines in this axis for psoriatic
skin lesions®. So we further evaluated the expression levels of IL-
23 and IL-17 in the psoriasis site with the IHC test. The IHC
staining results of IL-23 and IL-17 in the skin tissue are shown in
Fig. 8. The dark brown spots are representative of positive 1L-23
or IL-17 staining. The expression levels of IL-23 and IL-17 in the
skin significantly increased after application of IMQ. CEL, CEL-
LPs and CEL-MAN-LPs showed reduced levels of both inflam-
matory cytokines. As expected, consistent with the result of the
PCR experiment, the staining intensity of IL-23 and IL-17 of the
skin section in the CEL-MAN-LPs group was markedly lower
than that in the CEL-LPs group. This result may be attributed to a
superior ant-maturation effect of CEL-MAN-LPs on the DCs
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which are the main effector cells in the IL-23/IL-17 inflammation
axis. This conclusion was further proved in Section 3.10.

Ki67 is a cellular marker for proliferation and is highly
expressed in the basal layer of the psoriatic epidermis, whereas
normal basal cells barely express Ki67. As shown in Fig. 8, the
expression levels of Ki67 protein in different mouse groups using
IF staining were studied. The basal cells in the epidermis highly
expressed the Ki67 protein (green) in the IMQ-induced group,
while for the normal control group, only a few cells in the
epidermis were marked with Ki67. After therapeutic treatment
with CEL-LPs and CEL-MAN-LPs, Ki67 expression in the basal
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layer markedly decreased, especially in the CEL-MAN-LPs
group. The above results suggested that CEL-MAN-LPs showed
the best inhibitory effect on epidermal cell hyperproliferation
under psoriasis conditions.

3.10.  The anti-maturation effect of CEL-MAN-LPs on DCs in
lymphoid tissues

Mature DCs, which highly express MHC-II and costimulatory
molecules such as CD80 and CD86, can interact with T cells and

trigger the adaptive immune response in lymphoid tissues. To
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The mRNA levels of inflammatory cytokines in the skin lesion treated with different preparations. (A) //-23, (B) II-17A, (C) Tnf-a,

(D) II-1B, (E) II-6. *P < 0.05, **P < 0.01, ***P < 0.001 compared with IMQ group, *P < 0.05, ¥P < 0.01 compared with indicated group. Each

value represents the mean and SE (n = 6).
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further exploit the immune-regulatory mechanism of CEL-
MAN-LPs in the psoriatic mouse model, we tested the matura-
tion status of DCs in the DLNs and spleens from psoriatic mice
after treatment with CEL preparations (Fig. 9). The expression

50 pm (IL-17 and IL-23), scale bar

100 pm (Ki67).

levels of CD80, CD86 and MHC-II on DCs in DLNs dramati-
cally increased in the psoriasis model group compared with the
normal control group. As expected, CEL preparations obviously
diminished the expression of CD80, CD86 and MHC-II, but raw
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treatment for 6 days. Data are presented as mean £ SD (n = 6), ¥**P
by comparation with the indicated group. ns, not significant.

MHC

The expression of maturation markers (CD80, CD86 and MHC-II) on the dendritic cells of DLN after receiving IMQ and different

< 0.001, compared with IMQ group. *P < 0.05, *P < 0.01, *P < 0.001,
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Figure 10  The expression of maturation markers (CD80, CD86 and MHC-II) on the dendritic cells of spleen after receiving IMQ and different

treatment for 6 days. Data are presented as mean £+ SD (n = 6), *P < 0.05, **P < 0.01, ***P < 0.001, compared with IMQ group. #p < 0.05,

##Pp < 0.01, by comparation with the indicated group. ns, not significant.

CEL only showed inhibition of the expression of CD86 and
MHC-II, indicating limited anti-maturation ability. Notably, the
inhibitory effect of CEL-MAN-LPs on the expression of CDS80,
CD86 and MHC-II was greatly enhanced compared with that of
CEL.

In the assessment of the activation status of DCs in the spleen,
all three DC maturation markers displayed significant upregula-
tion in the psoriasis mouse model (Fig. 10). After treatment with
CEL and CEL formulations, only the CEL-MAN-LPs significantly
suppressed the expression of CD80 on splenic DCs. Although
CEL-MAN-LPs showed a trend toward reduced CD86 expression,
no significant difference was observed at the 0.05 level. In addi-
tion, the expression of MHC-II was significantly decreased after
application of CEL and CEL preparations. Moreover, CEL-MAN-
LPs exhibited a better inhibitory effect on MHC-II expression than
CEL-LPs. Taken together, these results suggested that the anti-
psoriasis efficacy may be attributable to the ability of CEL
preparations to suppress the maturation of DCs, where the
mannose modification strategy can enhance this anti-maturation
ability of CEL on DCs in vivo.

3.11.  Skin safety evaluation

The images of the healthy mouse skin which received injection of
0.9% saline, CEL solution (375 pg/kg), CEL-LPs or CEL-MAN-
LPs with hollow microneedles for 6 days were shown in Supporting
Information Fig. S6. The CEL and CEL preparations did not cause
adverse reactions such as edema and erythema on the healthy
mouse skin, indicating good skin safety of the treatment. Moreover,
the microneedles which cause minimally invasive on the injection
site are considered to be painless and have good patients’ compli-
ance™. Therefore, This treatment has good clinical potential.

4. Conclusions

In this study, we explored the bioactivity of CEL-MAN-LPs as a new
CEL-loaded carrier for psoriasis treatment. The mannose modifica-
tion strategy effectively enhanced DC uptake by fluorescence-labeled
liposomes in both a cell model and a psoriatic mouse model. The
CEL-MAN-LPs markedly improved the bioactivity of CEL by
inhibiting the maturation of DCs both in vitro and in vivo. As a
consequence, CEL-MAN-LPs showed superior efficacy in alleviating
the psoriasis pathological symptoms and inhibiting the expression of
the main inflammatory cytokines in psoriatic skin lesions compared
with CEL and CEL-LPs. Moreover, the treatment exhibited good skin
safety. In summary, the strategy to enhance DC uptake and induce DC
tolerance by loading drugs via mannosylated liposomes exhibited
excellent anti-psoriasis activity, which has wide potential application
in the treatment of other DC-associated types of inflammation in the
future.
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