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Introduction: The pathogenesis of atopic dermatitis (AD) is closely linked to both genetic and environmental factors, with patients
often exhibiting a range of immunological abnormalities, including a pronounced Th2-type overreaction, which is a key feature of the
disease.

Purpose: Cutibacterium acnes has been shown to induce a robust Th1 immune response through intraperitoneal injections, potentially
preventing the development of AD. In this study, a novel nanoparticulate formulation of Cutibacterium acnes (NFCA) was developed
with the formulation optimization for the dermal delivery.

Materials and Methods: Sponge Haliclona sp. spicules (SHS) were isolated from the explants of sponge Haliclona sp. with our
proprietary method. The NFCA was prepared by high-speed grinding followed by film extrusion. The skin penetration of the model
drugs in NFCA with SHS were visualized using confocal microscopy. The therapeutic effects of NFCA coupled with SHSs against AD
in mice were assessed by using pathohistological examination and cytokine ELISA assay.

Results: The NFCA particle size was 254.1439.4 nm, with a PDI of 0.29+0.08 and a Zeta potential of —7.9+0.6 mV. SHS significantly
enhanced total skin absorption of FD10K (39.6+6.7%, p=0.00076) as well as deposition in the viable epidermis (3.2+1.6%, p=0.08)
and deep skin (dermis & receptor) (36.0+5.9%, p=1.82E-5) compared to the control. In vitro cytotoxicity tests showed that NFCA had
low toxicity to HaCaT cells (IC50=63.8 mg/mL). The study confirmed that NFCA can activate immune signaling pathways, promoting
the high expression of IL-6 and IL-8 in keratinocytes, enhancing TNF-a and IL-1f expression in macrophages, and inducing Th1 and
Th17-type immune responses. Furthermore, we demonstrated that the dermal delivery of NFCA using SHS in vivo significantly
reduced epidermal thickness, serum IgE levels, and tissue IL-4 levels, thereby accelerating skin repair and mitigating Th2 polarization.
Conclusion: SHS were employed to effectively deliver NFCA to the deeper skin layers to exert its immune functions. Moreover, the
combination of SHS and NFCA can significantly cure mice with atopic dermatitis.
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Introduction

Atopic dermatitis (AD) is a chronic, relapsing, pruritus, noninfectious inflammatory skin disease, which is one of the common
diseases in dermatology.' According to the Global Burden of Disease, the prevalence of AD is as high as 15-20% in children and
about 10% in adults. AD also has the highest disease burden among skin diseases in terms of disability-adjusted life years.” This
disease can lead to sleep disorders and is prone to frequent recurrence, seriously affecting the growth, development and quality of
life of patients.>* The exact etiology and mechanism underlying AD have not been fully understood. It is generally believed to
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result from a combination of factors, including genetics,” ' immune abnormalities,® impaired skin barrier function, and

environmental influences,” with internal and external factors interacting to contribute to the disease. Currently, the primary
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therapeutic goals for AD are to reduce skin lesions, alleviate itching and decrease the frequency of flare-ups. Traditional topical
drugs generally exert their anti-inflammatory effects through immunosuppression mechanism, but these are not suitable for long-
term use. Oral medications carry the risk of nephrotoxicity and subcutaneous injections can be costly and may cause adverse
reactions at the injection site. However, identifying effective drug molecules that specifically target this pathway has become
a significant challenge and an area of intense research in the treatment of AD. A hallmark of AD is the tendency for CD4
lymphocytes to differentiate into Th2 lineage.''" Therefore, therapeutic strategies targeting the Th2 pathway are likely to meet
the needs of most patients. However, identifying effective drug molecules that specifically target this pathway has become
a significant challenge and an area of intense research in the treatment of AD.

Cutibacterium acnes (formerly known as Propionibacterium acnes) is a Gram-positive and anaerobic rod-shaped bacterium
that is symbiotic on the skin, primarily residing in sebaceous glands and hair follicles.'*'* C. acnes plays both protective and
pathogenic roles. It contributes to maintaining skin homeostasis by providing a protective layer on the skin and alleviating
oxidative stress.'*'> However, alterations in species or change in type of C. acnes may contribute to the pathogenesis of various
skin diseases., A decrease in the relative abundance of C. acnes has been found in the lesions of patients with atopic dermatitis.'®
C. acnes can activate immune cells by interacting with host cell pattern recognition receptors, leading to a mixed Th1/Th17 cells
response.’” " Consequently, some studies have attempted to reverse Th2-polarized atopic dermatitis lesions by inducing Th1
immune response through the injection of inactivated C.acnes, yielding significant improvements.°

Dermal drug delivery involves the administration of active ingredients through topical application, enabling the local
therapeutic effects.”' Compared to other routes such as traditional injection or oral administration, dermal delivery admin-
istration offers many advantages.”*> However, the stratum corneum barrier significantly limits the drug absorption through
the skin. To address this challenge, various enhancement techniques have been developed, including, chemical permeation
enhancers,”* iontophoresis,” sonophoresis,”® electroporation,”” NFCArriers,”® microneedles®” and among others. Sponge
Haliclona sp. spicules (SHS) is a type of dispersed silicon microneedles, characterized by a uniform size and shape (about
120 pm in length and 7 pm in diameter). SHS can form numerous nanoscale microchannels on the skin surface through®®=>*
a minimally invasive physical process, facilitating the dermal absorption of various therapeutics without the risk of bleeding or
infection. Moreover, it is not constrained by the application area or site.

In this study, we developed and characterized a nanoparticulate formulation of Cutibacterium acnes (NFCA). We then
investigated the immune response of skin cells to NFCA by assessing the mRNA expression levels of IL-6, IL-8, TNF-a,
and IL-1pB. Additionally, we utilized SHS to topically deliver NFCA as an antigenic agent for the treatment of atopic
dermatitis in both in vitro and in vivo.

Materials and Methods

Chemicals and Animals

The C. acnes strain was obtained from the Guangdong Microbial Culture Collection Center (Guangzhou, China).
Soybean Phospholipid was purchased from Tianfeng Pharmaceutical Co., Ltd (ShenYang, China). Fluorescein isothio-
cyanate-dextrans 10K were purchased from Sigma (St. Louis, MO, USA). RAW264.7 cell and HaCaT cell were
purchased from FuHeng Biotechnology Co., Ltd (ShenYang, China). And all other chemicals used in this study were
of analytical grade and were purchased from Sinopharm Group Co. Ltd. (Shanghai, China).

The porcine skin was obtained from YinXiang Group Co., Ltd. (Xiamen, China). BALB/c mice and Guinea pigs were
purchased from Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China). Animal experiments were carried
out in compliance with the “Regulations on the Administration of Laboratory Animals of Xiamen University” and
received approval from the Institutional Animal Care and Use Committee of Xiamen University (Ethics Approval No.
XMULAC20240005).

Preparation of NFCA
400 mg soybean phospholipid, 100 mg Tween 80, 2 g propylene glycol, and 10 mg freeze-dried Cutibacterium acnes were

diluted to 10 g with deionized water. 1 g of this suspension and 30 ceramic beads (3 mm diameter) were added to a sterile
5 mL grinding tube. Nanoparticulate formulation of Cutibacterium acnes (NFCA) was prepared using a cryogenic grinder
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(MB-48LD-1, MeiBi Co. Ltd., Shanghai, China) at —40°C, oscillating at 70 hz for 120 s, pausing for 10s, and repeating for
12 cycles (250 s per cycle). NFCA was stored at 4°C for further use. The extruded NFCA (eNFCA) was prepared using our
previous method®' by extrusion through a 100 nm polycarbonate membrane (AVESTIN, Inc., Ottawa, ON, Canada) using
a liposome extruder (LiposoFast, AVESTIN, Inc., Ottawa, ON, Canada) for 21 times.

Characterization of NFCA

The size distribution and {-potential of NFCA were measured using a photon correlation spectroscopy (Zetasizer Nano series,
Malvern Instruments Ltd, Worcestershire, UK) NFCA were diluted 100 times with deionized water before the measurement.
Cryo-transmission electron microscopy (FEI Tecnai F20S, Hillsboro, OR, USA) was utilized to observe the morphology of
NFCA and eNFCA. Each sample was diluted 10 times and fixed on the copper mesh adapted to the TEM. After cooling with
liquid nitrogen, the sample rod equipped with the copper mesh should be inserted into the sample table of the transmission
electron microscope, waiting for the end of vacuuming, and then observed under the condition of 80.0kV. To measure the total
protein in NFCA or eNFCA, 1% Triton X-100 solution was weighed with phospholipid at 10:1 ratio, mixed with oscillator,
and incubated at room temperature for 30 min. The absorbance value was measured at 562 nm wavelength using an
enzymoscope, and the amount of total protein was calculated according to the standard curve.

Skin Penetration Study in vitro
The isolated porcine back skin was used and thawed at room temperature before the in vitro experiment. The circular skin
sections were punched out and positioned on the Franz diffusion cell (the effective penetration area of 1.77 cm?) with the
stratum corneum (SC) side facing up. The receptor chamber was pre-filled with 0.2 M PBS solution, and skin
conductance was measured (<5pA) to ensure the integrity of the skin barrier. SHS (100 pL, 100 mg/mL in PBS) was
topically applied on the skin surface with a massage duration of 120 seconds (300 r/min). The test formulations
containing 300 pL hydrophilic (FD10K) or 200 pL lipophilic (DiD) model drugs were designed as following:

1) FD10K control group (FD10K in water, 1 mg/mL), 2) FDIOK@NFCA group (FD10K in NFCA solution, 1 mg/mL),
3) SHS + FD10K@NFCA group (FD10K in NFCA solution, 1 mg/mL), 4) DiD control group (DiD in 10% DMSO solution,
0.02 mg/mL), 5) DiD@NFCA group (DiD in NFCA solution, 0.02 mg/mL) and 6) SHS + DiD@NFCA group (DiD in NFCA
solution, 0.02 mg/mL). The test formulations were evenly distributed on the donor compartment of Franz diffusion cell. The
temperature of the water bath was 37°C, and the stirring speed was 600 rpm. Each cell was placed into the water bath, ensuring
the receptor chamber was submerged. A small magnetic stir bar was added to the receptor chamber. The system was kept away
from light during the experiment. After 16 hours, the remaining test formulations in the donor compartment was washed with
PBS five times until no visible residue remained. The porcine skin was carefully removed, placed on aluminum foil, dried, and
labeled for further analysis. Additionally, 1 mL of the receptor solution was collected and stored at 4°C, protected from light for
future analysis. The SC layers were obtained by using the tape-stripping method.*>! The glass bottles containing each layer were
collected, 4 mL of extract solution (methanol and 0.05M PBS, 1:1, V/V) was added, and then extracted in a shaking table at 26°C
and 180 rpm for 24 h. After extraction, each tube was centrifuged at 5000 rpm for 5 min and left for testing. The skin deposition of
FD10K in different skin layers were measured at the excitation wavelength of 490 nm and the emission wavelength of 530 nm.

The skin penetration of the model drugs in NFCA were also visualized using confocal microscopy (Carl Zeiss,
LSM780NLO, Jena, Germany). After the in vitro skin penetration experiment, a small skin sample with a radius of
2.5 mm was punched out and quickly preserved in OCT compound. The porcine skin was then sectioned into 10 pm
slices. The prepared sample was then examined using a confocal microscope.

Cytotoxicity and Immune Response of Skin Cells to NFCA in vitro

Cytotoxicity of NFCA was assessed using the MTT assay. Logarithmic-phase HaCaT cells were collected, and the cell
suspension concentration was adjusted to 5x10 cells/mL. A total of 200 L of the cell suspension was added to each well of
a 96-well plate and incubated for 24 hours. NFCA solutions were prepared at different concentrations: 100 mg/mL, 50 mg/mL,
25 mg/mL, 10 mg/mL, 5 mg/mL, 1 mg/mL, 0.5 mg/mL, and 0.1 mg/mL. The blank control group did not add any NFCA. The
NFCA solutions were incubated with the cells for 24 hours. After incubation, MTT solution was added and cultured for another
4 hours, followed by the addition of 10 uL of Formazan solution. The plate was placed on a shaker for 10 minutes at low speed
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to fully dissolve the purple crystals. Absorbance was measured at 490 nm using a microplate reader. Similarly, HaCaT cells
were incubated with NFCA solutions at varying concentrations for 24 hours. Total RNA was extracted using a column animal
tissue RNA extraction and purification kit (ShengGong Co. Ltd., Shanghai, China). RNA concentration was measured, reverse-
transcribed into cDNA, and target fragments were amplified via PCR to obtain electrophoresis bands for IL-6 and IL-8.

The sequence of primers used is as follows:

IL-8-F: CTGATTTCTGCAGCTCTGTG

IL-8-R: GGGTGGAAAGGTTTGGAGTATG

IL-6-F: AGCCACTCACCTCTTCAGAAC

IL-6-R: GCCTCTTTGCTGCTTTCACAC

GAPDH-F: GCAGTGGCAAAGTGGAGATT

GAPDH-R: CGCTCCTGGAAGATGGTGAT

After that, cytotoxicity test and cell co-culture stimulation experiment were performed on RAW264.7 cells according to
the same procedure above.

The sequence of primers used is as follows:

TNF-0-F: AAAAGCAAGCAGCCAACCAG

TNF-0-R: GCCACAAGCAGGAATGAGAA

IL - 1B- F: TGAAGGGCTGCTTCCAAACCTTTGACC

IL - 1-B-R: TGTCCATTGAGGTGGAGAGCTTTCAGC

B-actin - F: TGGAATCCTGTGGCATCCATGAAAC

B-actin - R: TAAAACGCAGCTCAGTAACAGTCCG

Mice Modeling of Atopic Dermatitis

1 mg of MC903 (molecular weight 412.60) was dissolved in 2.424 mL of anhydrous ethanol to prepare a 1 mm solution.
This was further diluted 10-fold to obtain a 0.1 mm MC903 working solution, which was aliquoted into 1.5 mL
centrifuge tubes (1 mL per tube) and stored at —20°C. BALB/c female mice, aged 8—10 weeks, were randomly divided
into three groups: a negative control group, an ear modeling group treated with MC903 for 7 days, and another ear
modeling group treated with MC903 for 14 days, with three mice in each group. All mice were housed individually in the
Laboratory Animal Center of Xiamen University.

The experiment lasted 14 days, with daily application of the solution. In the normal control group, the left ear was
treated with anhydrous ethanol, while the modeling groups received 20 pL of MC903 working solution on the back of the
left ear. Photographs were taken on days 0, 7, and 14, and transepidermal water loss (TEWL) values were measured using
a TEWL meter (Courage Khazaka electronic GmbH, Koeln, Germany).

Samples were collected on days 7 and 14. Mice were euthanized via cervical dislocation, and the ears were excised at
the base. Circular skin sections of uniform diameter were punched from the ears. After embedding, pathological sections
were prepared, and H&E staining was used to observe inflammatory cell infiltration in the skin. Additionally, ear tissue
homogenate supernatant was prepared, and Thymic Stromal Lymphopoietin (TSLP) levels in the ear tissue were
measured using an ELISA kit (Solarbio Science & Technology Co.,Ltd. Beijing China).

Treatment of Atopic Dermatitis in Mice

BALB/c mice, aged 8—10 weeks, were randomly assigned into six groups with three mice per group: a negative control
group, a 7-day modeling group, a self-healing group, a low dosage NFCA treatment group, a medium dosage NFCA
treatment group, and a high dosage NFCA treatment group. All mice were housed individually in separate cages at the
Laboratory Animal Center of Xiamen University. During the first 7 days of the 14-day experiment, all groups, except the
negative control group, underwent modeling. A 20 uL. MC903 working solution was applied to the dorsal side of the left
ear of the mice. On the 8th day, the 7-day modeling group was sampled. Starting from day 8, the self-healing group
received no further treatment, while the treatment groups were rubbed manually for 2 minutes daily with a 20 pL. SHS
suspension (SHS = 2 mg). To minimize stress, the mice were temporarily anesthetized using an anesthesia machine
before the massage. After the massage, different doses of Nano.acnes solution were applied to the ears: 0.1 mg/cm? of
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NFCA for the low dosage treatment group, 0.2 mg/cm” for the medium dosage group, and 0.4 mg/cm? for the high
dosage group. The treatment phase lasted from day 8 to day 14, for a total of 7 days. After the experiment, blood of each
mouse was collected via orbital puncture, and serum IgE levels were measured. Ear tissue homogenates were prepared to
assess IL-4 levels. Frozen sections were made from each group, and the epidermal thickness was measured under
a microscope at 200x magnification.

Skin Toxicity of NFCA in Guinea Pig

After anesthetizing guinea pigs with ether, the hair on their backs was carefully shaved. Experimental points were marked
on their backs, grouped and numbered as required, with a 2x2 cm square area designated for each point. The experiment
was divided into two groups and each group was stimulated once daily for 7 days. No treatment for the control group. For
the NFCA in combination with SHS group: A 60 uL. SHS aqueous solution (SHS = 6 mg) was applied to the skin of the
designated area for 2 minutes, followed by 0.6 g of Nano.acnes solution containing 0.6 mg of NFCA. After the
experiment, skin tissue was collected to prepare sections for histological staining and observation. Skin irritation induced
by NFCA combined with SHS was assessed using skin irritation response scores and skin irritation intensity evaluation
criteria according to published research.®

Data Analysis

All experiments in this study were performed in triplicate at least. All data were expressed as the mean value + S.D. Two-
tailed and unpaired Student’s ¢ test were performed and p < 0.05 is considered to be significant. All image data was
analyzed by Image J software.

Results and Discussion
Preparation and Characterization of NFCA

For effective dermal delivery, it is necessary to reduce the size of Cutibacterium acnes to the nanoscale. We achieved this
by incorporating phospholipids into the Cutibacterium acnes suspension containing 20% (W/W) propylene glycol, then
nanoparticulating the entire system into a nanoparticulate formulation (NFCA) using a cryogenic grinder. Tween 80 was
also incorporated into the system due to its single-tail chemical structure, which enables rapid adsorption at interfaces,
thereby assisting in further particle size reduction.>® The phospholipids and Tween 80 helped reduce the aggregation of
bacterial lysate over time at 4°C (Figure la). We also optimized the grinding cycles and the ratio of phospholipids to
Tween 80 in terms of particle size distribution and polydispersity index (PDI) of the NFCA (Figure 1b—d). Additionally,
we extruded NFCA through a 100 nm polycarbonate membrane (AVESTIN, Inc., Ottawa, ON, Canada) to further
decrease the particle size to obtain extruded NFCA (eNFCA). However, this process led to significant total protein loss
(Figure le). The NFCA and eNFCA were characterized by using TEM and photon correlation spectroscopy. The NFCA
displayed inhomogeneous solid vesicles with several antenna-like projections (Figure 1f) with a mean diameter of 254.2
+39.4 nm, a PDI of 0.29 £0.08, and a {-potential of —7.9+0.6 mV. The eNFCA display a smaller particle size with a mean
diameter of 132.30+0.08 nm and a PDI of 0.22+0.59 (Figure 1g).

The Immune Response of Different Skin Cells to NFCA

Keratinocytes are the first skin cells exposed to NFCA. To evaluate the toxicity of NFCA on HaCaT cells, the cell
viability was measured using thiazole blue colorimetry (MTT) (Figure 2a). The half-maximal inhibitory concentration
(IC50) was calculated for both NFCA (63.8 mg/mL) and eNFCA (15.2 mg/mL). Compared to NFCA, eNFCA was more
cytotoxic at lower concentrations. We speculate that the therapeutic protein is unable to pass through the membrane and
may be lost during the extrusion process. In contrast, toxic components can extruded through the membrane and become
enriched. Consequently, eNFCA exhibits a lower protein content but significantly higher cytotoxicity in HaCaT cells.
Heat-inactivated Cutibacterium acnes has been shown to significantly up-regulate the expression of IL-6 and IL-8 in
HaCaT cells in a dose-dependent manner.’” IL-6 and IL-8 are involved in neutrophil recruitment. By detecting these two
cytokines, we can assess whether NFCA retains antigenic properties similar to intact bacteria. Based on the calculated
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IC50, we established three concentration gradients (1/2 1C50, 1/4 1C50, 1/8 1C50) for both groups (Figure 2b). After
24 hours exposure, the total RNA was extracted from the cells and reverse-transcribed into cDNA. RT-PCR was used to
detect differences in IL-6 and IL-8 mRNA expression. We found that NFCA can significantly up-regulate the expression
of IL-6 (Figure 2c) and IL-8 (Figure 2d) in HaCaT cells in a dose-dependent manner.

Macrophages, key players in the skin’s immune system, help ones understand the specific immune responses induced
by NFCA, which is crucial for its mechanism in treating atopic dermatitis. Macrophages constantly monitor the skin
microenvironment for signs of cellular stress, tissue damage, or infection.*® In response to infection, they initiate adaptive
inflammation aimed at restoring homeostasis.>”*° Atopic diseases often exhibit Th2-type polarization, but key Thl-type
cytokines can trigger Thl immune responses, preventing or even reversing Th2-dominant phenomena.*' TNF-a is
a pleiotropic cytokine and a key player in the Thl signaling pathway,** while IL-1B activates innate immune cells,
including antigen-presenting cells, driving CD4+ T cell differentiation into Th17 cells.*?

We then co-cultured NFCA with RAW264.7 cells for 24 hours to evaluate its cytotoxicity (Figure 2e). Next, we
measured the expression of TNF-o and IL-1B induced by NFCA across different IC50 concentration gradients
(Figure 2f). The results showed that NFCA directly stimulated a dose-dependent increase in TNF-a (Figure 2g) and
IL-1B (Figure 2h) expression in RAW264.7 cells.

The Dermal Delivery of NFCA Using SHS in vitro

Based on the characterization and cytotoxicity results of NFCA and eNFCA, we selected NFCA for further investigation.
The exact active components of NFCA responsible for atopic dermatitis (AD) treatment are not yet fully understood. To
evaluate the skin penetration and deposition behavior of NFCA, we utilized FD10K, a fluorescent glucan with a large
molecular weight, as a model drug for the hydrophilic components, and DiD, a fluorescent dye, as a model drug for the
lipophilic components in NFCA. While the total skin absorption (2.4+0.6%) and deposition in the viable epidermis (0.5
+0.2%) and deep skin (dermis and receptor) (1.1+0.4%) for both model drugs in NFCA were slightly lower than those in
the solvent system (control group), these differences were not statistically significant (p>0.5). However, SHS signifi-
cantly enhanced total skin absorption (39.6+6.7%, p=0.00076) as well as deposition in the viable epidermis (3.2+1.6%,
p=0.08) and deep skin (dermis and receptor) (36.0£5.9%, p=1.82E-5) compared to the control (Figure 3a). We also
visualized the skin penetration and distribution of the two model drugs, with and without SHS (Figure 3b and ¢). These
findings indicated that SHS can effectively enhance the delivery of NFCA’s active components into deeper skin layers.

The Dermal Delivery of NFCA Using SHS for AD Treatment in Mice

MC903 stimulates the high expression of TSLP via the vitamin D receptor in keratinocytes. TSLP mediates the Th2
allergic inflammatory response, promoting the elevated expression of Th2 cytokines such as IL-4 and IL-13 in Th2 cells,
thereby inducing AD-like inflammation in both the skin and the body.** Ear swelling, keratinization, hyperkeratosis,
irregular thickening of the spinous layer, and infiltration of inflammatory cells in the dermis were observed in all mice in
the modeling group (Figure 4a). Additionally, TEWL values and tissue TSLP levels were significantly increased
(Figure 4b and c). We selected two time points for evaluation: one after 7 days of continuous stimulation and the
other after 14 days. After 14 days, ear dryness in the mice worsened, and the skin damage became uneven. At this stage,
topical application of SHS could further harm the skin, potentially hindering the AD treatment. Considering that TEWL
levels and TSLP expression were significantly elevated by day 7, we concluded that the AD model was successfully
established on day 7 and we launched the AD treatment using NFCA in combination with SHS at day 8.

We investigated the effectiveness of NFCA at different dosage for AD treatment in MC903 mice model. While there
was no significant difference among these groups in overall appearance, histopathological sections revealed that after
a period of self-healing or NFCA treatment, the thickness of the epidermal layer was reduced to varying degrees
(Figure 5a and b). Before the treatment, the epidermal layer of MC903 mice were dramatically thickened to 70.6+7.7 um.
In the self-healing group, the epidermal thickness decreased to 49.5+7.7 um after 7 days. In the NFCA treatment groups,
epidermal thickness was reduced to 40.5+1.8 pm with low dosage NFCA (0.1 mg/cm?), to 29.44+4.1 pm with medium
dosage NFCA (0.2 mg/cm?), and to 42.3+17.6 um with high dosage NFCA treatment (0.4 mg/cm?) (Figure 5b).
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(d) Confocal image of DiD skin penetration with or without using SHS. * Statistically was different from other groups (b < 0.05). ** Statistically very different from other
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Elevated IgE levels are a hallmark of AD, promoting the degranulation of mast cells and basophils, which in turn
amplifies the Th2 immune response. Th2 cytokine IL-4 provides activation signals for B cells, further enhancing
autoreactive IgE synthesis and release.*>*® Serum IgE levels in the mice followed a similar pattern to the changes in
epidermal thickness, with the lowest IgE levels observed in the medium dosage NFCA group (5013.2+2077.2 pg/mL)
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Figure 4 Mouse model of atopic dermatitis. (a) Appearance of AD mice induced by MC903. (b) Pathological section of AD mice induced by MC903. (c) Comparison of
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(Figure 5c). However, high dosage NFCA promoted elevated IgE levels, suggesting a possible overactive immune
response, potentially due to immune effects from certain components in NFCA.

IL-4 levels in skin tissue decreased as NFCA dosage increased, with the medium dosage NFCA (539.8+41.2 pg/mL)
and high dosage NFCA (508.4+16.9 pg/mL) groups showing significantly lower IL-4 levels than the self-healing group
(Figure 5d), indicating successful suppression of the Th2 response. This result aligned with the findings reported by
Hiroshi Kitagawa et al.”’ However, compared to injection, the combination of SHS and NFCA was potentially a safer and
more convenient method.
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Based on above results in vivo, we speculated the potential mechanism of action of the topical application of NFCA
in combination with SHS for AD treatment as following (Scheme 1):

1. SHS create a large number of nanoscale-channels in SC to enhance the dermal delivery of NFCA which contains
antigens responsible for AD treatment. Keratinocytes (KCs), the first cells to come into contact with these
antigens, highly express cytokines such as IL-6 and IL-8, initiating the skin immune response and recruiting
related immune cells. IL-6 can induce B cell proliferation, differentiation, and antibody production, potentially
facilitating the Ig category switch.

2. Macrophages (M) recognize signals transmitted by keratinocytes or directly identify the antigens involved in
NFCA, secreting cytokines like TNF-a and IL-1B. Dendritic cells in the epidermis, specifically Langerhans cells
(LCs), capture the antigens and migrate to the dermis under the influence of cytokines such as IL-1p and TNF-a.
These cells produce cytokines like IL-12 and, guided by chemokines, present the antigens to T cells in the
lymphoid tissue.

3. Antigen-sensitized CD4+ Th cells (ThO) differentiate into Th1 cells, which secrete cytokines such as IFN-y and
IL-12. This process inhibits the secretion and proliferation of Th2 cells, leading to a decrease in Th2 cytokines like
IL-4. Consequently, IL-4-induced IgE levels are reduced.

Consequently, the Th1/Th2 imbalance is improved, and type I hypersensitivity is diminished.

+—SHS
m

=)

Q

(1]

3

(2]

o

o
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Scheme | The potential mechanism of action of the topical application of NFCA in combination with SHS for AD treatment. The process (D represents the keratinocyte
recognition and its immune response (red arrow); The process (2 involves the recognition and immune response of active immune cells (including Langerhans cells and
macrophages) in the skin (blue arrow); The process (3 depicts the immune response after NFCA presented to the lymph nodes (black arrow).

Abbreviations: KC, keratinocyte; LC, Langerhans cells; Mg stands, macrophage; B, B cell; ThO represents CD4+Th cells that have been sensitized by the antigen; Thl, type
| helper T lymphocyte; Th2, type 2 helper T lymphocyte.
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Skin Toxicity of NFCA in Combination with SHS in vivo

We next investigated the skin toxicity of the topical application of NFCA in combination with SHS over time in guinea
pigs. There was no significant abnormalities over the whole treatment period. The skin showed no signs of swelling or
erythema, though there was slight desquamation (Figure 6a). Based on the skin irritation scoring criteria, the scores over
the 7-day period were 0, 0, 0, 0, 0.5, and 0.5, indicating that NFCA in the combination with SHS may cause mild skin
irritation with long term usage. Additionally, the topical application of NFCA in combination with SHS resulted in
increased skin immune cells from 1793.7+246.1 (0.132 mm?) to 3380.7+672.9 (0.132 mm?) for 7 days, indicating
a certain degree of skin immune cells infiltration (Figure 6b and c).

Conclusion

In this study, we successfully prepared a novel nanoparticulate formulation of Cutibacterium acnes as the main active
ingredient and combined it with SHS for transdermal delivery, providing a new and feasible treatment for atopic dermatitis. By
comparing particle size, PDI, Zeta potential and protein content, we confirmed the formula composition and preparation
scheme of NFCA. In order to further promote the skin penetration of NFCA, we used SHS combined with NFCA for
transdermal administration, using FD10K (representing hydrophilic drugs) and DiD (representing lipophilic drugs) as model
drugs, which proved that the combination of SHS and NFCA has excellent skin penetration. The penetration effect
significantly increases drug absorption in deep skin. At the same time, we also verified through cell experiments that
NFCA has cytotoxicity and necessary specific antigenicity. Therefore, we set up different drug dose groups in in vivo animal
experiments to verify the effectiveness of SHS combined with NFCA in treating atopic dermatitis at appropriate doses. We
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confirmed that the combined delivery system was slightly irritating to normal skin. However, its potential application for
systemic effects and the immunogenic effect of NFCA will be further investigated in future studies.
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