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Light-emitting diode red light
attenuates epidermal thickening
and keratinocyte proliferation in
psoriasis models
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Psoriasis is an immune-mediated skin condition that impacts approximately 3% of the United

States population, with limited adjunctive therapy options. This study investigates the effects of
light emitting diode red light (LED-RL) as a potential adjunct. Using in vitro keratinocytes, three-
dimensional (3D) recapitulated skin models, and a mouse model, LED-RL’s impact on keratinocyte
proliferation and epidermal thickness was assessed. Our findings show that LED-RL significantly
reduced keratinocyte proliferation without inducing apoptosis, likely through cell cycle modulation
and decreased phosphorylation of STAT3, a pathway critical to psoriasis pathogenesis. In the 3D skin
models, LED-RL at a dose of 640 J/cm? reduced epidermal thickness in IL-22-stimulated samples. In
mouse models, a daily dose of 1280 J/cm? decreased epidermal thickness when co-administered and
administered following the development of a psoriasiform phenotype with imiquimod. These results
suggest LED-RL may offer an efficacious and cost-effective alternative to existing therapies for mild to
moderate psoriasis.

Psoriasis is a chronic, immune-mediated skin condition impacting approximately 3% of the U.S. population'.
The estimated health burden of psoriasis in 2013 was $35.2 billion®. Patients experience functional and
aesthetic impairments, often leading to an overall decreased quality of life’. Immune cells such as Th17, Th22,
and Th1 contribute to pathogenesis by releasing IL-17a, IL-22, IFNy, and TNE which stimulate keratinocytes
and the proliferation characteristic of psoriasis®. Treatment options include topicals, phototherapy, oral
immunosuppressants, and biologics. For moderate to severe psoriasis, narrow-band ultraviolet-B (UV-B) is a part
of the standard of care. Limitations of UV-B phototherapy include the risk of photoaging, hyperpigmentation,
and barriers to care, such as transportation and the continued low accessibility in home settings due to cost
and reimbursement®’. Red light (RL; 633 +/- 15 nm) phototherapy for psoriasis may represent a cost-effective,
accessible, and safer alternative.

The skin is recognized not merely as a physical barrier but also as an active neuro-immuno-endocrine
organ that senses and integrates various environmental signals, including electromagnetic radiation. Different
wavelengths of solar and artificial light have distinct biological effects mediated through specific photoreceptors
and neural pathways within the skin®1°. This broader understanding underscores the importance of elucidating
the specific cellular and molecular interactions engaged by RL, positioning our investigation within the emerging
paradigm of photo-neuro-immuno-endocrinology.

Previous research has evaluated the potential for visible light phototherapy to treat psoriasis!!2. Blue light
(BL) decreased keratinocyte proliferation, possibly via a ROS-mediated mechanism!*!*. However, there is
limited research to determine if RL monotherapy can treat psoriasis. Previous studies combine RL with other
wavelengths, including near-infrared light'>!°. RL is therapeutically advantageous because it allows a greater
number of photons to reach a deeper penetration than BL. RL has also been more closely linked to mitochondrial
photobiomodulation mechanisms!’.

1Dermatology Service, Veterans Affairs New York Harbor Healthcare System - Brooklyn Campus, Brooklyn, NY,
USA. 2Department of Dermatology, State University of New York, Downstate Health Sciences University, Brooklyn,
NY, USA. 3Department of Dermatology, University of California at Davis, Sacramento, CA, USA. “Dermatology
Service, Sacramento VA Medical Center, Mather, CA, USA. *Department of Dermatology, Modesto Medical Center,
Modesto, CA, USA. ®Department of Dermatology, SUNY Downstate Medical Center, 450 Clarkson Avenue, 8th
Floor, Brooklyn, NY 11203, USA. ®email: jrjagdeo@gmail.com

Scientific Reports|  (2025) 15:43317 | https://doi.org/10.1038/s41598-025-27186-4 nature portfolio


http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-025-27186-4&domain=pdf&date_stamp=2025-12-5

www.nature.com/scientificreports/

Our lab previously characterized the effect of high fluence RL from light-emitting diodes (LED-RL) on
normal human dermal fibroblasts and melanoma cells'®!?. LED-RL differs from RL lasers (e.g., PDL and ruby
laser) as LED treats a field of skin similar to NB-UVB. Previous research by our group demonstrates that LED-
RL significantly inhibits fibroblast and melanoma proliferation'®%°. Herein, this research aims to characterize the
effects of RL using in vitro, three-dimensional (3D) recapitulated, and mouse models of psoriasis. Herein, LED-
RL had an inhibitory effect on human keratinocyte proliferation and decreased epidermal thickness in 3D skin
models and mice. Our results demonstrate the potential for LED-RL to be used as a novel alternative treatment
modality for psoriasis phototherapy.

Results

LED-RL inhibits keratinocyte proliferation through a non-apoptotic pathway

To determine whether LED-RL inhibits keratinocyte proliferation, HaCaTs cells were irradiated with 320 and
640 J/cm? LED-RL, and their cell counts were measured at 24 and 48 h post irradiation. There was a statistically
significant dose-dependent decrease in cell count 48 h after LED-RL treatment (Fig. 1A). This experiment
was repeated in primary keratinocytes and resulted in a similar inhibition of proliferation 48 h after LED-RL
treatment (Fig. 1B and C). The keratinocytes had no gross morphological changes after the LED-RL treatment
(Fig. 1C). Keratinocytes were stimulated with IL-22 to induce a hyperproliferative phenotype (Fig. 1D)?!:22, IL-22
is a known keratinocyte proliferative cytokine?"*2. LED-RL attenuated IL-22 mediated increases in keratinocyte
proliferation (Fig. 1D), demonstrating efficacy in an in vitro psoriasiform phenotype.

There was no difference in apoptosis between keratinocyte samples treated with LED-RL and control samples
at 0, 12, and 24 h after treatment as assessed by Annexin-V flow cytometry (Fig. 2A- B). Similarly, there was no
difference in pro-apoptotic cleaved caspase 3 in the LED-RL treated group compared to control (Supplemental
Fig. 1). Since LED-RL did not induce cell apoptosis, cell cycle analysis by flow cytometry was employed to
determine if LED-RL affected cell cycles. Twenty-four hours after 640 J/cm? LED-RL treatment, there was a
decrease in the portion of cells in the S-phase (6.18%) and an increase in G1-phase cells (6.98%) (Fig. 2C). At
48 h, the percentage of 640 J/cm? LED-RL treated cells in the S-phase of the cell cycle was decreased compared
to the control (3.57%), and the number of cells in the G1-phase was greater (4.89%), but the difference was not
statistically significant (Fig. 2C). We previously demonstrated that the RL duration of effect is approximately
18 h in human dermal fibroblasts*>. Phosphorylation of STAT3 is upregulated in psoriatic keratinocytes??.
LED-RL decreased phosphorylation of STAT3 in IL-22 stimulated cells when compared to control samples 24
h after treatment (Fig. 2D and Supplemental Fig. 2). There was no difference in K17 expression after LED-RL
(Supplemental Fig. 3).

RL reduces epidermal thickness in 3D and murine skin models

A 3D epidermis model was treated with IL-22 and LED-RL for 9 days to determine if LED-RL could inhibit IL-
22 induced proliferation in this model. There was a statistically significant reduction in epidermal thickness in
H&E-stained IL-22 stimulated LED-RL-treated samples compared to control samples. (Fig. 3A-B). There was no
statistically significant difference in proliferative (Ki-67) and psoriasis markers (involucrin) signals between all
treated samples (Supplemental Fig. 3-4).

Next, LED-RL efficacy was assessed using a BALB/c imiquimod model of psoriasis. Two different protocols
were utilized. In the treatment protocol, mice (n = 6) received 4 days of imiquimod followed by 4 days of LED-
RL. Daily administration of 1280 J/cm? and twice daily administration of 640 J/cm? were compared to a single
control using Dunnett’s multiple comparison (Fig. 4). Both 1280 J/cm? and twice daily administration of 640 J/
cm? reduced epidermal thickness compared to control, but only 1280 J/cm? achieved significance (1280 J/cm?
LED-RL: 39.46 pm vs. control: 51.51 pm, p = 0.044; 640 J/cm? LED-RL: 43.35 um vs. control: 51.51 pm, p =
0.250). In the prevention protocol, mice (n = 6) were concurrently treated with 4 days of imiquimod and 1280
J/cm? daily LED-RL based on preliminary relative efficacies in previous protocols (Fig. 5)°. In the prevention
protocol, 1280 J/cm? irradiation daily LED-RL significantly reduced epidermal thickness (control: 89.36 um
vs. RL: 71.63 um, p = 0.011).2 A vehicle control experiment (white petrolatum without imiquimod) was
performed, and neither daily 1280 J/cm? (18.49 uM, n = 2) nor twice daily 640 J/cm? (16.37 uM, n = 2) appeared
to change epidermal thickness compared to the control (17.48 uM, n = 2)(Supplemental Fig. 5). Statistics were
not performed in the vehicle control experiment. The LED-RL protocols were well tolerated in imiquimod and
vehicle mice. The epidermis of mice in the treatment and prevention protocol was examined for dyskeratotic
keratinocytes (“sunburn cells”) as markers of apoptosis/necrosis. There was negligible dyskeratosis in the
epidermis of either the control or LED-RL treated mice in both protocols (Data not shown).

Discussion

RL-LED inhibited psoriasiform features in cell culture, 3D recapitulated skin, and murine imiquimod models.
In vitro, LED-RL at fluences of 320 and 640 J/cm? significantly decreased keratinocyte proliferation without
inducing cell death or apoptosis. Keratinocytes were then stimulated with IL-22 to produce a psoriasiform
phenotype. In the IL-22 stimulated keratinocytes, 640 J/cm? LED-RL was also able to decrease cell proliferation.
Given that RL-LED did not induce apoptosis, we performed cell cycle analysis to determine whether LED-RL
alters keratinocyte proliferation via modulation of the cell cycle. At 24 h following 640 J/cm? LED-RL treatment,
there was a decrease in the proportion of keratinocytes in the S-phase and an increase in cells in the G1-phase.
This trend persisted at 48 h, suggesting a shift toward G1 arrest, though the changes were not statistically
significant. These findings support the hypothesis that RL-LED may attenuate proliferation by impeding S-phase
entry, providing further mechanistic insight into its anti-proliferative effects. STAT3 phosphorylation was
decreased in keratinocyte treated with LED-RL?. STATS3 facilitates the activation of distinct gene sets across
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Fig. 2. LED-RL does not increase cell apoptosis but decreases the S-phase of the cell cycle and STAT3
phosphorylation. (A) Representative scatterplot of flow cytometry diagrams of LED-RL treated primary
keratinocyte samples at 0, 12, and 24 h after treatment. The y-axis represents annexin-V, and the x-axis
represents 7-aminoactinomycin D (7-AAD). (B) Total cell apoptotic percentage in LED-RL treated cells (n=3
technical repeats). (C) Cell cycle diagram using propidium iodide flow cytometry (n =4 technical repeats).
(D) Western blot of pSTAT phosphorylation of IL-22 pre-treatment followed by LED-RL or control treatment.
Lane 1 demonstrates IL-22 positive control. Gel images were cropped from different parts of the same gel

and converted to black & white as fluorescent probes were used. Non-cropped images are available in the
supplement (1 =3 technical repeats). Student’s t-test was utilized to determine statistical significance between
LED-RL samples and their respective temperature-matched control group. * denotes p <0.05.

various cell types, including inflammatory and proliferative pathways®>2S. In transgenic mouse models, direct
overexpression of STAT3 in keratinocytes produced a psoriatic phenotype?!. Future experiments would be
needed to quantify STAT3 expression in vivo.

Emerging evidence indicates that the skin functions as a neuro-immuno-endocrine organ, integrating
external signals such as ultraviolet (UV) and visible light radiation to modulate systemic and local homeostasis
through neuroendocrine and immune signaling pathways. Recent reviews have highlighted the concept of
photo-neuro-immuno-endocrinology, describing how electromagnetic radiation engages cutaneous receptors
and initiates cascades involving neuropeptides, neurotransmitters, and immune mediators*'°. Although our
study primarily demonstrates the direct effects of RL on keratinocyte proliferation and epidermal thickness, it is
plausible that RL could also modulate cutaneous neuroimmune signaling pathways. Future studies investigating
potential neuroendocrine mechanisms, including assessment of neuropeptide levels and neural activation
markers, could provide valuable insights into the broader implications of LED-RL therapy.

LED-RL experimental protocols were translated to 3D and murine models. In the 3D skin model, LED-RL
decreased epidermal thickness when the keratinocytes were stimulated with IL-22. In the imiquimod mouse
model, fluences of 1280 J/cm? similarly decreased epidermal skin thickness when assessed using H&E staining.
LED-RL was well tolerated in the mouse model and did not change the epidermal thickness of non-psoriatic
vehicle mice. Twice daily 640 J/cm? did not significantly decrease epidermal thickness, but this finding was likely
related to insufficient statistical power and could be investigated in future studies. Combination phototherapy for
the application of psoriasis with LED and laser diodes may be an alternative approach to achieve higher fluences
and decreased total treatment time. LED-RL does not induce direct DNA damage via pyrimidine dimers or 6 — 4
photoproducts?’. In previous clinical protocols, fluences of 480 J/cm2 and 640 J/cm? caused blistering when the
LED-RL array was placed directly on human skin?. However, the mice were placed in air-conditioned treatment
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Fig. 3. Skin equivalents stimulated with IL-22 have a thickened epidermis and are reduced by LED-RL. (A)
Epidermal thickness in IL-22 stimulated and LED-RL treated human 3-dimensional (3D) epidermal skin
models. (B) Relative epidermal thickness (n =8 technical repeat). The experiment was repeated 4 times.
ANOVA was utilized to determine statistical significance between all the groups.

cages. Therefore, temperature regulation is important when designing protocols using high fluences of visible
light.

Our findings complement and extend previous research in phototherapy for psoriasis. Prior studies have
demonstrated that blue light inhibits keratinocyte proliferation via ROS-mediated mechanisms, yet has a lower
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Fig. 4. Mice concurrently treated with imiquimod and LED-RL have decreased epidermal thickness compared
to mice only treated with imiquimod. Topical imiquimod was applied on days 1-4. Mice were irradiated on
days 1-4. Representative images of (A) Control, (B) 1280 J/cm? RL daily, and (C) 640 J/cm? RL twice daily
groups. (D) Quantified epidermal thickness of control, 1280 J/cm? RL daily, and 640 J/cm? RL twice daily
treatment groups (1 =6 technical repeats). ANOVA followed by Dunnett’s multiple comparison test was used
to assess significance across three groups. * denotes A p-value <0.05.

depth of penetration compared to RL, restricting its efficacy in hyperplastic psoriatic lesions (> 2 mm thickness)'*.
RL, however, penetrates the full epidermal layer, reaching hyperproliferative keratinocytes in psoriatic plaques
more effectively than BL. Previous RL studies combined wavelengths, obscuring specific RL effects'>!¢. Our
study uniquely establishes the monotherapy efficacy of RL at defined fluences and wavelengths, providing clear
mechanistic insights into RL-mediated effects and improvements in cellular and murine models of psoriasis.

Our study on RL-LED as a psoriasis treatment has several notable strengths and limitations. A key strength is
the use of multiple experimental models, including in vitro, an in vivo murine model, and 3D recapitulated skin
protocols, which enhance result validity and robustness. Additionally, our use of a commercially available LED-
RL array ensures greater generalizability and reproducibility. However, there are limitations to consider. We did
not directly measure immune activity. Additionally, the imiquimod model, commonly used to replicate a psoriatic
phenotype, requires continuous application to maintain epidermal thickness and psoriatic features. However,
mice tolerate imiquimod application for only approximately seven days due to systemic adverse events, limiting
the ability to assess long-term treatment effects. Additionally, we did not directly collect or analyze circulating
immune cells, which may be involved in systemic or lesional responses to RL-LED therapy. Future studies may
benefit from incorporating immune cell analysis to understand the broader immunomodulatory effects of LED-
RL better. While our findings provide initial evidence supporting LED-RLs efficacy in reducing keratinocyte
proliferation and epidermal thickening in psoriasis models, further studies are necessary to confirm the clinical
relevance of these results. Future research should investigate broader immunological effects, extended treatment
durations, and larger cohorts to fully establish LED-RL as a viable therapeutic option.

Despite remarkable advancements in psoriasis treatments, including biologics, complete skin clearance
remains unattainable for many patients, highlighting the ongoing need for adjunctive therapeutic options.
Additionally, certain patient populations cannot tolerate biologics due to contraindications, adverse effects,
or cost considerations. Our research provides a compelling scientific foundation for the potential use of
RL phototherapy for psoriasis by demonstrating the effectiveness of RL to significantly decrease hallmark
pathognomonic features such as epidermal thickening and keratinocyte proliferation. In contrast to topical
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Fig. 5. 1280 J/cm? LED-RL daily reduced epidermal thickness in mice treated with topical imiquimod
followed by LED-RL. Topical imiquimod was applied on days 1-4. LED-RL was administered on days 5-8.
Representative images of (A) Control, (B) 1280 J/cm? RL daily groups. (C) Representative image of vehicle
control mouse skin without imiquimod or RL treatment (n =2). White petrolatum was administered on days
1-4. (D) Quantified epidermal thickness of control and 1280 J/cm? RL daily treatment groups (n=6). A T-test
quantified the significance between control and LED-RL. * denotes A p-value <0.05.

and systemic treatments, LED-RL is notably safer, well-tolerated, and highly accessible. Given the considerable
patient burden and limitations of existing therapies, our findings strongly support further clinical investigations
to optimize RL treatment regimens and explore its integration into combination therapeutic strategies.
Advancing this research could substantially enhance clinical outcomes and quality of life for psoriasis patients,
addressing a critical unmet medical need.

Materials and methods

Cell culture

HaCaT keratinocytes were sub-cultured in Dulbeccos Modified Eagle Medium (Invitrogen) supplemented
with 10% Fetal Bovine Serum (Atlanta Biologicals) and 1% Antibiotic-Antimycotic (Invitrogen). Primary
keratinocytes were isolated from the neonatal foreskin using a University of California, Davis Institutional
Review Board-approved protocol. As part of the tissue donation protocol, informed consent was obtained
from a parent and/or legal guardian. All protocols were followed according to the relevant guidelines. Primary
keratinocytes were sub-cultured in Basal Cell Medium supplemented with Keratinocyte Growth Kit (ATCC).
Primary keratinocytes from passages 3 or 4 were used for all experiments. Multiple tissue donors were utilized
throughout the protocols. Each experimental run utilized HaCaT or keratinocytes from a single donor.
Experiments protocols were repeated with keratinocytes of different lineages to confirm results with biological
variability. IL-22 (R&D Systems) was supplemented to Basal Cell Medium at 30 ng/ml 24 h after passage, before
experiments. All cultures were maintained in a 37° C humidified incubator with 5% CO,.

LED array specifications

The LED light source used for all in vitro and 3D skin model experiments was commercially available Omnilux
new-U handheld units (PhotoTherapeutics) as previously described (15). Briefly, the LED array consists of a
4.7 x 6.1 cm rectangular aperture and emits light at a wavelength of 633 + 30 nm with a power density of
872.6 W/m2 at room temperature when placed at a distance of 10 mm from the bottom of the tissue culture
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dish to the LED array. The LED light source used for the mice studies was commercially available Omnilux
Revive 2 (GlobalMed Technologies) as previously described?. Briefly, the LED-RL array consists of a 35 x 32 cm
rectangular panel and emits light at a wavelength of 633 + 15 nm with a power density of 87 mW/cm? at room
temperature when measured at the light array surface.

Keratinocyte irradiation

LED-RL protocols were performed as previously described?*?°. LED-RL irradiations were performed outside
of the incubator. LED-RL treated keratinocytes were temperature-matched to control groups outside of the
incubator (1 h to 320 J/cm? LED-RL; 2 hours to 640 J/cm? LED-RL) for statistics. Keratinocytes were irradiated
at a distance of 10 mm from the bottom of the tissue culture dish to the LED array. LED arrays were turned on
15 min before irradiation treatments to warm the surface under the array. This allowed optimal temperature
regulation of keratinocyte cultures underneath the LED arrays, measured at 33-34 °C by a thermal probe
(Grainger) throughout the entire irradiation period. Temperature-matched control keratinocytes were placed
on EchoTherm chilling/heating dry bath plates (Torrey Pines Scientific) set to 34 °C and protected from light.
The temperature of keratinocyte cultures on these digital warming plates was also measured to be between 33
and 35 °C by thermal probe. An incubator (negative) control remained in the 37 °C humidified incubator with
5% CO, throughout the treatment protocols and served as an internal reference. After irradiation, culture dishes
were returned to the incubator until further processing for assays at their appropriate time.

Cell counting assay

To assess LED-RL effects on keratinocyte proliferation, HaCaT and primary keratinocyte cultures were irradiated
with previously determined doses of LED-RL and counted 48 h after the initial irradiation, as previously
described (*°). Briefly, counted cells were obtained from the culture medium supernatant, wash supernatant, and
trypsin-mediated cell lifting. Cell counts were calculated by obtaining the product of the final sample suspension
volume measured with a pipette and the cell concentration of the sample as determined by a hemacytometer
and trypan blue.

In vitro microscopy

Images of cell cultures after LED-RL treatment and histological slides were made with 10x scans using the BZ-
9000 (Keyence). The epidermal thickness of H&E-stained histological slides was analyzed using the software
provided with the BZ-9000 (Keyence).

Apoptosis assay

To assess any changes in the percentage of cells undergoing apoptosis after LED-RL treatment, the FlowCollect
Annexin Red Kit (Millipore) was used, and the manufacturer’s protocol was followed. Briefly, after keratinocytes
were treated with LED-RL, the cells were detached from culture plates with 0.025% trypsin-EDTA and collected
in 5 ml polystyrene flow tubes (Corning). Cells were centrifuged, supernatant discarded, and resuspended in 200
uL of Annexin-V Buffer containing a 1:40 dilution of Annexin-V. Annexin-V was incubated for 15 min at 37 °C,
then 5 pl of 7-aminoactinomycin D (7-AAD) was added. Cells were immediately analyzed by flow cytometry on
FACSCalibur (BecktonDicson, USA).

Cell cycle assay

Changes in the cell cycle were assessed with propidium iodide flow cytometry analysis. Keratinocytes were
collected and fixed with 4% formaldehyde for 10 min at 4 °C. After washing with chilled PBS, cells were
suspended in PBS with 0.1% Triton X-100. Cells were incubated with PI (50ug/ml) and RNAase A (10 ug/ml)
after PBS washing. Cells were analyzed with flow cytometry. The percentage of cells in G0/1, S, and G2/M phases
of the cell cycle was calculated. Flow cytometry will be performed using a Guava cytometer (Millipore Sigma).
FlowJo software was used to gate and analyze flow cytometric results.

Western blot

To determine changes in the protein content of keratinocytes, previously described protocols for Western blot
were used'®. Briefly, protein was isolated using Cell Lysis Buffer supplemented with phenylmethylsulfonyl fluoride
and Protease/phosphatase Inhibitor Cocktail (Cell Signaling Technology). Protein concentration was assessed
using Bradford reagent (BioRad) and read on a microplate reader (Biotek) at 595 nm wavelength. 20 ug protein
samples were prepared with LDS sample buffer and reducing agent (Invitrogen) and placed into individual
wells of 8-12% Tris-Bis gradient cast gels (Novex). After gel electrophoresis, the protein was transferred to
an Immobilon PVDF membrane (Millipore). After the transfer, the membrane was blocked with TBS-based
Odyssey blocking buffer (LiCor) for 1 h. Primary antibodies against STAT3, phospho-STAT?3, Caspase 3, cleaved
Caspase 3, Keratin 17 (Cell Signaling Technology), and GAPDH (Millipore) were diluted in Odyssey blocking
buffer with 0.1% Tween-20 at 1:1000 for STAT3, phospho-STAT3, Caspase 3, cleaved Caspase 3, Keratin 17, and
1:5000 for GAPDH. Blocking buffer was decanted, and membranes were incubated with primary antibodies at
4 °C overnight on an agitator. Primary antibody was decanted, and membranes were washed three times in TBS
with 0.1% Tween-20. After the last wash, membranes were incubated with donkey anti-mouse or rabbit IR-dye
secondary antibodies (LiCor) diluted to 1:5000 in TBS Odyssey blocking buffer with 0.1% Tween-20 and 0.1%
SDS for 1 h at room temperature. Secondary antibody was decanted, and membranes were washed three times in
TBS with 0.1% Tween-20 and a final wash of TBS alone. Membranes were imaged on Odyssey FC (LiCor), and
fluorescence intensity values were used to measure signal strength. Signal for pPSTAT3 was normalized to STAT3.
Signal for K17, cleaved caspase 3, and caspase 3 were semi-qualitatively assessed.

Scientific Reports |

(2025) 15:43317 | https://doi.org/10.1038/s41598-025-27186-4 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

3D reconstituted human epidermis and histology

EpiDerm-200 3D skin constructs (MatTek Corporation) were grown and maintained in EPI-100-NMM medium
and cultured as suggested by the manufacturer. Briefly, the skin constructs were placed on culture stands within
6-well plates to grow epidermis at the air-liquid interface. Upon arrival, skin constructs were acclimated for 24 h
in a 37 °C humidified incubator. After the acclimation period, the epidermal culture medium was changed, and
30 ng/ml IL-22 was added to the stimulated samples. Medium was changed every other day, and stimulated
samples continued to receive 30 ng/ml IL-22. To irradiate treatment samples with 640 J/cm? LED-RL, epidermal
culture wells were transferred to a 35 mm culture dish with EPI-100-NMM medium. After treatment, epidermal
culture wells were transferred back to 6-well plates and placed back into a 37 °C humidified incubator. After 3,
6, and 9 days of treatments and stimulation, skin constructs were washed with PBS three times and fixed in 4%
paraformaldehyde for 4 h. After fixation, skin constructs were washed with PBS three times and processed for
paraffin embedding to perform subsequent histological examination. Experiment was repeated 4 times with
similar trends.

Mouse care and use

BALB/C mice (The Jackson Laboratory) were housed and cared for in the animal facility in the Department of
Comparative Medicine at SUNY Downstate. The protocols were approved by the SUNY Downstate Institutional
Animal Care and Use Committee (Protocol ID: 19-10564). Experiments were performed following institutional
guidelines and regulations. Animals were provided a standard chow diet and always had full access to food and
water. Animals were humanely treated, monitored, and euthanized after our study. All methods are reported
following ARRIVE guidelines (https://arriveguidelines.org).

Adult mouse euthanasia protocol

At the study endpoint, following humane endpoints, the mice were euthanized. Mice were placed in a
transparent chamber for continual observation, and inhaled carbon dioxide was delivered at a 10-30% fill rate
until respirations ceased. Euthanasia was confirmed using cervical dislocation.

Imiquimod application

Topical imiquimod (5% in petrolatum) or vehicle was applied to the shaved backs of mice once daily for 4
days®°. Topical imiquimod has been previously demonstrated to increase epidermal thickness and mimic the
pathological features of psoriasis.

Treatment protocol

For the treatment protocol, mice (n=6) were treated with once-daily topical imiquimod or petrolatum vehicle
on days 1-4. On days 5-8, the mice received either 1280 J/cm? RL once daily (QD) or 4 days of 640 J/cm? twice-
daily (BID). On day 9, the mice were sacrificed, and tissue samples were collected for pathological analysis.

Prevention protocol

For the prevention protocol, mice (n=6) were treated with once-daily topical imiquimod on days 1-4. After
application of the imiquimod on days 1-4, the mice received 1280 J/cm? RL once daily. On day 5, the mice were
sacrificed, and tissue samples were collected for pathological analysis. A vehicle control received petrolatum on
days 1-4 and was sacrificed on day 5.

Mouse irradiation

Mice were irradiated daily with RL phototherapy (633 + 15 nm, Omnilux Revive 2) at a power density of 87 mW/
cm? Mice were irradiated in temperature-controlled cages to minimize overheating and photothermal effects
from the RL array, as previously published. Daily treatment regimens were 640 J/cm? twice daily and 1280 J/cm?
once daily, corresponding to 2 hours twice daily and 4 h once daily, respectively. The ambient temperature was
monitored with a temperature probe. Mouse core body temperature was maintained between 34.5 and 38.9 °C,
measured using a rectal temperature probe.

Tissue histology

After euthanasia, skin samples were collected and preserved in 10% formalin. These fixed tissues were then
submitted to Histowiz (Brooklyn, NY) for processing using their standardized protocol and fully automated
workflow, as previously described?.

Measurement of mouse epidermal thickness and dyskeratosis

Measurements were performed using a single-blinded protocol. Ten images from each tissue sample were
selected for analysis by an author (MC). A second blinded measuring author (AK) measured the epidermal
thickness at 5 locations within each image. Images were uploaded to Image] software and epidermal thickness
was measured using the line tool. The measuring author was instructed to draw a perpendicular line from the
epidermal-dermal junction to the base of the stratum corneum. The measuring author avoided irregular regions,
including tissue damaged in processing, folds, and hair follicles. The length units were converted to um using the
image scale. The 50 measurements from each sample were averaged to yield the epidermal thickness. The slides
were visually inspected for dyskeratotic keratinocytes in the epidermis®. No statistics were utilized as there was
negligible dyskeratosis in any sample.
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Statistical analysis

Prism v6.0 software (GraphPad) was used to generate graphs and perform statistical testing. LED-RL treated
groups were compared to a temperature-matched control group that was exposed to the same environmental
conditions as the treated groups. The treated group ratios were determined by dividing temperature-matched
control groups by their matching treated group. Control group ratios were determined by dividing temperature-
matched control groups to the monotherapy efficacy of RL at defined fluences and wavelengths, providing clear
mechanistic insights into RL-mediated effects and improvements in cellular and murine models of psoriasis. For
comparisons between two groups (RL vs. Control), a two-tailed t-test was applied. Experiments involving more
than two groups were evaluated using Analysis of Variance (ANOVA), followed by Dunnett’s multiple comparison
test to assess significance across three groups. A p-value <0.05 was considered statistically significant. Statistical
analyses were performed using GraphPad software, which was also used to generate figures.

Data availability

All data are available in the main text or the supplementary materials.
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