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Psoriasis is an immune-mediated inflammatory skin disease. IL-22, a proinflammatory cytokine, is
implicated in psoriasis pathogenesis; however, there is currently no established biological treatment
targeting IL-22 or its receptor, IL-22Ra. Alloferon is a short peptide that has an antiinflammatory
effect on skin disorders; however, little is known about its anti-inflammatory activity in psoriasis. We
investigated the regulatory role of alloferon in the development of psoriasis in an imiquimod (IMQ)-
induced psoriasis model through the regulation of IL-22Ra expression. The expression of IL-22Ra was
analyzed by immunofluorescence staining in primary human keratinocytes. The effect of alloferon on
the development of psoriasis was investigated in IMQ-induced wild-type and IL-22Ra KO mice. We
found that alloferon decreased the expression of IL-22Ra in psoriasis-like keratinocytes treated with
TNF-a, while epidermal hyperplasia was observed in IMQ-induced wild-type and IL-22Ra KO mice. In
addition, the expression of IL-1pB, IL-19, and IL-33 was suppressed when IL-22Ra KO mice were treated
with alloferon. The findings of this study indicate that alloferon could be an effective potential drug for
the treatment of psoriasis by interrupting IL-22 signaling and factors related to skin inflammation.
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Psoriasis is a chronic inflammatory skin disease that affects 2-3% of the global population and occurs more
frequently with advancing age!~. Psoriasis is an immune-mediated chronic inflammatory skin disease caused
by excessively activated T cells infiltrating the skin and stimulating keratinocytes by secreting proinflammatory
cytokines*®. Therefore, a possible therapeutic strategy to alleviate the progression of lesions in psoriasis
is to regulate keratinocyte proliferation or inflammatory cytokines’~’. However, there are limitations in that
treatments are highly expensive and are administered to patients through intramuscular or subcutaneous
injection, not cream or ointment!®"'2. To compensate for the limitations of biological agents, we focused
on alloferon as an adjuvant in the therapy of psoriasis. Alloferon, an immune modulator, is a short peptide
isolated from the blood of Calliphora vicina larvae after infection with bacteria'>'%. In a previous study, it was
demonstrated that alloferon inhibits inflammatory responses in skin exposed to UVB through the suppression
of the proinflammatory cytokines, IL-1a, IL-1pB, IL-6, and 1L-18!°,

IL-22 is a proinflammatory cytokine that is structurally related to IL-101718. IL-22 upregulates pancreatitis-
associated protein 1 in pancreatic acinar cells'® and the production of acute-phase proteins in hepatoma cells?*-22,
suggesting its involvement in the inflammatory response. It is known that IL-22 induces the proliferation of
keratinocytes, leading to hyperplasia of the epidermis?*~2. IL-22 plays a role in the pathogenesis of psoriasis?®~25,
but a treatment for the regulation of the activity of IL-22 has not yet been developed. IL-22 signals through a
heterodimeric receptor composed of two chains, the IL-22Ra subunit and the IL-10Rp chain®-*!. IL-10R is
expressed everywhere, but IL-22Ra is widely expressed in nonhematopoietic cells such as the pancreas, liver,
and epidermis®®?2. Thus, to control the biological process of IL-22, it is necessary to regulate the expression
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of IL-22Ra. In this study, we show that downregulation of the expression of IL-22Ra using alloferon, an anti-
inflammatory agent, leads to a significant decrease in psoriatic disease severity: inflammation related factors
were significantly reduced in imiquimod (IMQ)-induced psoriasis IL-22R KO mice treated with alloferon. Our
findings demonstrate that alloferon could be a novel therapeutic strategy for the treatment of psoriasis.

Results

Alloferon decreases the expression of IL-22Ra in TNF-a induced psoriasis-like model in
HaCaT and primary human keratinocytes

Although several cytokines, such as TNF-a, IFN-y, IL-23, and IL-17, are involved in psoriasis pathology®3334,
TNF-a plays a particularly important role. In various previous studies, TNF-a has been used to stimulate the
human keratinocyte cell line HaCaT and primary human keratinocytes to establish a psoriasis-like model®>~%".
Therefore, we investigated IL-22Ra expression in a TNF-a-treated psoriasis-like cell model using HaCaT cells
and primary human keratinocytes in the presence or absence of alloferon. The TNF-a and alloferon used in these
experiments were not toxic to keratinocytes (Supplementary Fig. S1).

We found that IL-22Ra expression was increased in TNF-a-treated HaCaT cells compared with in the
control, and this increase was suppressed when the cells were simultaneously treated with alloferon (Fig. 1a).
The same results were obtained in primary human keratinocytes (Fig. 1b). The relative fluorescence intensity was
measured using Celleste Imaging Software and is presented as a graph in Fig. Ic and d.

Alloferon alleviates psoriatic symptoms in an IMQ-induced psoriasis mouse model

Based on previous results regarding the anti-inflammatory effect of alloferon on skin disease, we examined the
therapeutic effect of alloferon on psoriasis in an IMQ-induced psoriasis mouse model. Six hours after IMQ
treatment, ICR mice were topically applied with alloferon on the shaved dorsal skin and ears for 7 days. The
experimental scheme is shown in Fig. 2a. It was observed that psoriasis accompanied by redness and scales was
severely induced by IMQ treatment. However, the psoriatic symptoms were remarkably suppressed by alloferon
treatment (Fig. 2b).

Next, we examined the histological changes after alloferon treatment on IMQ-induced psoriatic skin lesions
using H&E staining. We found that the epidermal thickness of the dorsal skin was increased with IMQ treatment
(86.16+13.21 pm) compared with that of control mice (19.63 £3.30 um). However, the thickness of the dorsal
skin was dramatically decreased after treatment with alloferon (44.25+4.01 pm) (Fig. 2c and d). As shown in
Fig. 2e, IMQ treatment significantly increased the ear thickness, but we could not find any changes with the
treatment of alloferon (Fig. 2c and e).

As shown in Fig. 1, alloferon downregulated IL-22Ra expression in TNF-a-induced psoriasis-like HaCaT
cells and primary human keratinocytes. Therefore, we examined whether alloferon could also suppress IL-22Ra
expression in the skin lesions of IMQ-treated mice. The expression of IL-22Ra is increased by treatment with
IMQ, but the increased expression was remarkably suppressed after treatment with alloferon (Fig. 2f). This result
suggests that alloferon reduces IMQ-induced hyperproliferation of keratinocytes, a characteristic symptom of
psoriasis, through IL-22 signaling.

Patches of thick silvery-white scales are reduced in IMQ-induced IL-22Ra-deficient mice
Because IL-22Ra expression was downregulated and psoriatic symptoms were decreased by treatment with
alloferon, we investigated the pathogenesis of psoriasis using IL-22Ra knockout (KO) mice. Scales and plaques
were found to be decreased in IMQ-treated IL-22Ra KO mice compared with IMQ-treated wild-type (WT)
mice; however, redness remained (Fig. 3a). In addition, H&E staining showed that the dorsal epidermal
thickness was reduced in IL-22Ra KO mice compared with WT mice (57.97 +7.22 um in IL-22Ra KO mice vs.
81.24+5.06 um in WT mice) (Fig. 3b and c). However, ear thickness was not significantly changed in IL-22Ra
KO mice compared with WT mice when treated with IMQ (Fig. 3b and d).

Alloferon effectively inhibits IMQ-induced skin inflammation associated with psoriatic
symptoms in IL-22Ra-deficient mice

We investigated whether alloferon could have a therapeutic effect on IL-22Ra depletion because alloferon
controls IL-22 signaling through the regulation of IL-22Ra in the pathogenesis of psoriasis. Interestingly,
alloferon reduced psoriatic symptoms, especially redness, in IL-22Ra KO mice compared with vehicle control
mice (Fig. 4a). Furthermore, alloferon treatment effectively decreased the dorsal epidermal thickness and
immune cell infiltration (34.02+2.46 um vs. 60.33+4.19 um) (Fig. 4b and c). In addition, the ear thickness
reflected the results of the changes in the dorsal skin (Fig. 4b and d). Taken together, these results indicate that
alloferon cannot prevent the development of psoriasis but is involved in other factors related to the pathogenesis
of psoriasis.

Alloferon regulates psoriasis pathogenesis-related genes in IL-22Ra-deficient mice

Microarray analysis was performed to investigate whether alloferon regulated other factors related to psoriasis
in the absence of IL-22Ra. Gene ontology analysis was used to sort the data by biological process and identify
the top 10 terms of functional classification. Genes related to psoriatic inflammation and pathology, such as
the genes encoding B-defensin, IL-1f, S100A7a, IL-33, IL-19, CXCL13, and CXCR6, were upregulated by IMQ
treatment, but downregulated by alloferon treatment (Fig. 5a and b). In addition, genes related to skin barriers,
such as filaggrin and keratin, were decreased by IMQ administration, but increased by alloferon (Fig. 5¢ and
d). These results indicated that alloferon controls various factors related to skin inflammation and barriers in
addition to IL-22R. Therefore, it could be a potential therapeutic agent for inflammatory skin diseases, including
psoriasis.
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Fig. 1. Alloferon suppresses the expression of IL-22Ra in TNF-a-induced psoriasis-like HaCaT cells and
primary human keratinocytes. (a) HaCaT cells and (b) primary human keratinocytes (PHKs) (4 x 10*
cells/well) were seeded and treated with 0 or 20 ng/mL of TNF-a for 24 h. Then, alloferon was added at a
concentration of 2-4 pg/mL for another 24 h. The expression of IL-22Ra was examined using Alexa Fluor 488
(green) conjugated anti-IL-22Ra antibody as described in the “Materials and methods” section. Nuclei were
counterstained with DAPI (blue). Scale bar =125 pm. (c, d) Relative fluorescence intensity of the expression
of IL-22Ra in HaCaT and PHK cells (for a and b). One-way ANOVA with Tukey’s multiple comparison test
was performed. Data were collected from three independent experiments and presented as the mean +SD. ***
P<0.0001, ** P<0.001, * P<0.01.
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Fig. 2. Alloferon reduces the symptoms of psoriasis through the regulation of IL-22Ra in IMQ-induced
psoriatic mice. ICR mice were divided into three groups based on weight (n=5): control + vehicle; IMQ
(83.3 mg/day) + vehicle; IMQ (83.3 mg/day) +alloferon (2 pg/mL/day). (a) Experimental schedules. (b) Images
were taken on day 7, the last day of the experiment. (c) Dorsal skin and ear sections were stained with H&E.
Scale bar =150 pm. (d, e) Dorsal skin and ear thickness (for c) were measured in three parts per histological
section using Celleste 5 software. One-way ANOVA with Tukey’s multiple comparisons test was performed; ***
P<0.0001, ** P<0.001, * P<0.01, ns; not significant. (f) The expression of IL-22Ra in the skin was analyzed by
IHC. Scale bar =125 um. Data are representatives of three independent experiments. IMQ, imiquimod; H&E,
hematoxylin and eosin; IHC, immunohistochemistry.
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Fig. 3. The symptoms of psoriasis are reduced in IL-22Ra KO mice compared to WT mice. WT and IL-22Ra
KO mice (male, 3 months old) were used in this experiment. Mice were divided into four groups (n=4): WT
control; WT +IMQ; IL-22Ra KO control; and IL-22Ra KO +IMQ. (a) Representative images were taken on
day 7, the last day of the experiment. (b) Dorsal skin and ear tissues were fixed in 4% PFA at 4 °C and sections
were stained using H&E. Skin tissue scale bar =100 pm; ear tissue scale bar =150 pum. (¢, d) The epidermal
thickness of the dorsal skin and ear skin (for b) were measured in three parts per histological section using
Celleste 5 software. Two-way ANOVA with Sidak’s multiple comparisons test was performed; *** P<0.0001;

* P<0.05; ns, not significant. Data are representatives of three independent experiments. KO, knockout. PFA,
paraformaldehyde.
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Fig. 4. Alloferon effectively inhibits IMQ-induced skin inflammation related to psoriatic symptoms in IL-22Ra
KO mice. IL-22Ra KO mice (male, 3 months old) were used in this experiment. Mice were divided into three
groups (n=4): control + vehicle; IMQ + vehicle; IMQ + alloferon (2 pg/mL). (a) Representative images were
taken to examine the effect of alloferon on IMQ-induced psoriasis on day 7, the last day of the experiment. (b)
Dorsal skin and ear sections were stained using H&E. Scale bar, 150 um. (c, d) The epidermal thickness of the
dorsal skin and ear skin (for b) were measured in three parts per histological section using Celleste 5 software.
One-way ANOVA with Tukey’s multiple comparison test was performed; *** P<0.001, * P<0.01; ns; not
significant. Data are representatives of three independent experiments.
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Fig. 5. Alloferon regulates psoriasis pathogenesis-related genes in IL-22Ra KO mice. Gene expression in IL-
22Ra KO mice treated with IMQ and alloferon was analyzed using Affymetrix GeneChip” Mouse Gene 2.0 ST
arrays. Total mRNA was extracted from the dorsal skin as described in the “Materials and methods” section.
(a, ¢) Data are presented as log2 fold change. (b, d) Data are presented as specific number of fold changes in
genes.

Discussion
Despite recent advances in the understanding of the pathogenesis of psoriasis and the development of
alternative treatment options for patients with psoriasis, precise mediators responsible for maintaining chronic
inflammation in psoriatic skin lesions remain unclear. In this study, we focused on IL-22, a key mediator in the
pathophysiology of psoriasis®®, and alloferon, an immune modulator*!~**. A previous study demonstrated
that exposure to UVB radiation resulted in the induction of inflammation in the skin and the upregulation of
IL-22Ra expression in keratinocytes*:. This implies that the expression level of IL-22R may change in other skin
inflammatory environments such as psoriasis and atopic dermatitis. Alloferon has been found to have anti-
inflammatory effects on skin inflammation'®. Our findings revealed that alloferon, which regulates immune-
related factors, relieved IL-22R expression in a psoriasis-like in vitro model and an IMQ-induced psoriasis
mouse in vivo model. If the expression of the receptor to which IL-22 binds is reduced, the signaling of IL-22
is not initiated; therefore, it is important to regulate the expression of IL-22Ra. This study was conducted on
the assumption that alloferon, an immune modulator, would regulate the expression of IL-22Ra to prevent the
pathology of psoriasis. The results showed that alloferon reduced increased IL-22Ra expression and alleviated
the symptoms of psoriasis; therefore, it was hypothesized that a decrease in IL-22Ra expression would lead to a
reduction in psoriatic symptoms. Interestingly, alloferon alleviates the symptoms of psoriasis in IMQ-induced
IL-22Ra-deficient mice. As previously mentioned, psoriasis is influenced by various factors, including IL-22 and
cytokines such as TNF-a, IL-23, and IL-17%%45, which play roles in inflammation. Therefore, it is evident that the
depletion of IL-22Ra alone is insufficient to fully prevent the development of psoriasis, as multiple pathways and
factors are involved in its pathogenesis, requiring a more comprehensive approach. Therefore, we investigated
whether alloferon alleviated psoriasis by regulating not only the expression of IL-22Ra but also various other
factors that cause inflammation in psoriasis, such as IL-1f, IL-19, and IL-33. In particular, IL-19, a member of
the IL-10 cytokine family*®?’, is secreted by keratinocytes in response to stimulation by IL-23 and IL-174-%,
which are involved in the same mechanism as IL-22 in psoriasis*®>!. IL-19 has been implicated in inducing
inflammation in keratinocytes, and active research is currently being conducted on its relevance to psoriasis*>>2.
It is meaningful that alloferon showed an anti-inflammatory effect on psoriasis by regulating the expression
of IL-22Ra and genes related to psoriasis inflammation and pathology. These results suggest that alloferon has
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therapeutic potential for psoriasis. Currently, biological agents such as Stelara” are being used as treatment
options for psoriasis®>*%. However, these treatments have limitations, including high cost and the need for
periodic administration®. To address these limitations, a combination therapy approach that involves the
coadministration of alloferon and biological agents may be beneficial.

Materials and methods

Cell culture

The human skin keratinocyte cell line HaCaT was provided by Dr. N.E. Fusenig, DKFZ, Heidelberg, Germany.
HaCaT cells were maintained in RPMI 1640 medium (WELGENE, Kyungsan, Korea) supplemented with 10%
heat-inactivated fetal bovine serum (Gibco, Grand Island, NY, USA) and antibiotics (100 U/mL penicillin and
100 pg/mL streptomycin; WELGENE) at 37 °C in a humidified 5% CO, incubator. Cells were stimulated with
10 or 20 ng/mL of TNF-a (Peprotech, East Windsor, NJ, USA) to mimic the psoriatic model in vitro. Primary
human keratinocytes (PHKs) were isolated from the foreskin of a healthy young male donor. All volunteers
provided written informed consent. The study protocol was approved by the institutional review board (IRB) of
Seoul National University Hospital (IRB No. 2105-095-1219), and all experiments conformed to the principles
of the Declaration of Helsinki. We obtained the informed consent from all participants or their legal guardians.
PHKs were maintained in EpiLife medium supplemented with HKGS (Gibco) and antibiotics (100 U/mL
penicillin and 100 pg/mL streptomycin; WELGENE) at 37 °C in a humidified 5% CO, incubator.

Animal experiment

ICR mice (male, 12 weeks old) were purchased from OrientBio (OrientBio Inc., Seongnam, Korea). IL-22Ra
knock-out (KO) mice were purchased from Jackson Laboratories (stock no. 031003, Strain: C57BL/6]J; Jackson
Laboratories, Sacramento, CA, USA). C57BL/6] mice maintained internal reproduction at the animal facility
as wild-type (WT) mice. All mice were bred and housed under specific pathogen-free conditions at the animal
facility of the Seoul National University College of Medicine. All mice were sacrificed by CO, inhalation to collect
dorsal skin and ear tissue. Animal studies were approved by the Institutional Animal Care and Use Committee
(IACUC) of Seoul National University (approval no. SNU-220921-6-3). All experiments were conducted in
accordance with the IACUC and ARRIVE guidelines.

IMQ-induced psoriasis-like mouse model

One day before psoriasis induction, the dorsal hair of the mice was shaved (day 0). IMQ (a topical dose of
83.3 mg Aldara cream (5% IMQ); 3 M Pharmaceuticals, Long Beach, CA, USA) was applied to the dorsal area
and ear daily starting from day 1 up to day 7. Treatment group mice were administered either vehicle cream or
alloferon cream every day after 6 h of IMQ application. After 7 days, the mice were sacrificed, and the dorsal skin
and ear tissues were collected. Animal experiments were performed in three independent experiments.

Immunofluorescence (IF) analysis

HaCaT and PHK cells (4% 10* cells/well) were seeded on 12-mm coverslips in a 24-well plate and stabilized
overnight. Cells were washed with PBS and then treated with TNF-a (20 ng/mL) diluted in serum-free media for
24 h at 37 °C in a humidified 5% CO, incubator. After incubation, the media was aspirated, and alloferon (2 and
4 ug/mL) and diluted serum-free RPMI 1640 or EpiLife medium were added, and the mixture was incubated for
another 24 h. After incubation, cells were washed twice with PBS and fixed with 4% paraformaldehyde (PFA) at
4°C for 15 min. Cells were washed twice with 0.5% bovine serum albumin (BSA) in PBS for 5 min each time and
permeabilized with 0.3% Triton X-100 in PBS for 15 min at room temperature (RT). After washing with washing
buffer (0.5% BSA, 0.3% Triton X-100 in PBS), cells were incubated with blocking buffer (0.5% BSA, 0.3% Triton
X-100, 5% normal goat serum in PBS) for 1 h at RT. Cells were incubated with rabbit-developed anti-human
IL-22Ra (1:150; Abcam, Cambridge, UK) and diluted with blocking buffer for 2 h at RT. After washing cells with
washing buffer three times and incubation with a goat-developed anti-rabbit IgG conjugated with Alexa Fluor
488 (1:1,500, Invitrogen, Carlsbad, CA, USA) as a secondary antibody;, cells were diluted with blocking buffer for
30 min at RT. After washing with washing buffer three times, cells were mounted with mounting medium and
counterstained with 4’,6-diamidino-2-phenylindole (DAPI; ImmunoBioscience, Mukilteo, WA, USA). Signals
were visualized using fluorescence microscopy (EVOS M5000, Invitrogen). Celleste 5 software (Invitrogen) was
used to measure the fluorescent intensity.

Histological analysis

Dorsal skin and ear tissues were fixed in 4% PFA at 4 °C overnight. Tissues were then dehydrated and embedded
in paraffin. Embedded tissues were sectioned into 4-pm thicknesses. After deparaffinization and hydration, the
sections were stained with hematoxylin and eosin. Tissue sections were mounted (Sigma, St. Louis, MO, USA),
and images were acquired using a microscope (EVOS M5000, Invitrogen). Epidermal thickness was measured in
three parts per image using Celleste 5 software (Invitrogen).

Immunohistochemistry (IHC)

Dorsal skin tissue samples were fixed in 4% PFA at 4 °C overnight. Tissues were dehydrated and embedded
in paraffin. Embedded tissues were sectioned into 4-pum thicknesses. After deparaffinization and hydration,
an antigen epitope was retrieved by microwave heating with citrated buffer (pH 6.0). Endogenous peroxidase
was blocked by treatment with 0.3% H,O,. The sections were blocked with 5% goat serum in PBS for 1 h at
RT, and the sections were incubated with rabbit-developed anti-mouse IL-22Ra antibody (1:250, Millipore, St.
Louis, MO, USA) overnight at 4 °C in the humid chamber. After incubation, the sections were incubated with
biotinylated goat-developed anti-rabbit IgG for 1 h at RT, and then Avidin-Biotin Complex (ABC) solution
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(Vector Laboratories, Burlingame, CA, USA) was applied to the sections for 40 min at RT. A DAB kit (Vector
Laboratories) was used for chromogenic detection. Hematoxylin was then used for counterstaining. After
dehydration and clearing, the sections were mounted using a mounting medium (Sigma). Images were acquired
using a microscope (EVOS M5000, Invitrogen).

Microarray analysis

Gene expression by IL-22Ra KO mice treated with IMQ and alloferon was analyzed using Affymetrix GeneChip’
Mouse Gene 2.0 ST arrays. The array chip has more than 33,000 probe sets at the gene level. Total mRNA
was extracted from the dorsal skin using TRIzol (Invitrogen). One hundred nanograms of each RNA sample
was subjected to the Affymetrix analytical procedure, as recommended by the manufacturer. The data were
summarized and normalized using a robust multiaverage (RMA) method implemented in the Affymetrix” Power
Tool. Gene enrichment and functional annotation analysis for a significant probe list was performed using Gene
Ontology. All data analysis and visualization of differentially expressed genes were performed using R 3.3.2.

Statistical analysis

Experimental data were presented as mean *standard deviation (SD). Comparisons between three or more
groups were performed using one-way ANOVA. P values of 0.05 were used to indicate a statistically significant
difference. Statistical analysis was performed using GraphPad InStat version 8.0.2 (GraphPad Software, La Jolla,
CA, USA).

Data availability

The dataset (GSE285640) underlying this article is currently under embargo and will remain restricted until
December 29, 2028. During this period, access can be obtained upon request to Y.K. The data will become acces-
sible in a repository once the embargo period expires.
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