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Abstract

Increased expression of Th22 cytokine IL-22 is a characteristic finding in atopic dermatitis (AD).
However, the specific role of IL-22 in the pathogenesis of AD /n vivo has yet to be elucidated.
Consistent with observations in human AD, I1L-22 was significantly increased in the AD skin of
mice after epicutaneous sensitization to house dust mite allergen. Utilizing a skin-specific
inducible transgenic system, we show here that expression of IL-22 in the skin of mice caused an
AD-like phenotype characterized by chronic pruritic dermatitis associated with Th2-biased local
and systemic immune responses, down-regulation of Epidermal Differentiation Complex genes
and enhanced dermatitis upon epicutaneous allergen exposure. 1L-22 potently induced the
expression of gastrin-releasing peptide (GRP), a neuropeptide pruritogen, in dermal immune cells
and sensory afferents and in their skin-innervating sensory neurons. 1L-22 also differentially up-
regulated the expression of GRP receptor (GRPR) on keratinocytes of AD skin. The humber of
GRP* cells in the skin correlated with the AD severity and the intensity of pruritus. I1L-22 directly
upregulated the expression of epithelial-derived type 2 cytokines (TSLP and IL-33) and GRP in
primary Keratinocytes. Furthermore, GRP not only strongly induced TSLP but also increased the
expression I1L-33 and GRPR synergistically with IL-22. Importantly, we found that the expression
of GRP was strikingly increased in the skin of patients with AD. These results indicate that IL-22
plays important pathogenic roles in the initiation and development of AD, in part through inducing
keratinocyte production of type 2 cytokines and activation of the GRP/GRPR pathway.

Introduction

Atopic dermatitis (AD) is the most common chronic, pruritic, inflammatory skin disease and
it affects 15-20% of children living in the cities worldwide (1). Recent studies show that
epidermal barrier defects and immune dysregulation of Th2 (IL-4 and 1L-13) and Th22
(IL-22) are the key features in the pathogenesis of in AD (2). Chronic pruritus and chronic
colonization of superantigen-producing Staphylococcal aureus (S. aureus) on AD skin are
also important features of the disease (3, 4). However, the factors that influence the
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expression, regulation, and function of IL-22 and the relationship between dysregulation of
Th22, Th2, the skin barrier defects, and chronic itch are still not fully understood.

IL-22 belongs to the IL-10 cytokine family and it signals through a heterodimeric receptor
(IL-22R) consisting of IL-22 receptor 1 (IL-22R1), which is only expressed in tissue cells,
and IL-10R2. In the skin, IL-22 acts on keratinocytes through binding to IL-22R expressed
on these cells (5). IL-22 expression has been found to be highly up-regulated in the AD skin
compared to psoriasis skin lesions and normal skin (6). Robust progressive activation of Th2
and Th22 characterizes the nature of dysregulated immunity in both acute and chronic AD
(4, 6-12) and alterations in Th2 and Th22 cytokines correlate positively with the AD disease
severity (13). The role of IL-22 in the development and maintenance of AD has not been
specifically explored. We hypothesized that IL-22 plays an important role in the
development of AD by impairing skin barrier function, immune dysregulation and pruritus.
To further understand the mechanisms by which 1L-22 induces dermatitis, we looked into
the potential mediators and pathways of itch and the interaction of IL-22 with allergen
induced Th2 biased allergic dermatitis.

Herein we show that that epicutaneous sensitization to allergen HDM induced up-regulation
of IL-22 in the skin and that overexpression of IL-22 in the skin caused a chronic AD
phenotype characterized by pruritus, heightened dermal and systemic Th2 immunity, a
“leaky” skin barrier with down-regulation of Epidermal Differentiation Complex (EDC)
genes and enhanced epidermal colonization of S. aureus. In addition, 1L-22 potently induced
the expression of GRP in dermal cells, dermal afferents fibers and skin-innervating ganglion
neurons that positively correlates with the intensity of itching and scratching behaviors.
Consistent with these, the expression of GRP is strikingly enhanced in the lesional skin of
patients with AD. These findings revealed previously unrecognized pathological effects of
IL-22 in the pathogenesis of AD.

Materials and Methods

Animals

All procedures performed on mice were in accordance with the NIH guidelines for humane
treatment of animals and were approved by the Institutional Animal Care and Use
Committee of Yale University. Mice were housed in cages with microfilters in a specific
pathogen-free environment. Wild type mice and transgenic lines were all on the C57BL/6
genetic background.

Generation of skin-specific inducible IL-22 transgenic mice and induction of IL-22

expression

To study the effector functions of 1L-22 in the skin we first generated a TRE-Tight-1L-22
transgenic mouse line as we previously described (14, 15). Mouse 1L-22 cDNA was PCR
amplified from a previous IL-22 transgenic construct using primers: 5’-
GCGAATTCCCCCTTCACCGC-3” and 5'-CGCGGATCCTTCCAGTTTAAT-3’
containing restriction enzyme sites for £EcoRI/BamH| and a Kozak consensus sequence.
Following EcoRI/BamH|1 enzyme digestion, the product was inserted into the multiple
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cloning sites located downstream of the TRE-Tight promoter of the pTRE-Tight vector
(Clontech, Mountain View, CA). The fragment containing the TRE-Tight promoter, IL-22
cDNA, and the SV40 polyadenylation signal sequence was excised by X#al, purified, and
microinjected into pronuclei as described previously (15). To express I1L-22 specifically and
inducibly in the skin, we crossbred the TRE-Tight-1L-22 mouse line with the K5-tTA mouse
line and obtained double-transgenic K5-tTA-1L-22 mice. The generation and use of the K5-
tTA mouse line has been described previously (16). The genotypes of the mice were
determined by PCR using specific primers for K5-tTA and TRE-Tight-1L-22. Starting at
breeding, doxycycline (Dox) was added to the drinking water (1 mg/mL) to suppress tTA
and to keep the 1L-22 transgene off until the K5-tTA-1L-22 mice were 6 weeks old.
Experiments were initiated by withdrawing Dox from the drinking water. In all experiments,
Tg(-) littermate controls received the same amount of Dox or no Dox for the same length of
time.

Clinical observation and itch/scratching scores

The K5-tTA-IL-22 Tg(+) mice and Tg(-) littermate controls were examined for skin lesions
3 times per week. The clinical manifestation of itch/scratching behavior of the mice was
videotaped for 15 minutes each session. The scratching behavior was assessed in a blind
fashion as described previously with slight modification (17).

The in situ skin permeability assay

The in situ skin permeability assay with toluidine blue was performed as described
previously (18, 19). In brief, anesthetized wild type mice and Tg(+) mice prior to developing
clinical AD lesions were shaved and rinsed in PBS. The whole body except the head of the
mouse was immersed successively in 25%, 50%, 75% and 100% methanol for 1 minute
each. The skin was then rehydrated in PBS and stained in 0.1% toluidine blue for 10 minutes
at room temperature. After a brief wash in PBS, the mice were immediately photographed.

S. aureus colonization on the skin

Colonization of S. aureus was determined by isolating the bacteria from the dorsal skin of
the mice using DD checker Seiken mannitol salt agar with egg yolk (MSEY) plates (Denka
Seiken, Tokyo, Japan). For sampling, the plates were applied to be in contact with the skin
for 10 seconds. Then the plates were incubated at 37°C for 24 hrs. After incubation, the
number of colonies was counted and identification of the bacteria was done according to the
manufacturer’s instructions (20). Serum samples for SEB-specific IgE were measured using
ELISA Plates coated with SEB (1 pg/ml, Toxin Technology, Inc.) in 0.1 M carbonate-
bicarbonate buffer (pH 9.5) overnight at 4°C, as described previously (21).

Epicutaneous allergen sensitization

For experiments shown in Supplemental Figure 1, 6-8-week old (male and female) WT
mice on C57BL/6 genetic background were used. The mice were epicutaneously sensitized
(EC) with allergen house dust mite (HDM) extract (10 pg in 50 pl of PBS) (Greer
Laboratories, Lenoir, North Carolina) or PBS as vehicle control. For the experiments shown
in Figure 5, transgenic IL-22 mice and their Tg(-) littermates, kept under specific pathogen-
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free condition, were used. Two weeks after their transgene IL-22 being activated and before
the onset of clinical AD, Tg(+) mice and their Tg(-) littermates (both male and female mice)
were epicutaneously sensitized (EC) with Ovalbumin (Ova), 100 g in 50 pL of PBS, (Grade
V; Sigma, St. Louis, MO) or PBS as control. The same patch protocol was used for the
experiments in both Supplemental Figure 1 and Figure 5 as previously described (21, 22). In
brief, the back area of anesthetized mice was shaved with a razor and tape-stripped four
times using adhesive tapes to introduce skin abrasion. Allergen (HDM or Ova) was placed
on a patch of sterile gauze (1x1 cm), which was then secured to the skin with a transparent
bio-occlusive dressing. Each mouse received a total of three one-week exposures to the
patch, separated by 2-week intervals. Experimental procedures were in accordance with the
Animal Care and Use Committee at Yale University.

Histology and immunohistochemistry (IHC) evaluation of dermatitis

After the mice were sacrificed, lesional and non-lesional skin was excised and fixed in
neutral-buffered formalin at 4°C overnight, embedded in paraffin, sectioned at 5 ym
thickness, and stained with H&E, toluidine blue or IHC as previously described (16, 21).
Specific antibodies used in this study included rat anti-mouse major basic protein (MBP)
monoclonal antibody (a kind gift from Drs. Nancy and James J. Lee, Mayo Clinic,
Scottsdale, AZ) for eosinophils; rat anti-CD4 mAb for CD4+ cells, (Santa Cruz
Biotechnology, Inc., Santa Cruz, CA); rat anti-F4/80 antibody (Pan macrophage marker
clone: BM8, 14-4801; eBioscience, San Diego, CA) for activated Langerhans cells and
macrophages; goat polyclonal anti-mouse IL-22 antibody for IL-22 (R&D Systems,
Minneapolis, MN); rabbit anti-GRP (ImmunoStar,1:1000) (23); goat polyclonal 1gG anti-
langerin, goat polyclonal 1gG anti-neutrophil elastase, and mouse monoclonal 1gG2a anti-
CD8-a (Santa Cruz Biotechnology) for Langerhans cells, neutrophils, and CD8+ cells,
respectively. Rat anti-mouse CD11b (BD Pharmingen, 553312). Vector M.O.M.
Immunodetection Kit was used to reduce the background staining. Appropriate ABC
Staining Systems were used to visualize the target protein staining in the tissues (Santa Cruz
Biotechnology). Skin inflammatory cells were quantified by counting 8-10 high power
fields (HPF at magnification x200) per mouse (5—7 mice per group). Evaluation of
epidermal thickness was performed as previously described (16, 21).

Culture and stimulation of primary human keratinocytes

Neonatal foreskin epidermal keratinocytes were obtained from discarded and de-identified
neonatal foreskin tissues. The research study was approved by the Institutional Review
Board of Yale University. Epidermal keratinocytes were cultured in CnT-07 medium
(CELLNTEC, Bern, Switzerland) containing penicillin 200U/mL and streptomycin sulfate
100 U/mL at 37°C in air containing 5% CO,. Cells of passages 2-5 were used for all /n vitro
experiments. The cells at 75-80% of confluency were stimulated with freshly made IL-13
(20 ng/mL), IL-4 (20 ng/mL), IL-22 (20 ng/mL), INF-y (20 ng/mL) and GRP 10~'M for 24
hrs. The supernatant was collected for cytokine measurement and the cells were collected for
real-time PCR and Western blot.
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RNA isolation and qPCR analysis

Skin protein

Skin samples collected from the same anatomical locations, including epidermis and dermis,
were used and compared in the experiments. After excision, skin tissues were immediately
placed in RNAlater solution (Ambion, Austin, TX), stored at —80°C and used later. To
extract RNA, skin samples were placed in liquid nitrogen and ground with a mortar and
pestle. Total RNA was then isolated with Trizol reagent (Invitrogen, Carlsbad, CA) and
further purified according to the manufacturer’s instructions. Reverse transcription was
performed using 2 pg total RNA for first strand cDNA synthesis with M-MLV Reverse
Transcriptase (Promega, Madison, WI, USA) in a total volume of 25 pL. A portion of the
resulted reverse-transcription product (2 pL) was used for PCR amplification of specific
genes. For primary human keratinocytes, total RNA was extracted using the RNeasy Plus
Mini Kit (Qiagen). Extracted RNA was used as templates for RT-PCR and qPCR. For RT-
PCR, the reverse transcription, initial activating, denaturing, annealing and extension
condition of each cycle were 50°C for 30 min, 95°C for 15 min, 94°C for 15 sec, 60°C for
30 sec, 72°C for 30 sec, respectively. The relative expression levels for specific genes was
analyzed usng gPCR and the results were calculated using the AACt method. The mRNA
level of each target gene was normalized to the level of GAPDH. The primer sequences for
the specific genes are listed in the Supplemental Table 1.

extracts and measurement of cytokines

Protein extracts from the skin samples were prepared as described previously (16, 21).
Briefly, frozen skin tissues were weighed, placed in liquid nitrogen, and crushed with a
mortar and pestle. Triton X-100 0.25% (wt/vol) in phosphate-buffered saline was added to
the skin powder. The homogenate was stirred at 4°C overnight and then centrifuged at
3000xg for 15 minutes to remove debris. Supernatants were collected and stored in small
aliquots at —80°C until assayed by ELISA or Western blot. All samples were normalized to
the weight of the skin samples.

Assessment of cytokine production by lymphocytes from draining lymph nodes and

spleen

Lymphocytes from draining lymph nodes (inguinal, axillaries and cervical) and spleen were
isolated and cultured in complete RPMI11640 medium containing 5% FBS and activated
using 96-well anti-CD3 coated plate (BD Bioscience, San Jose, CA) plus anti-CD28 (5
ug/mL) for 72 hrs. Supernatants were collected and examined for cytokine production (17,
21, 24).

Measurement of cytokines and immunoglobulins

Cytokines in the skin samples were measured using ELISA kits according to the
manufacturer’s instruction (R&D Systems, Minneapolis, MN). Serum samples in duplicates
were analyzed using ELISA for total IgE (BD Biosciences), IlgG1 and 1gG2a (Southern
Biotechnology Associates, Birmingham, AL), according to the manufacturer’s instructions.
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Proteins were extracted by RIPA buffer from primary keratinocytes after stimulation with
IL-22 (20 ng/mL) in the presence or absence of GRP 10~'M and Th2 and Th1 cytokines,
separated by 10% SDS-PAGE, and electro-transferred onto a PVDF membrane (Bio-Rad).
After blocking with 5% non-fat dry milk for 1 hr at room temperature, the membranes were
incubated at 4°C overnight with the following primary antibodies: anti-STAT3 (Cell
signaling), anti-p-STAT3 (Cell signaling) and anti-GAPDH (Santa Cruz). The membranes
were incubated with appropriate HRP-conjugated secondary antibodies for 2 hr at room
temperature. Immunoreactive bands were detected by SuperSignal West Femto Maximum
Sensitivity Substrate (ThermoFisher Scientific).

biopsy samples and IHC

De-identified skin biopsy samples from AD patients and healthy subjects were described
previously (17, 25). After explanation of the nature of research and obtaining informed
consent from patients, 3- to 5-mm punch biopsies were taken from the forearms of healthy
individuals (n = 4) and from lesional or non-lesional skin of AD patients (n = 3). Skin
samples were immediately frozen in liquid nitrogen and stored at —80°C until analysis. The
study was approved by the local ethics committee. Cryosectioned human skin samples were
analyzed with immunofluorescence staining as described earlier. Acetone-fixed frozen
sections were blocked with 10% donkey serum (Sigma-Aldrich) for 1 hr and incubated with
goat anti-PGP9.5 (sc-23852; Santa Cruz Biotechnology) and rabbit anti-GRP antibody
(ImmunoStar,1:1000) (the antibody reacts with human and mouse) (23, 26) at 4°C overnight.
The slides were rinsed and incubated with Alexa Fluor 594-conjugated donkey anti-goat
IgG, Alexa Fluor 488-conjugated donkey anti-rabbit 1gG, and/or Alexa Fluor 594-
conjugated donkey anti-mouse IgG (Invitrogen). Cell nuclei were stained with DAPI for 10
min. Images were obtained using a Nikon Eclipse Ti fluorescence microscope.

Statistical analysis

Results

Two-tailed Student’s £test was used to determine the significance of difference between two
groups or one-way ANOVA was used to determine statistical differences between multiple
groups. Differences between samples in comparison with p values smaller than 0.05 were
considered statistically significant. Unless otherwise specified, all data were presented as
Mean + SEM.

Epicutaneous (EC) allergen (HDM) sensitization-induced AD-like dermatitis and enhanced

IL-22 expres

sion in AD lesions

To determine whether Th22 cytokine IL-22 could be induced by epicutaneous exposure to
allergens, C57BL/6 WT mice were subjected to three cycles of EC sensitization with house
dust mite (HDM), an important allergen for patients suffering from AD (27), or saline
control using the protocol as previously described (21, 22). EC sensitization of WT mice
with HDM caused epidermal and dermal thickening as previously reported (27) and
increased itch-evoked scratching, marked IL-22 and Th2 cytokines in the AD skin lesions
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and elevated serum IgE (Supplemental Figure 1a—€). These data indicate that IL-22 can be
induced in the AD lesions in response to allergen sensitization and IL-22 is highly relevant
in epidermal HDM allergen induced AD lesions.

Generation of externally inducible skin-specific IL-22 transgenic mice (K5-tTA-IL-22) and
induction of IL-22 expression

To explore whether chronic expression of IL-22 in the skin could cause pruritic dermatitis,
transgenic constructs were made and microinjected to generate TRE-Tight-1L-22 mice.
These mice were then cross-bred with K5-tTA mice to generate K5-tTA-IL-22 mice (Figure
1a), as we previously described (16). As shown in Figure 1b, the cross-breeding resulted in
transgenic mice that were positive for both K5-tTA and TRE-Tight-I1L-22 transgenes, using
primers specific for K5-tTA and TRE-Tight -1L-22 (arrows). We then tested if expression of
IL-22 could be controlled by doxycycline (Dox). The keratin 5 (K5) promoter controlled
tTA is inactive in the presence of Dox and active in the absence of Dox. To express 1L-22
only in the adult mice, we gave Dox (1 mg/mL with 4% sucrose) in the drinking water,
starting at breeding and continuously to K5-tTA-1L-22 double positive mice and their Tg(-)
littermates until they were at 6 weeks of age. In the beginning of each experiment, Dox was
withdrawn and the induction of the IL-22 transgene was initiated. Tg(-) littermate controls
received the same amount of Dox or no Dox for the same length of time. After initiation of
transgene induction for 6 weeks, IL-22 mRNA was only detected in the skin of 1L-22
transgenic mice, not in the skin of Tg(-) mice (Figure 1c). Furthermore, 1L-22 mRNA
expression in the skin and other tissues of Tg(+) and Tg(-) littermate mice was determined
by RT-PCR. IL-22 mRNA was only detected in the skin, not in other tissues, of Tg(+) mice,
indicating that 1L-22 was selectively expressed in the skin (Figure 1d). In all cases, IL-22
mRNA was appropriately translated since IL-22 protein was easily detected
immunologically and biologically in the skin extracts of Tg(+) animals, but not in the skin of
Tg(-) animals (Figure 1e, 1f). All subsequent experiments were performed to compare
Tg(+) mice and Tg(-) littermate controls after transgene induction with Dox withdrawal,
starting from 6 weeks of age. These results showed that using the K5-tTA system, the IL-22
transgene was specifically targeted to the skin in an inducible fashion.

Expression of IL-22 in the skin caused chronic pruritic dermatitis

All K5-tTA-IL-22 transgenic mice developed impressive pruritic dermatitis after the 1L-22
transgene was activated for 12—-14 weeks (withdrawal of Dox from drinking water). The
Tg(+) mice began to develop pruritus as indicated by constant scratching of the affected
areas and the itch/scratching behavior was recorded and quantitated as described previously
(16, 17, 28). In addition, other signs of dermatitis, including loss of hair, erythema, crusting,
excoriation, and erosions in the skin, involving the areas of the neck, ear, face and abdomen
were observed in these mice. Dry lichenified skin lesions were noted when the lesions
became chronic. In contrast to Tg(+) mice, their Tg(-) littermates showed no skin
abnormalities either with or without Do, indicating that Dox had no effect on the skin
(Figure 1g). Tg(+) mice given Dox did not exhibit any signs of abnormality of the skin
because no 1L-22 was expressed under this condition (data not shown). Chronic pruritus, a
cardinal feature of AD, was assessed three times per week. The number of itch-evoked
scratching increases as the AD (disease score) progressed from acute AD (onset < 2 weeks)
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to chronic AD (longer than 2 weeks) (Figure 1g, 1h and 1i). As the AD progressed, the body
weight of the Tg(+) mice was significantly lower than that of the Tg(-) littermates (data not
shown).

IL-22-induced AD was characterized by Th2 biased immune responses

Histologically, in comparison to the Tg(-) littermates, the lesional skin of Tg(+) mice
exhibited marked thickening of the epidermis and dermis, spongiosis, hyperkeratosis and an
impressive inflammatory cell infiltration and dermal collagen accumulation (Figure 2a—c).
Many cell types, including eosinophils, CD4+ cells, CD8+ cells, F4/80+ activated
macrophages and Langerhans cells, and mast cells are involved in the inflammatory
responses in human AD. Using antibodies to specific cellular markers in a series of IHC
staining we examined the skin samples from IL-22 Tg(+) mice and Tg(-) littermate controls.
The IHC stains demonstrated significantly increased numbers of MBP* eosinophils, F4/80*
macrophages/Langerhans cells, CD4* T cells, CD8* T cells and toluidine blue (TB) stain
showed mast cells in the sub-epidermal, intradermal, and perivascular spaces of the skin
samples from Tg(+) mice, whereas neutrophils were rarely seen (Figure 2d and 2e).
Furthermore, the immune responses in AD skin were marked by a dominant Th2 response
with increased IL-4 and 1L-13, indicating that IL-22 is a potent stimulator of Th2 responses
in both the acute and chronic AD lesions. Epithelial-derived TSLP, a critical cytokine for
promoting type 2 immune responses, was also significantly increased in the AD skin of
Tg(+) mice compared to Tg(-) mice. IL-17 was mildly increased in chronic AD lesions,
suggesting that IL-17 may play a role in chronic lesions. On the other hand, the level of IFN-
v was not significantly altered compared to Tg(-) skin (Figure 2f). Comparing to Tg(-)
mice, the serum levels of total IgE and 1gG1, but not 1gG2a, were significantly increased in
Tg(+) animals (Figure 3a). In addition, anti-CD3/CD28 TCR activation of lymphocytes from
draining lymph nodes (DLN) of Tg(+) animals produced significantly higher levels of Th2
cytokines (IL-4 and IL-13) and Th17 cytokine IL-17A. In contrast, decreased levels of IFN-
v were noted (Figure 3b). Stimulated splenocytes from Tg(+) mice showed an early surge of
Th2 cytokines and the heightened Th2 response was sustained in chronic AD and IL-17A
was also elevated (Figure 3c). IFN-y was not significantly altered compared to activated
splenocytes of Tg(-—) mice. These results indicate that IL-22-induced AD-like dermatitis
promotes a strong Th2-biased systemic immune response.

IL-22 induced atopic dermatitis exhibited skin barrier defects and increased susceptibility
to colonization of S. aureus

Abnormalities in both skin barrier structures (stratum corneum and tight junctions), a robust
Th2 response to environmental antigens, and defects in innate immunity may occur as a
consequence of epidermal dysfunction (29). To assess the skin barrier functions, IL-22 Tg(+)
mice without visible clinical dermatitis were immersed in toluidine blue solution using an /n
situ skin permeability assay (19). The skin of Tg(-) mice was not stained, indicating that the
skin of these mice was not permeable to toluidine blue (Figure 4a left). In contrast, the entire
skin of IL-22 Tg(+) mice stained dark blue (Figure 4a. right), indicating significantly
increased skin permeability. To further determine the cause of the skin barrier dysfunction in
IL-22 Tg(+) mice, several genes encoding the stratum corneum and tight junctions that are
critical for normal keratinization of the skin, including Filaggrin-2 (FLG2), Claudin-1, and
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epidermal transglutaminase 3 (TGase 3), were measured. Compared to Tg(=) mice, these
genes were significantly down-regulated in the skin of Tg(+) mice (Figure 4b). Chronic
colonization of superantigen-producing S. aureus is a feature of human AD (30, 31). We
examined whether IL-22 Tg(+) mice were more susceptible to S. aureus colonization.
Strikingly high numbers of colonized superantigen-producing S. aureus, not S. epidermidis,
were found on acute AD skin and persisted on chronic AD skin of Tg(+) mice and the
number of the colonies was positively correlated with the AD disease severity. Conversely, a
few colonies were seen on the skin of Tg(-) littermates (Figure 4c). Systemic responses of
specific SEB sensitization by epidermal superantigen (sAg) SEB-producing S. aureus
sensitization was reflected by markedly elevated serum levels of specific SEB IgE (Figure
4d). Furthermore, skin expression of genes encoding TLR-7 and TLR-9, critical for innate
immune defense against bacterial and viral infections were markedly down-regulated
(Figure 4e). These results indicate that 1L-22 expression in the skin impairs skin barrier
integrity and down-regulates TLR expression which could create a portal easily allowing
superantigen-producing S. aureus to further perpetuate and exacerbate inflammation and
barrier impairment in the skin.

IL-22 transgenic mice exhibited enhanced dermatitis upon epidermal allergen exposure

Next we examined whether IL-22 Tg(+) mice were more susceptible to chronic antigen
sensitization. Studies have shown that epicutaneous sensitization with protein antigen (Ag)
in mice induces localized allergic dermatitis (21, 31). The effects of IL-22 on epidermal
antigen sensitization in Tg(+) mice before they developed visible AD was tested in an Ova
epicutaneous sensitization AD model as described previously by our group and others (21,
31, 32) (Figure 5a). After Dox withdrawal for 2 weeks, IL-22 Tg(+) mice and Tg(-)
littermate controls were randomly assigned to receive epicutaneous (EC) Ova sensitization
(EC-Ova group) or PBS (EC-PBS group). One day after the third cycle of Ag sensitization,
samples of skin, blood, DLNs, and spleen were collected for evaluation. The skin of Tg(+)
mice sensitized to Ova (EC-Ova-Tg(+) group) exhibited increased epidermal thickness with
hyperplasia and increased inflammatory responses (Figure 5b and 5¢) as compared to the
EC-Ova-Tg(-) group. In line with other studies, in the skin of PBS sensitized mice (EC-
PBS-Tg(+), and EC-PBS-Tg(-) groups, a few inflammatory cells were seen in the dermis,
whereas in Ova sensitized skin there was significantly increased dermal inflammation.
Furthermore, strong Th2 cytokines (IL-4, IL-13 and TSLP) and Th17 cytokine (IL-17A)
were seen in the skin of EC-Ova-Tg(+) comparing to EC-Ova-Tg(-) mice. However, the
levels of IFN-y were comparable between the groups (Figure 5d). The levels of IL-4 and
IL-13 produced by Ova-stimulated lymphocytes of DLNs (Figure 5e) and spleen (Figure 5f)
from EC-Ova-Tg(+) mice were significantly higher than EC-Ova-Tg(-) mice. In addition, an
elevation of IL-17A produced by cells of DLNs and spleen of EC-Ova-Tg(+) mice was seen
but to a lesser degree. However, IFN-vy levels were not altered in all groups.

Chronic pruritus and robust expression of GRP in dermal afferents and skin-innervating
dorsal root ganglia (DRG) of IL-22 mice

The mechanisms of chronic itch in human AD are poorly understood. Recently, GRP and its
receptor (GRPR) have been shown to play key roles in itch transmission, but not in
nociception (26, 33). When GRP was injected intradermally, it elicited scratching through
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mast cell degranulation (34). IL-22 mice demonstrated chronic itch that evoked intense
scratching (Figure 1h). To ascertain whether or not the expression of GRP and GRPR was
altered in IL-22 Tg(+) mice, lesional AD skin and DRG isolated from Tg(+) mice and Tg(-)
littermate controls were investigated. Using immunofluorescence, we found that the dermis
was highly innervated by PGP9.5+ afferent fibers co-expressing GRP with marked
ramifications to the epidermis (Figure 6a, 6b, and 6¢). In addition, GRP+ skin-innervating
neurons in Dorsal Root Ganglia (DRG) were significantly increased in Tg(+) mice
compared to Tg(-) littermates (Figure 6d, 6e), which may reflect a peripheral role of GRP in
AD. Marked increases in GRP+ cells co-expressing markers for tryptase+ mast cells, MBP+
eosinophils, CD11b+ DCs and macrophages were readily seen in AD lesional dermal region
of Tg(+) mice, but rarely seen in the skin of Tg(-) littermates (Figure 6f, 6g, 6h, 6i, 6Kk).
Furthermore, the expression of GRP receptor was highly induced in the keratinocytes of
IL-22 Tg(+) skin, but not in the keratinocytes of Tg(-) mice (Figure 6j). Clinically, the
expression of GRP was progressively enhanced in the Tg(+) skin correlating with the
frequency of itch-evoked behavior and the disease severity of AD (Figure 61 and 6m).
Interestingly, 1L-31, a pruritic cytokine in AD was markedly down-regulated in both acute
and chronic IL-22 AD lesion samples (Figure 6n). These data implicate that the GRP/GRPR
pathway may have an important role in the pathogenesis of 1L-22—induced pruritus and
inflammation in AD, which may act on keratinocytes to regulate the functions of these cells.

IL-22 directly upregulated the expression of GRP and GRP receptor in human primary
keratinocytes and GRP synergistically enhanced IL-22-induced epithelial-keratinocyte
innate type 2 cytokines

To understand the mechanism by which exaggerated Th2 responses were induced in the
transgenic IL-22-induced AD skin and systemic Th2 responses and to determine whether
IL-22 could regulate the expression GRP and GRP receptor, the expression of epithelial-
innate type 2 cytokines (TSLP, IL-33 and IL-25) by KCs when stimulated with 1L-22 in the
presence and absence of GRP was evaluated by gPCR. TSLP expression in both IL-22-
stimulated and GRP-stimulated KCs was significantly increased. Synergistically enhanced
expression of TSLP was seen in IL-22 and GRP co-stimulated KCs (Figure 7a). Similarly,
IL-22/GRP co-stimulation of KCs caused a synergistic upregulation of I1L-33, although
either IL-22 or GRP alone did not (Figure 7b). However, IL-22 and GRP did not alter the
expression of 1L-25 (Figure 7c). IL-22 and Th2 cytokines (IL-4 and 1L-13) potently
upregulated the expression of GRP (Figure 7d), but not by IFN-y. GRP acted in concert with
IL-22 to enhance the expression its receptor GRPR (Figure 7e). Furthermore, the expression
of the genes encoding FLG1, FLG2 and TGase 3, important for epithelial differentiation and
skin barrier function were significantly reduced in both GRP treated and IL-22 treated KCs
and in Th2 cytokine-stimulated KCs (Figure 7g. 7h. 7i). Co-stimulation of KCs with 1L-22
and GRP did not alter the activation/phosphorylation of STAT3 induced (Figure 7f). These
data strongly suggested that IL-22 initiates Th2 responses in AD in part, by differentially
inducing keratinocyte derived Th2 inflammation promoting cytokines (TSLP and 1L-33), but
not I1L-25, and by working in concert with GRP to promote these Th2 inflammation and
activation of the GRP/GRPR pathway. Also, these Data suggest that in addition to the ability
of GRP to enhance IL-22-indeuced epithelial-keratinocyte innate type 2 cytokines and GRP
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receptor, GRP also has a role in down-regulation of the expression of FLG1, FLG2 and
TGase 3 to contribute to the pathogenesis of AD.

Highly increased expression of GRP in dermal cells and dermal afferent nerves in human

AD lesions

It has been shown that the serum levels of GRP in patients with AD correlated with the
disease severity (35). However, whether GRP and GRPR are expressed in human AD skin is
unknown. We compared the expression of GRP in the skin biopsy samples from patients
with AD and normal subjects. Importantly, in line with the findings of expression of GRP in
IL-22 Tg(+) mice, we found strikingly high levels of expression of GRP in dermal cells and
in dermal and epidermal sensory afferents in the AD skin biopsies from patients with AD;
however, minimal or no expression of GRP was seen in the skin biopsies from normal
subjects (Figure 8a—d). These previous unrecognized findings suggest that the GRP/GRPR
pathway may have a role in the pathogenesis of human AD.

Discussion

AD is a heterogeneous disorder with different clinical courses. It is poorly understood why
some of the children with AD enter the path of the atopic march, progressing from AD to
asthma, while others have a mild disease course or spontaneous remission. It is certain that
multiple immunological mechanisms are involved in the pathogenesis of AD. Studies of
various immunological factors and pathways in human AD and in animal models of AD are
necessary to improve our understanding of the disease. Mouse models of atopic dermatitis
and other chronic dermatitis have shed lights on the pathogenic mechanisms of chronic
dermatological diseases. For instance, transgenic kallikrein 5 (KLK5) mice reproduced the
major features of Netherton Syndrome associated with Th2/Th17/Th22 T cell responses
(36). Skin-specific expression of IL-4, IL-13, TSLP, and IL-33 elicited pruritic AD-like
dermatitis (16, 37—40). More recently, a study showed that transgenic expression of ANp63
resulted in keratinocyte activation and an AD-like phenotype (41). Several studies, including
our own, have showed that chronic epicutaneous antigen exposure caused AD-like dermatitis
and enhanced airway inflammation and airway obstruction after allergen inhalation
challenge (21, 42). Further, skin-derived TSLP has been shown to trigger progression from
epidermal-barrier defects to asthma (43). We showed that IL-13-induced AD and airway
obstruction and lung inflammation were largely dependent on TSLP (44).

Recent studies established the presence and activation of Th22/IL-22 in both acute and
chronic skin lesions in patients with AD (45, 46), a positive correlation of IL-22 with the AD
disease activity (SCORAD score) and a negative correlation with expression of epidermal
terminal differentiation markers (5, 7, 47-50). Evidence for the effector function and
immunopathological mechanisms of I1L-22 in skin diseases is accumulating. Th22 cells
express chemokine receptor (CCR4), a skin homing receptor, indicating a prominent role of
IL-22 in the skin (51). IL-22R is abundantly expressed on keratinocytes and some
fibroblasts, but not on immune cells. Depending on the cytokine milieu and tissue in which it
is expressed, 1L-22 can regulate the expression of genes encoding molecules associated with
inflammation, repair or chemotaxis or the expression of antimicrobial peptides (52). IL-22
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suppresses major epidermal terminal differentiation proteins (i.e., filaggrin and loricrin) (6,
53) and induces pro-inflammatory gene expression of the S100 family of calcium-binding
proteins in human epidermal keratinocytes (53). Local delivery of exogenous IL-22 is
sufficient to promote acute phase responses (e.g. in liver) and I1L-22 deficiency decreases
IL-23-induced ear skin acanthosis and inflammation (54, 55). A Phase Il clinical trial testing
an anti-1L-22 antibody as a therapy for AD has been initiated (ClinicalTrials.gov Identifier:
NCT01941537). However, many aspects of IL-22 in the pathogenesis of AD have not been
elucidated, such as the interactions between IL-22 and Th2 immune responses and the effect
of IL-22 on itch in AD.

In HDM allergen induced AD model, we found that IL-22, as well as Th2 cytokines, was
markedly increased in the lesion skin of mice with AD. To gain insight into the role that
IL-22 might play in atopic dermatitis, we took the transgenic approach. It has been reported
that over-expression of 1L-22 under the control of the lymphoid EpLCK promoter or rat
insulin 11 promoter in mice resulted in skin alterations including acanthosis and
hypogranularity but neonatal mortality (56). We utilized the K5-tTA and TRE-Tight-1L-22
skin specific inducible transgenic system and obtained live mice that allowed us to analyze
the biological effects of IL-22 in a controlled fashion (Figure 1). When selectively expressed
in the skin, IL-22 caused chronic pruritic dermatitis with many key clinical,
immunopathological and molecular features resembling those in human AD. These include
chronic pruritus, skin barrier impairment, local and systemic biased Th2 responses,
increased susceptibilities to S. aureus colonization, and enhanced antigen-sensitization,
highlighting IL-22 as an important link between skin barrier and adaptive immunity.

IL-22 impairs skin barrier function in Tg(+) mice by down-regulating Filaggrin-2, Claudin-1
and TGase 3 critical for the formation of the epidermal differentiation (Figure 4). It has been
shown that T cells can be induced by S. aureus derived enterotoxins to produce IL-17 and
IL-22 (15, 21, 57). The role of IL-22 in allergen sensitization in AD models has not been
determined. In the present study I1L-22 Tg(+) mice exhibited marked skin barrier dysfunction
even before the onset of clinical dermatitis (Figure 4). When these mice were epicutaneously
exposed to Ova antigen before the onset of visible AD, exaggerated Th2 responses and Th17
responses were seen as compare to Ova-sensitized Tg(-) littermates, suggesting that a biased
Th22 milieu facilitates Ag sensitization and associated dermal and systemic Th2/Th17
inflammatory responses (Figure 5). In this chronic AD model, IL-22 may serve as an
important link between the skin barrier defect with suppression of EDC differentiation and
Th2 polarization, possibly in part by enhancing allergen penetration through damaged
epidermis and by increased production of epithelial TSLP.

Patients with AD have a unique predisposition to colonization or infection by S. aureus (3).
The skin of 90% of AD patients is colonized with S. aureus whereas it occurs in only 10% of
healthy individuals (58, 59). Exacerbation of AD can be provoked by exposure to allergens
(60, 61) and superantigen-producing S. aureus (62). Our group and others have shown that
repeat epicutaneous (EC) allergen sensitization with ovalbumin (Ova) and HDM extract
induced AD-like dermatitis (21, 31, 32) and SEB synergistically enhances allergen induced
dermatitis in mice (21, 63). Although the diverse roles of SEB and antigen in skin
inflammation of AD are well appreciated, their role in itch in AD is still poorly understood.
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Strikingly high numbers of colonies of SEB-producing S. aureus on AD skin of 1L-22 mice,
not on Tg(-) skin implicate a role for IL-22 in increased susceptibility to S. aureus, possibly
in part via inhibiting TLRs (Figure 4e).

Chronic itch is a cardinal feature of human AD. Little is known about how dermal itch
sensory nerves (C fibers) interact with dermal immune cells and keratinocytes in the
initiation or aggravation of itch. GRP has been implicated as an itch-specific
neurotransmitter required for non-histaminergic pruritoceptive transmission (26, 64). The
pathophysiology of chronic itch (pruritoception) in AD involves a complex network of
cutaneous and neuronal cells, immune cells, mediators and impaired skin barrier and the
associated transdermal water loss (65). Antihistamines are ineffective in treating chronic itch
in AD, pointing to the existence of distinct pruritogens and histamine-independent itch
pathways (66, 67). A study using GRPR™~ mice showed that the GRP/GRPR system is
specifically involved in itch but not in pain (33). The role of GRP in specific transmission of
chronic itch in primates was demonstrated by over-expressing GRP in cutaneous nerve fibers
and its receptor on spinal cord (68).

It has been shown that the nerve endings (dermal afferents) of dorsal root ganglion neurons
have a variety of sensory receptors that are activated by mechanical, inflammation and
noxious stimuli. It is clear that both sensory neurons and the peripheral afferents are capable
of both elaborating and responding to cytokines (e.g. TNF-a)) and producing neuropeptides
and cytokines (IL-6 and IL-1), suggesting a complex network of inter-dependent signaling
exist between these various cellular elements of sensory nerves in the skin (69-73). In IL-22
induced AD, we showed strikingly high expression of GRP in AD lesional afferents and
increased numbers of the skin innervating sensory neurons in dorsal root ganglia (DRG)
(Figure 6a—e) as well as in GRP+ cells that co-expressed MBP (eosinophils), tryptase (mast
cells), and CD11b (DCs/Macrophages cells) (Figure 6f-i), suggesting complex bidirectional
interactions between the peripheral nerve system (skin GRP+ afferents and GRP+ sensory
neurons of these afferents) and dermal inflammatory and immune cells/cytokine stimulation,
which orchestrates a strong Th2/Th22 biased inflammation in AD skin. Further, GRP
enhanced the effects of IL-22 on GRP receptor expression on human epidermal
keratinocytes (Figure 7e), in agreement with the finding of differential expression of GRP
receptor in epidermal keratinocytes of transgenic IL-22 AD mice (Figure 6j).

Together these studies suggest that GRP may be involved in neurogenic inflammation and
chronic itch. GRP could be released by GRP+ neurons/afferents. Physical close interaction
between GPR+ afferents with the GRP receptor highly expressed on KCs could be important
in initiating and sustaining the skin neuro-inflammation and pruritus in IL-22-induced AD.
On the other hand, the expression of IL-31, a pruritic cytokine involved in chronic AD, was
significantly down-regulated by IL-22 (Figure 6n), suggesting that complex mechanisms are
involved in the pruritogenesis of chronic itch in AD. Consistently, GRP expression was also
significantly increased in skin lesions in patients with AD, but rarely seen in normal skin of
control subjects (Figure 8). In keeping with studies on the mechanisms of chronic itch in
AD, we have recently shown that TRPA1 is important in chronic itch in IL-13-induced AD
via a mast cell dependent mechanism (17) and others have shown TRPA1 is essential for the
signaling pathways that promote histamine-independent itch (17, 74). Further studies will
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need to characterize the molecular pathways connecting the cellular interactions between
inflammatory cells, keratinocytes, and nerves that are important in the pathogenesis and in
chronic itch in AD.

The importance of epithelial cells in regulating type-2 cell-mediated chronic inflammatory
disorders, such as asthma and atopic dermatitis, have been highlighted (75, 76). Epithelial
cell derived IL-25, IL-33 and TSLP promote type 2 cytokine responses either directly by
Th2 cytokine expressing cells (ILC2s, basophils and others) or indirectly via dendritic cell
polarization (10, 25, 77-84). IL-22 produced by activated T cells directly regulates the
function of barrier epithelial cells through binding to IL-22 receptor (IL-22R) (52, 85). To
understand how IL-22 induced atopic dermatitis with prominent Th2 inflammation and Th2
immunity, we tested the effects of IL-22 on keratinocytes, with or without GRP. The results
showed that IL-22 alone or in concert with GRP can directly act on keratinocytes to enhance
the expression of TSLP and IL-33 (Figure 7). Interestingly, GRP, an itch-specific
neuropeptide, not only stimulated KCs to produce TSLP but also collaborated with IL-22 in
upregulating epithelial GRPR expression, suggesting a direct role of IL-22 in promoting the
epidermal GRP/GRPR pathway, in agreement with strong expression of GRP in 1L-22-
induced AD lesions, the afferents and associated skin-innervating sensory neurons in DRG
and GRP receptor. IL-22 exerts its function on keratinocytes by activating STAT3 pathway.
However, co-stimulation with GRP on these cells did not alter STAT3 phosphorylation. An
up-regulation of GRP/GRPR has been suggested as a feature of the development of chronic
itch (26). Together, these findings highlighted a possible contributing role of GRP/GRPR
and IL-22 in chronic pruritus and neurogenic inflammation in AD.

In conclusion, our studies have demonstrated an important pathological role of IL-22 in an
AD-like disorder when IL-22 is selectively expressed in the mouse skin. This presents with
chronic pruritus, skin barrier impairment, biased local and systemic Th2 responses, and
chronic colonization of superantigen-producing S. aureus that mimic important pathologic
and immunologic features of human atopic dermatitis. Mechanistic studies showed that
IL-22 acts in part by stimulating keratinocyte production of innate epithelial Th2-promoting
cytokines, by down-regulating skin barrier and tight junction genes, and by stimulating the
GRP/GRPR pathway, which in turn is able to stimulate keratinocytes. These are previously
unrecognized effects of IL-22 and its interactions with the Th2 immunity and with a
neuropeptide signaling pathway in the pathogenesis of AD.
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Figure 1. Generation of inducible skin-specific 1L-22 transgenic mice (K5-tTA-1L-22) and IL-22
expression in the skin caused a chronic pruritic atopic dermatitis (AD)-like phenotype

(a) Schematic transgenic constructs and generation of K5-tTA-IL-22 mouse line. (b)
Genotyping of IL-22 Tg mice. Arrows point to mice positive for K5-tTA, TRE-Tight-1L-22
or both transgenes. (c, d) Skin specificity of 1L-22 expression in Tg(+) mice as determined
by RT-PCR 6 weeks after induction of the transgene by Dox withdrawal. (e) Expression of
IL-22 in the epidermis of Tg(+) mice by IHC, light brown color, using anti-I1L-22 antibody
(40x). (f) IL-22 protein levels in skin samples by ELISA. (g) IL-22 Tg(+) mice exhibit
chronic itchy eczematous dermatitis on the face, ears, neck and back, 4 months after the
IL-22 transgene was activated /n vivo, but not in Tg(=) mice. Shown is a representative pai,
Tg(+) mouse on the left and Tg(-) mouse on the right. (h) Numbers of itch-evoked
scratching and (i) Clinical scores of dermatitis: the progression of AD in a representative
group of Tg(+) mice after induction of 1L-22 transgene for varying time periods. Ten Tg(+)
mice and 5-6 Tg(-) mice per group for e, f, h and i. (*** p<0.001).
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Figure 2. 1L-22 caused chronic pruritic dermatitis characterized by increased thickness of the
epidermis, spongiosis, epidermal hyperplasia, and striking dermal inflammation (biased Th2

responses) and dermal fibrosis

(a, ¢) Increased thickness and qualification of the epidermis (H&E, 20x). (b) Collagen
accumulation in Tg(+) dermal region (Trichrome staining, Blue, 20x). (d, €) Inflammatory
cell differential (Stain with IHC or TB: toluidine blue). (f) Skin cytokine profile (markedly
increased 1L-13, IL-4, TSLP and IL-17), but not IFN-y by ELISA (n=8 mice each group,

*p<0.05, **p<0.01, and ***p<0.001); ns, not significant).
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Figure 3. IL-22-induced chronic AD associated with enhanced systemic Th2 responses
(a) Increased total serum IgE and 1gG1, but not IgG2a in Tg(+) mice; (b) Cytokine profiles

of IL-4, IL-13 and IL-17 and IFN-y produced by lymphocytes from cervical, axillary,
inguinal draining lymph nodes (DLNSs) and (c) from spleen from Tg(+) mice compared to
Tg(-) mice. Cells were stimulated with anti-CD3/CD28 for 72 hrs and cytokines in the
supernatant were measured by ELISA. Data are representative of three experiments with
similar results. Data are Mean+SEM (n=7-8 mice each group; *p<0.05, **p<0.01, and
***p<0.001).
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Figure 4. 1L-22 Tg(+) mice exhibited marked impairment of the epidermal barrier function,
down-regulation of epidermal barrier genes and alternation of the expression of TLRs and heavy
colonization of superantigen (SEB)-producing S. aureus on the skin

(a) Using a skin permeability assay /n situ, anesthetized Tg(-) and I1L-22 Tg(+) mice
without visible AD were immersed in toluidine blue, the entire skin of IL-22 Tg(+) mice
was stained dark blue (right). In contrast, the skin of 1L-22 Tg(-) mice was not permeable to
toluidine blue (left). (b) Diminished expression of the genes encoding the Epidermal
Differentiation Complex (EDC) including filaggrin-2, Claudin-1 and TGase 3 by gPCR. (c)
Increased colonization of S. aureus, but not S. epidermidis, on AD skin of Tg(+) mice and
(d) Associated specific IgE to S. aureus derived SEB. (e) Down-regulation of genes
encoding TLR-7 and TLR-9 in IL-22 Tg(+) mouse skin by gPCR. Data represent Mean
+SEM (n=7-8 mice each group; *p<0.05, **p<0.01, and ***p<0.001).
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Figure 5. I1L-22 promotes allergen sensitization, local and systemic Th2 and Th17 immune
responses

(a) Epicutaneous sensitization protocol. Before onset of AD, IL-22 Tg(+) mice and Tg(-)
littermates were epicutaneously (EC) sensitized with PBS or Ova (100 pg) on a sterile patch.
Skin pathology and immune responses were examined at day 50. (b) H&E of skin sections
at magnification 20x. Marked dermal Inflammation and (c) Epidermal thickness (um). (d)
ELISA quantification of cytokines in the skin; () Ova-stimulated lymphocytes of DLNSs;
and (f) splenocytes. Data are representative of two experiments with similar results, Mean
+SEM (n = 5-7 mice per group; *p<0.05, **p<0.01, ***p<0.001).
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Figure 6. I1L-22 induced enhanced expression of GRP and GRPR in the dermal immune cells,
afferent nerves and neurons in skin-innervating dorsal root ganglia (DRG)

(a, b, ) Expression and quantification of enhanced PGP9.5+ sensory nerves (green) co-
expressing GRP (red) in the epidermis; and (d, e) Expression and quantification of GRP+
(red) neurons in Tg(+) DRG by IF. (f, k) Increased expression and numbers of GRP+ cells
(red) in the dermis of Tg(+) skin; (g) GRP+ cells (red) co-expressing MBP* eosinophils
(green), (h) GRP+ cells (green) co-expressing Tryptase® mast cells (red), and (i) GRP+ cells
(red) co-expressing CD11b* DCs/Macrophages (green) by IF. (j) GRP Receptor (GRPR)
(red) inducibly expressed on Tg(+) keratinocytes, arrows, not on Tg(-) keratinocytes by IF.
() Increased GRP+ cells in Tg(+) AD correlated with AD severity and (m) with chronic
pruritus in Tg(+) mice. (n) Expression of IL-31 in the skin by qPCR, in acute AD (A) and
chronic AD (C). (n=7-8 mice each group; *p<0.05, **p<0.01, and ***p<0.001. HPF: high
power field).
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Figure 7. Upregulation of epithelial keratinocyte-derived Type 2 cytokines, GRP and GRPR by
IL-22 and GRP
After stimulation with various cytokines and GRP for 24 hrs, total RNA was purified from

primary human Kkeratinocytes (KCs). Quantitative PCR was used to evaluate the expression
of genes of interest. (a, b, c) MRNA expression of epithelial TSLP, 1L-33 and IL-25 relative
to medium-treated KCs. (d, €) Enhanced GRP and GRPR expression. (f) Activation of
STAT3 in KCs by IL-22 +/- GRP for 24 hrs. (g, h, i) Regulation of mMRNA expression of
FLG1, FLG2 and TGase 3 by GRP and cytokines. Similar results were obtained in two other
independent experiments. Data are Mean+SEM (*p<0.05; **p<0.01; ***p<0.001; ns, not
significant).
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Figure 8. Significant increase of dermal PGP9.5+ sensory nerves and enhanced expression of
GRP in human AD lesions

(a, b) IHC and quantification of dermal PGP9.5+ afferents. (c) Increased GRP+ dermal cells
in AD (Normal subject skin (NI) and lesional skin (AD) from patients), (**p<0.01, and
***p<0.001; HPF: high power field).
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