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Introduction
Autosomal dominant hyper IgE syndrome (AD-HIES), also known 
as Job’s syndrome, is a primary immune deficiency caused by 
dominant-negative loss-of-function mutations in the STAT3 gene. 
Recurrent Staphylococcus aureus skin abscesses (1), reminiscent of 
the boils that smote the biblical figure Job, are a defining feature 
of this syndrome. Additional features include elevated serum IgE, 
atopic dermatitis, recurrent pulmonary infections, bone fragility, 
and vascular abnormalities, all of which may be related to impaired 
wound healing and tissue remodeling (1–4). When a defect in the 
peripheral blood CD4+ T cell production of IL- 17 was discovered 
in patients with AD-HIES (5), it was proposed that the patients’ 
increased S. aureus susceptibility might be due to reduced IL-17 
production. However, the hypothesis of IL-17–mediated S. aureus 
defects in patients with AD-HIES has never been directly evalu-
ated. To assess the cutaneous immune response in AD-HIES, we 
induced suction blisters in healthy volunteers (HVs) and patients 
with AD-HIES, removed the epidermal layer, and challenged the 
wound with lethally irradiated bacteria (6). Here, we show that 
cutaneous production of IL-17A, IL-17F, and most antimicrobial  
peptides was normal in patients with AD-HIES, suggesting an 
alternative mechanism of aberrant S. aureus responses. We show 

that overproduction of TNF-α differentiated the responses of 
patients with AD-HIES from those of HVs and was associated with  
epithelial dysfunction, as indicated by markers of epithelial-to- 
mesenchymal transition (EMT). These results are consistent with 
prior studies demonstrating intact TLR signaling and an over-
production of TNF-α after TLR stimulation in AD-HIES (7–9).  
Defective responses in mouse models of AD-HIES and primary 
keratinocyte (KC) and fibroblast (FB) cultures from patients with 
AD-HIES could be reversed by TNF-α blockade or by EMT mod-
ulators. Our results identify TNF-α blockade and/or EMT modula-
tion as potential therapeutic approaches in patients with AD-HIES 
suffering S. aureus infections.

Results
An aberrant responses to S. aureus is associated with TNF-α over-
production in skin blister challenge models. Despite having colo-
nization rates similar to those in patients with atopic dermatitis, 
patients with AD-HIES had significantly greater rates of S. aureus 
skin abscesses (94% versus 10%) and S. aureus pneumonia (42% 
versus 0%; Supplemental Table 1). These data confirm reports 
of profound S. aureus susceptibility in AD-HIES that differenti-
ates it from atopic dermatitis. To begin to assess this susceptibil-
ity, we used a suction blister model that exposes wounded skin 
to either autologous serum (10) or lethally irradiated bacteria in 
saline diluent (6). Compared with HVs, patients with AD-HIES 
did not display any significant deficit of IL-17A in the initially  
accumulated (“neat”) blister fluid (Supplemental Figure 1A; 
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tal Figure 1I). Prior reports involving DCs suggested that STAT3 
mutations may lead to overproduction of TNF-α as a result of the 
STAT3 dependence of inhibitory IL-10 signaling (12, 13). We found 
that IL-10 accumulation in the blister fluid was equivalent between 
HVs and patients with AD-HIES (Figure 1D). IL-10 and IL-20, a 
related STAT3-dependent epithelial cytokine (14), inhibited TNF-α 
production in blister-infiltrating neutrophils from HVs, but not in 
those from patients with AD-HIES (Figure 1E). We found that IL-10  
inhibited TNF-α production in both HV and AD-HIES peripheral 
blood neutrophils (Figure 1F), suggesting differences in responsive-
ness resulting from activation and/or diapedesis. Peripheral neu-
trophils did not respond to IL-20 (Figure 1F), consistent with their 
reported lack of IL-20 receptor expression (15). Primary KCs from 
patients with AD-HIES stimulated with irradiated S. aureus pro-
duced more TNF-α than did KCs from HVs, but IL-10– and IL-20–
mediated inhibition was preserved (Figure 1G). Taken together, 
these results suggest that the TNF-α overproduction associated 
with AD-HIES may be driven by direct KC overproduction as well 
as failed inhibitory IL-10/IL-20 signaling in infiltrating cells.

Mouse models of AD-HIES display aberrant responses to S. aureus.  
We next aimed to model the aberrant responses seen in patients 

supplemental material available online with this article; https://
doi.org/10.1172/JCI121486DS1) or after exposure to 70% autol-
ogous serum (Supplemental Figure 1B). Likewise, patients with 
AD-HIES displayed no significant defect in the accumulation 
of IL-17A or IL-17F after exposure to saline (Figure 1A and Sup-
plemental Table 2) or irradiated methicillin-resistant S. aureus 
(MRSA) (strain USA300 LAC) (Figure 1B and Supplemental Table 
2). We performed intracellular staining on the infiltrating blister 
cells but were unable to identify the cellular source of IL-17. This 
may be indicative of technical limitations due to the predomi-
nance of neutrophils and low CD3+ T cell numbers in the blister 
fluid (Supplemental Figure 1, C and D), but may also suggest a 
cellular source in the underlying dermis.

Blister accumulation of other cytokines tested in response to 
autologous serum (Supplemental Figure 1, E and F), saline (Supple-
mental Figure 1G), or irradiated MRSA (Supplemental Figure 1H) 
did not differ between HVs and patients with AD-HIES. However, 
consistent with reports involving peripheral blood (11), patients had 
increased blister TNF-α concentrations in response to MRSA (Fig-
ure 1C). We observed similar but nonsignificant trends in the neat 
fluid and blister fluid responses to autologous serum (Supplemen-

Figure 1. Human STAT3 dysfunction is associated with over-
production of TNF-α. (A–D) Twelve HVs and eight patients 
with AD-HIES underwent blister induction and challenge of 
the wounded area with lethally irradiated bacteria or diluent 
control. IL-17A, IL-17F (A and B), TNF-α (C), and IL-10 (D) 
concentrations in blister fluid after 20 hours of incubation 
with saline (A, C, and D) or irradiated MRSA (B–D). (E–G) Live 
blister-infiltrating neutrophils (1 × 105) from the blister well 
challenged with irradiated MRSA as in B–D (E) or peripheral 
neutrophils (F) were harvested from 4 HVs and 4 patients 
with AD-HIES. The cells were then incubated ex vivo for 48 
hours with irradiated S. aureus (MOI of 10) and IL-10, IL-20, 
or diluent. (G) Approximately 1 × 106 primary KCs from 3 HVs 
or 3 with AD-HIES patients were incubated for 24 hours 
with irritated MRSA as in E and F. Shown is the supernatant 
TNF-α concentration from independent cell lines, which are 
indicated by individual dots. Data represent a combination of 
experiments involving individual patients (A–F) or are repre-
sentative of 3 independent experiments (G) and are displayed 
as the mean ± SD. *P < 0.05, **P < 0.01, and ***P < 0.001, by 
ANOVA with Bonferroni’s correction versus HVs across 14 tested 
cytokines (A–D; see also Supplemental Figure 1 and Methods).
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intermediate filament enhanced by STAT3 activation (ref. 23 and 
Figure 2F). Bone marrow transplantation failed to rescue lesion 
size defects in mutStat3 mice (Supplemental Figure 2), further 
suggesting potential epithelium-mediated pathology. Reduced 
EMT activation in AD-HIES is consistent with the clinical practice 
of inhibiting STAT3 as a therapeutic means of inhibiting EMT in 
the treatment of cancer (21). However, TNF-α has been described 
as an inducer of EMT (24), and thus evidence of reduced EMT 
activation in the presence of elevated TNF-α is an unexpected 
finding. This paradoxical result may reflect hormetic behaviors 
of high-dose TNF-α (25), or signaling defects specific to STAT3 
mutation that lead to defective EMT (18, 19).

AD-HIES is associated with defects in cell cultures of tissue remod-
eling. While bone marrow transplantation failed to rescue the anti–
S. aureus response in mutStat3 mice, we found that transplantation 
of mutStat3 bone marrow into WT mice worsened the outcomes 
(Supplemental Figure 2). Additionally, clinical bone marrow trans-
plantation has shown variable efficacy in treating the epithelial  
manifestations of AD-HIES (26–30). Taken together, these data 
suggest that hematopoietic cells are necessary but insufficient for 
normal tissue responses to infection. We therefore hypothesized 
that dysfunction in nonhematopoietic epithelial tissue may be 
an independent driver of pathology. To evaluate epithelial mor-

with AD-HIES using mutStat3 mice, which contain a transgenic  
insertion of 2 copies of dominant-negative Stat3 to mimic the 
genotype of patients with AD-HIES (16). Consistent with the clin-
ical presentation of AD-HIES, mutStat3 mice had larger lesion 
sizes than did WT littermate mice (Figure 2A). They also had an 
increased abundance of TNF-α transcripts in S. aureus–infected 
skin (Figure 2B), similar to our human blister data. MutStat3 mice 
had a lower abundance of IL-17A transcripts (Figure 2B); however, 
bacterial numbers did not differ from those in WT mice  in the skin 
or kidneys (a prominent site of dissemination; ref. 17 and Figure 2, 
C and D), suggesting that there was no dramatic defect in bacteri-
cidal mechanisms.

We speculated that known defects in wound healing and tis-
sue remodeling in AD-HIES (1–4), rather than direct bactericidal 
defects, may contribute to the aberrant responses to S. aureus. 
EMT is an essential process in wound healing that is influenced by 
multiple interlinked signaling pathways, including STAT3, Wnt/ 
β-catenin, and TNF-α (18–21). In line with the hypothesis of an 
EMT defect in AD-HIES, S. aureus–infected mutStat3 mice had 
reduced transcript levels of Wnt5a (Figure 2E), which has been 
reported to inhibit TNF-α production from human retinal pigment 
epithelial cells (22). Furthermore, mutStat3 mice had reduced 
transcript levels of other EMT markers, including vimentin, an 

Figure 2. MutStat3 mice have a defect in their cutaneous response to S. aureus. (A) Littermate WT mice or mice with a transgenic insertion of mutated 
Stat3 (mutStat3) were infected with 107 CFU MRSA by s.c. injection, and the lesion area was measured daily. (B) Transcript levels from homogenized skin 
harvested on day 5 or 6 in mutStat3 mice relative to WT (set to 1, dotted line), normalized to GAPDH, are shown for IL-1β, IL-17A, and βD4. (C) A 3-mm biopsy 
was taken from infected skin, and (D) the kidneys were collected on day 5 or 6 and homogenized and plated after serial dilutions to enumerate the CFU 
burden. (E and F) Transcript values, as in C, were normalized to GAPDH and are relative to WT. Data shown are a combination of 3 or more independent 
experiments and displayed as the mean ± SD. n = 4–7 mice per group, per experiment. *P < 0.05 and ***P < 0.001, by ANOVA with Bonferroni’s correction.
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B and C), and in the basal layer of AD-HIES KCs in the organo-
typic cultures (Figure 3D). A shift from cytoplasmic to nuclear  
localization of β-catenin is another marker of EMT (20). Con-
sistent with reduced EMT activity, AD-HIES–sourced KCs 
showed reduced nuclear β-catenin signal (Figure 3, E and F). 
Similarly, AD-HIES FBs had reduced expression of the β-catenin  
complex N-cadherin (Supplemental Figure 3, A and B). In a 
scratch assay (32) model of dynamic wound healing, we further 
found disorganized and deficient cell healing and migration in 
AD-HIES–sourced KCs (Supplemental Video 1 and Figure 3G), 
AD-HIES–sourced FBs (Supplemental Video 2 and Figure 3G), 

phogenesis, we used human organotypic skin cultures formed by  
seeding KCs on top of FBs and allowing for self-organization into 
both dermal and epidermal layers (31). Compared with HV-sourced 
cells, organotypic cultures from AD-HIES patients failed to cor-
rectly organize into the expected epithelial layers (Figure 3A). We 
observed disordered organization when either KCs or FBs were 
sourced from patients with AD-HIES (Figure 3A).

To further characterize this disordered epithelial organiza-
tion, we assessed markers of EMT in the organotypic cultures. 
In accordance with our mouse data (Figure 2F), vimentin signal 
was reduced in AD-HIES FBs, TNF-α–treated HV FBs (Figure 3, 

Figure 3. Skin cell cultures from patients with AD-HIES display TNF-α–sensitive defects in wound healing. (A) 3D organotypic cultures of KCs and FBs 
from HVs and patients with AD-HIES. (B) IF images (original magnification, ×20) for DAPI (blue) and vimentin (red) and (C) mean intensity of the IF signal 
of the leading edge of the scratch assay monolayer culture of dermal FBs from HVs and AD-HIES patients. (D) IF images of organotypic cultures, as in A, 
stained for β-catenin (red), vimentin (green), and DAPI (blue). FBs and KCs were sourced from both HVs and AD-HIES patients, as indicated. Scale bars: 40 
μm. (E) Western blot of nuclear and cytoplasmic fractions from KCs obtained from HVs and AD-HIES patients (KCs were cultured with TNF-α or diluent). 
(F) Band intensity for β-catenin, as in E, normalized to either a histone 3 (nuclear) or β-actin (cytoplasmic) loading control. (G) Area of coverage after 18 
to 22 hours of incubation in a scratch assay for KCs (see Supplemental Video 1) and FBs (see Supplemental Video 2). Data are representative of 3 or more 
independent experiments and displayed as the mean ± SD. n = 3 cell lines per group, indicated by individual dots. Each experiment used at least 2 different 
cell lines assayed in duplicate. *P < 0.05, **P < 0.01, and ****P < 0.0001, by ANOVA with Bonferroni’s correction, compared with diluent treatment (F), or as 
indicated. Dil., diluent.
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(Supplemental Figure 3E). Beneficial effects were also found in a  
S. aureus pneumonia model, in which TNF-α blockade rescued  
mutStat3 lung pathology, characterized by multifocal and  
coalescing regions of intense lymphohistiocytic and eosinophilic  
perivascular-to-interstitial inflammation (Figure 4E) that was 
associated with reduced vimentin signal in the infected tissue 
(Figure 4F). Similar treatment effects were seen with clofazimine 
or rosiglitazone (Supplemental Figure 4 and Supplemental Vid-
eos 1 and 2), two unrelated drugs with reported off-target effects 

and TNF-α–treated HV FBs (Supplemental Video 3 and Supple-
mental Figure 3C)

Blockade of TNF-α rescues aberrant anti–S. aureus responses in 
mutStat3 mice. Preclinical evaluation of TNF-α blockade reversed 
pathological responses to cutaneous S. aureus infection in mut-
Stat3 mice as measured by lesion size (Figure 4, A and B); histologic  
evidence of epidermal inflammation (Figure 4C); the expression 
of β-catenin and vimentin in the dermis (Figure 4D and Supple-
mental Figure 3D); and transcript abundance of IFN-γ and IL-17A 

Figure 4. TNF-α blockade rescues aberrant anti– 
S. aureus responses in mutStat3 mice. (A–D) Littermate  
WT and mutStat3 mice were treated with daily i.p. 
injections of anti–TNF-α or isotype control for 4 days 
prior to s.c. infection with 106 CFU MRSA (n = 3–5 mice 
per group). The mean resultant lesion area over time (A), 
as well as day-5 images of skin lesion (B), H&E histology 
(original magnification, ×20) (C), and IF staining (original 
magnification, ×10) (D) from the median mouse in each 
group. (E and F) WT and mutStat3 mice were treated 
with anti–TNF-α as above before nasal inoculation with 
108 CFU MRSA. H&E histological images from day 7 
(original magnification, ×40) (E) and IF images (original 
magnification, ×20) (F) of lung. Data are representative 
of 3 or more independent experiments and displayed 
as the mean ± SD. *P < 0.05 and **P < 0.01, by ANOVA 
with Bonferroni’s correction versus WT diluent– or isotype- 
treated control.
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on EMT (33) that may provide alternative therapeutic strategies 
that avoid the potential increased risk of mycobacterial infection  
associated with anti–TNF-α therapy (34).

Discussion
Our results suggest that overexpression of TNF-α and disordered 
EMT induction may contribute to aberrant S. aureus responses in 
AD-HIES. These findings do not exclude the possibility of a con-
tribution of IL-17 defects to S. aureus susceptibility. The preserved 
cutaneous IL-17 production seen in patients with AD-HIES should 
be interpreted cautiously, since we evaluated production up to 20 
hours after challenge, potentially before adaptive T cell cytokine 
deficiencies may be detectable. The decreased IL-17 we observed 
in mutStat3 mice 5–6 days after infection may reflect this kinetic 
issue or may indicate that cutaneous IL-17 production is γδT cell 
predominant in mice versus αβT cell predominant in humans (35). 
Our findings distinguish patients with AD-HIES from those with 
isolated IL-17 receptor defects or gain-of-function STAT1 muta-
tions, in whom defective IL-17 signaling has not been associated 
with TNF-α overproduction and confers infectious susceptibil-
ities more predominated by Candida albicans than S. aureus (36, 
37). Furthermore, elevated TNF-α in the context of hypomorphic 
STAT3 contrasts AD-HIES with psoriasis, in which elevated cuta-
neous levels of TNF-α (38) are associated with hyperactivity of 
STAT3 (39, 40).

Failed signaling of IL-10 family cytokines in responding 
leukocytes appears to contribute to the observed TNF-α over-
production, as may other signaling defects associated with 
STAT3 mutations (41). Our data suggest that the defects associ-
ated with EMT pathways in dermal FBs from AD-HIES patients 
may be partially mediated by Wnt signaling abnormalities and 
potentially exacerbated by excess TNF-α exposure. Similarly,  
AD-HIES KCs show defects in cell migration and reduced 
acquisition of EMT markers associated with abnormal β-catenin 
localization. Reduced EMT activation in AD-HIES is consistent 
with the known anti-EMT effects of STAT3 inhibition (21) and 
the reported STAT3 dependence of select EMT pathways (42, 
43). However, additional inquiry will be required to identify how 
AD-HIES mutations in STAT3 alter EMT activation.

The observed defects in EMT and β-catenin localization could 
conceivably affect the function of a wide variety of tissues (44), 
thereby contributing to the multisystem clinical spectrum seen in 
AD-HIES. However, tissue-specific differences in EMT pathways 
also indicate that extrapolation of our findings to other infection 
models or other diseases should be done cautiously, especially given 
that subtle differences in EMT markers and TNF-α sensitivity could 
be seen between FBs and KCs in our experiments.

Overall, our findings suggest that both overproduction of and 
paradoxical responses to TNF-α exposure contribute to epithelial 
dysfunction in patients with AD-HIES. Further mechanistic insight 
is needed to fully elucidate the role of STAT3 in EMT and epithelial 
function, but the reversal of pathology with TNF-α blockade and 
drugs with reported modulatory effects on EMT in mutStat3 mice 
and AD-HIES cell culture systems represent promising preclini-
cal findings. Additional studies will be required to assess whether 
these treatments can provide equivalent benefit when initiated 
after the onset of inflammatory pathology. Ultimately, our results 

suggest that abnormalities in epithelial responses, including EMT 
and associated TNF-α overproduction, may underlie the aberrant 
responses to S. aureus in patients with AD-HIES and that pharma-
ceutical intervention targeting these pathways may benefit this 
unique patient population.

Methods
Human subjects.Patients with AD-HIES and HVs were recruited to 
participate in this study at the NIAID under IRB-approved proto-
cols (NCT02262819 and NCT00001257). A total of 36 patients with 
AD-HIES were enrolled in the studies. Under protocol NCT00001257, 
five AD-HIES patients and twenty-one HVs underwent suction blister 
induction, and, after collection of the initially accumulated (neat) blis-
ter luminal fluid and removal of the epidermis, the wounds were chal-
lenged with 70% autologous serum (t0), and the subsequently accumu-
lated fluid was collected sixteen hours later (t16). Under NCT02262819, 
eight patients underwent blister induction, and the blister wounds were 
challenged with lethally irradiated bacteria for twenty hours prior to  
collection of the accumulated blister fluid; these patients also had their 
skin swabbed to assess S. aureus colonization. CFU equivalents (2 × 
107) of lethally irradiated S. aureus (strain USA300 LAC) were used for 
the bacterial challenge. The remaining 18 patients only had their skin 
swabbed to assess S. aureus colonization.

A total of 47 HVs enrolled in the studies, 21 of whom under-
went blister induction and challenge with 70% autologous serum 
(NCT00001257). An additional 12 HVs underwent blister induction, 
challenge with lethally irradiated bacteria, and assessment for S. aureus 
colonization (NCT02262819). The remaining 14 HVs only had their 
skin swabbed to assess S. aureus colonization. Skin bacteria isolation 
and culture were performed as previously described (45). Blisters were 
induced, and the subsequent cell infiltrate and cytokine concentrations 
in the blister fluid were determined as previously described (6, 46). 
Cell viability was approximately 50% in both groups as determined by 
LIVE/DEAD staining (BD Biosciences).

The rates of infections of S. aureus skin abscess and pneumonia 
were determined by chart review. Twenty patients with non–AD-HIES 
atopic dermatitis were recruited under the IRB-approved protocol 
NCT01164241.

Mice. Experiments were performed in both male and female mice 
but were age and se matched within each experiment. WT C57BL/6 
mice were purchased from The Jackson Laboratory. MutStat3 mice 
(C57BL/6-Tg(Stat3*)9199Alau/J) were a gift from Liana Falcone 
(NIAID, NIH) and Josh Milner (NIAID, NIH) or were purchased from 
The Jackson Laboratory. Littermate control mice were used as indi-
cated in the text. Skin infections, CFU assessment, and PCR on skin 
were all performed as previously described (14). Bone marrow trans-
plantation was performed as previously described (16). For anti–TNF-α 
treatment, mice were injected i.p. with 4 mg/kg anti–TNF-α (R&D Sys-
tems; catalog AB-410-NA) or goat IgG isotype (R&D Systems) daily for 
4 days. The following day, mice were challenged with S. aureus. Skin 
CFU assessment and mRNA transcript evaluations were performed 
as previously described (14). Mice treated with clofazimine (Sigma- 
Aldrich) and rosiglitazone (Cayman Chemical) received daily gavage 
beginning 3 days before and up through the day of the infection (days 
–3 to 0). Clofazimine was suspended in 1:1 DMSO and 100% ethanol to  
150 mg/ml, and this stock was diluted to 7.5 mg/ml in 5% w/v aga-
rose in sterile water. Rosiglitazone was suspended in 1:1 DMSO and 
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100% ethanol to 50 mg/ml, and this stock was diluted to 2.5 mg/ml  
in sterile water. A dose of 100 μl each of clofazamine and rosiglitazone 
was administered.

KC culture. KCs were cultured with irradiated 3T3-J2 FBs in  
feeder medium containing 3:1 (v/v) Ham’s F-12 Nutrient Mix (Invitro-
gen, Thermo Fisher Scientific) containing DMEM high glucose no glu-
tamine (Invitrogen, Thermo Fisher Scientific), 5% newborn calf serum 
(Thermo Fisher Scientific), 0.4 μg/ml hydrocortisone (Sigma-Aldrich), 5 
μg/ml insulin, 8.4 ng/ml cholera toxin, 10 ng/ml EGF (Invitrogen, Ther-
mo Fisher Scientific), 24 μg/ml adenine, 10 U/ml penicillin and 10 μg/ml 
streptomycin, 2 mM L-glutamine (Gibco), 100 μg/ml Primocin (Invitro-
gen), and 10 μM Y-27632 (Tocris). Y-27632 is a Rho kinase inhibitor, and 
its use in KC culture has been described previously (47, 48). 3T3-J2 feeder 
FBs were subcultured in DMEM (1×) with GlutaMAX (Invitrogen, Ther-
mo Fisher Scientific), 10% FBS (Hyclone), 25 mM HEPES, and 50 μg/ml 
gentamicin. FBs were cultured in 175-cm2 flasks at an initial density of 2 
× 106 cells and passed every 3 days using 0.25% trypsin-EDTA to detach 
cells. Prior to coculture with the KCs, 3T3-J2 cells were γ-irradiated with 
a dose of 60 Gy. Cocultured cells were passed using versene to detach 
the FB feeder cells, followed by 0.25% trypsin-EDTA to detach the KCs. 
After detachment, the KCs were passed through a 70-μm nylon filter to 
break up cell aggregates and then seeded in a 10-cm dish at a density of 4 
× 105 KCs/1 × 106 3T3-J2 FBs.

Primary FB culture. Primary dermal FBs were cultured in Corning 
162-cm2 flasks in culture medium consisting of high glucose DMEM 
with GlutaMAX supplement, penicillin, streptomycin, and 10% FBS (FB 
DMEM complete). Once cells reached 70%–90% confluency, they were 
washed with PBS and harvested using 7 ml of a 0.25%Trypsin/EDTA 
solution, before being reneutralized with 8 ml FB DMEM complete and 
pelleted via centrifugation at 1,200 g. The neutralization media were 
discarded before the cells were resuspended in FB DMEM complete, 
counted with trypan blue exclusion on a hemocytometer, and either 
split between flasks at a concentration of 5 × 105 cells/ml or plated for 
experimental use. Cells were split and passaged every 3 to 4 days.

Organotypic raft cultures. Organotypic raft culturing was performed 
as previously described, with modifications (49). Primary FBs (2 × 105) 
from either HVs or patients with AD-HIES were seeded in 100% type 1A 
rat-tail collagen (Corning) with 2 × 105 primary KCs from either HVs or 
patients with AD-HIES and seeded in a 24-well cell culture plate with 1 
ml raft medium (3:1 Ham’s F12 Nutrient Mix, Invitrogen, Thermo Fisher 
Scientific) containing DMEM High Glucose No Glutamine (Invitrogen, 
Thermo Fisher Scientific), 5% newborn calf serum (Thermo Fisher  
Scientific), 0.4 μg/ml hydrocortisone (Sigma-Aldrich), 10 ng/ml human 
EGF (Invitrogen, Thermo Fisher Scientific), 0.1 nM cholera toxin, 5 μg/
ml insulin, 2 mM glutamine (Gibco, Thermo Fisher Scientific), and 100 
μg/ml Primocin (Invitrogen, Thermo Fisher Scientific) and incubated 
overnight at 37°C and 5% CO2. The next day, the rafts were lifted onto 
a stainless-steel metal mesh and incubated in 6-well cell plates at the 
liquid-air interface for 13 days. Approximately 3 ml raft medium was 
used for each raft and changed every 2 days. After 13 days, the rafts were 
washed with PBS , fixed in formalin, and processed as described in the 
Immunofluorescence microscopy section of Methods.

KC and FB cytokine induction assays. Primary KCs were seeded 
in 2 types of media for these assays: SFM(+) containing Serum-Free 
Medium (SFM) (Gibco, Thermo Fisher Scientific) supplemented with 
10 ng/ml EGF, 50 μg/ml Bovine Pituitary Extract (BPE), 100 μg/
ml Primocin, and 10 μM Y-27636; or SFM(–), containing SFM with  

50 μg/ml BPE and 100 μg/ml Primocin. On day 0, cells were seeded 
in 1 ml  SFM(+) at a density of 2 × 105 cells/well in a 24-well cell cul-
ture plate and incubated at 37°C with 5% CO2 for 24 hours. On day 1, 
cells were washed 3 times with PBS, incubated briefly, agitated with 
0.5 ml versene, and washed again 3 times with PBS followed by addi-
tion of 1 ml SFM(–). Cells were then incubated again at 37°C and 5% 
CO2 for 24 hours. On day 2, cells were first washed with PBS 3 times, 
and then 400 μl SFM(–) containing the treatment was added. For FBs, 
on day 0, cells were seeded in 1 ml FB DMEM complete at a density  
of 2 × 105 cells/well in a 24-well cell culture plate and incubated at 
37°C with 5% CO2 for 24 hours. On day 1, the FBs were washed with 
PBS and incubated in DMEM with GlutaMAX supplement, penicillin, 
and streptomycin only (FB SFM) for another 24 hours at 37°C and 5% 
CO2 for 24 hours. On day 2, cells were washed again with PBS and then 
received 400 μl FB SFM–containing treatments. For the human β- 
defensin induction assay, the treatments were a combination of 10 ng/
ml IL-17A (R&D Systems) and IFN-γ (R&D Systems) or 0.1% BSA in 
PBS (no-treatment control). For the β-catenin and vimentin induction 
assay, the treatments were 2 ng/ml TNF-α (R&D Systems) or 0.1% 
BSA in PBS. Cells were incubated at 37°C and 5% CO2 for 48 hours, 
after which RNA, protein, or supernatant was collected.

Immunoblot analysis. Protein was isolated using the NE-PER Kit 
(Thermo Fisher Scientific) following the manufacturer’s instructions. 
Protein amounts were quantified using the Pierce BCA assay (Thermo 
Fisher Scientific). Protein (2 μg/sample) was loaded into a 1.5-mm, 
10-well NuPAGE 4%–12% Bis-Tris Gel (Thermo Fisher Scientific) 
and imaged using an Odyssey 3034 (LI-COR Biosciences). Integrated  
densitometry was calculated using ImageJ software (NIH). The fol-
lowing antibodies were used: β-catenin (E-5, Santa Cruz Biotechnol-
ogy, catalog sc-7964; 1:50); vimentin (Life Technologies, Thermo 
Fisher Scientific, catalog MA5-11883; 1:50); histone H3 (D1H2, Cell 
Signaling Technology, catalog 44996; 1:500); β-actin (13E5, Cell 
Signaling Technology, catalog 4970S; 1:1,000); Rabbit IgG (H&L) 
Antibody DyLight 800 Conjugated (Rockland, catalog 611-145-002; 
1:10,000); and Mouse IgG (H&L) Antibody DyLight 680 Conjugated 
(Rockland Antibodies and Assays, catalog 610-444-002).

Real-time relative reverse transcription PCR. Real-time relative 
reverse transcription PCR (RT-PCR) was performed using the Applied 
Biosystems 7500 Fast Real-time PCR system as previously described 
(14). The TaqMan One-Step Real-Time RT-PCR Kit (Thermo Fisher  
Scientific) was used to detect mRNA expression of human GAPDH  
(Thermo Fisher Scientific, Hs02758991_g1) and hBD2 (Thermo Fisher 
Scientific, Hs04194486_g1). Mouse primers were also purchased from 
Thermo Fisher Scientific as described previously (14), with additional 
markers including Pparg (Mm00440940_m1); Wnt3a (Mm00437337_
m1); Wnt5a (Mm00437347_m1); Wnt6 (Mm00437353_m1); Fzd1 
(Mm00445405_s1); Fzd9 (Mm01206511_s1); vimentin (Mm00619195_
g1); Twist1 (Mm00442036_m1); Snail1 (Mm00441533_g1); Slug 
(Mm00441531_m1); and Zeb1 (Mm00495564_m1).

ELISA. hBD2 was quantified using the Human BD2 Standard 
TMB ELISA Development Kit (PeproTech) according to the manu-
facturer’s instructions, with minor alterations. A streptavidin concen-
tration of 0.5 μg/ml was used, and the color was allowed to develop  
for 10 minutes after addition of tetramethylbenzidine (TMB). Cyto-
kine concentrations for Supplemental Figure 1, A, B, E, and F were 
determined using custom plates for the indicated analytes (Meso  
Scale Diagnostics).
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top of the well) to provide a reference point for subsequent images. 
Images were taken with a Zeiss Axiovert 200 using an exposure time 
of 700 ms just after the scratch was made at t0, and then again after 18  
hours of 37°C incubation. The original magnification used to image 
the cells was ×2.5.

Live imaging scratch assay. The setup and treatment concentra-
tions were the same as those described in the fluorescence microscopy 
scratch assay, except that only one 24-well plate was used instead of 
two. After the scratch was made, the cells were placed in a container 
on a movable stage that was kept at 37°C and 5% CO2. Two positions 
were programmed for each well using the LAS X program, and a ×10 
image was taken every 10 minutes for 22 hours. The images were com-
piled into a movie using Imaris 9.0, which was also used to calculate 
the percentage of wound healing. The total surface area of the scratch 
at both the beginning and the end of the 22-hour period was measured 
using the “insert surface” feature. Then, the 22-hour surface area 
was divided by the 0-hour surface area, which gave the percentage of 
change in wound area. This change in wound area was subtracted from 
100% to give the relative percentage of wound healing in each condi-
tion for each cell line.

Immunofluorescence microscopy of paraffin-embedded tissue. Tissue 
sections were fixed in formalin and sent to Histoserv Inc. for process-
ing. Sections were deparaffinized with three 3-minute washes with 
Xylene substitute (Thermo Fisher Scientific, catalog 9990505). Fol-
lowing this, tissue was washed with three separate 3-minute washes in 
100% dehydrant (Thermo Fisher Scientific, catalog 22050106), and 
then one 3-minute wash in 95% dehydrant (Thermo Fisher Scientific, 
catalog 22050107). Tissue was then rinsed with tap water and sub-
merged in deionized water briefly, heat-induced antigen retrieval was 
performed on the tissue using epitope retrieval solution, pH 6 (Leica, 
catalog RE7113-CE), and an Instant Pot pressure cooker was set on 
“soup” at high pressure for 40 minutes. Slides were then washed in 
PBS for 5 minutes, permeabilized with 0.1% Triton X-100 in PBS for 
10 minutes, and blocked in 3% BSA with 1% FBS and 0.1% Tween-20 
in PBS for 2 hours at room temperature. Next, the primary antibody 
targeting β-catenin (Santa Cruz Biotechnology, catalog sc-7963) was 
added at a concentration of 4 μg/ml blocking solution and incubated 
overnight at 4°C. Following this, the slides were washed 3 times with 
0.1% Tween-20 in PBS, and the secondary antibody goat anti-mouse 
IgG AF594 (Thermo Fisher Scientific, catalog A-11005) was added at 
a concentration of 10 μg/ml in the blocking solution and incubated at 
room temperature for 2 hours. DAPI was added at a concentration of 
300 nM for 10 minutes, and following this, the slides were washed 
again 3 times with.1% Tween-20 in PBS and then mounted using 
Lab Vision PermaFluor (Thermo Fisher Scientific). The slides were 
imaged as described in the Fluorescence microscopy scratch assay sec-
tion of Methods.

Statistics. Means were compared by unpaired, 2-tailed t test or 
by ANOVA for comparisons of multiple samples, using GraphPad 
Prism (GraphPad Software). Bonferroni’s correction for Figure 2, A–C, 
accounted for the 14 analytes in the multiplex assay. A P value of less than 
0.05 was considered statistically significant.

Study approval. Studies in humans were conducted under 
the registered clinical trials NCT02262819 and NCT00001257  
(www.clinicaltrials.gov) after approval from the IRB of the NIAID, 
NIH. Patients with non–AD-HIES atopic dermatitis were recruited 
under the NIAID IRB–approved protocol NCT01164241. All subjects 

Fluorescence microscopy scratch assay. Coverslips (15-mm) were 
placed inside each well of two 24-well plates, one designated t0 and the 
other t18. KCs were seeded at a density of 2 × 105 cells/well in SFM(+) at 
37°C. After 24 hours, the media were replaced with SFM without EGF 
and Y-27632 SFM(–), and for those media that received 2 μg/ml clofaz-
imine (Sigma-Aldrich) and 3.5 μg/ml rosiglitazone (Cayman Chemical) 
in advance of TNF-α (R&D Systems), the supplements were added at 
this point, and then both plates were incubated for another 24 hours 
at 37°C. The next day, the cells were washed with PBS and the media 
replaced with SFM(–) containing the appropriate amounts of the follow-
ing: 2 μg/ml clofazimine, 3.5 μg/ml rosiglitazone, 20 ng/ml TNF-α, or 
0.05% ethanol to serve as the diluent control. The cells were incubated 
for another 24 hours at 37°C, and the next day, the cells were washed 
with PBS and 0.5 ml of 10 μg/ml mitomycin C for 2 hours at 37°C. Next, 
the media were replaced with PBS, and using a 200-μl RAININ pipette 
tip, a scratch was made lengthwise down the well spanning the entire 
diameter. The cells were then washed 3 times with PBS, and 3.7% form-
aldehyde in PBS was added to the plate designated t0. SFM(–) media 
were added to the t18 plate and placed back into the 37°C incubator for 
18 hours. Following this, the media were aspirated and replaced with 
3.7% formaldehyde in PBS. For FBs, the same general procedure was 
followed, except the cells were seeded in FB DMEM complete media 
for 24 hours, which was then replaced with DMEM complete contain-
ing each treatment supplemented in the media.

The immunostaining procedure began by washing the covers-
lips in PBS, followed by permeabilization for 5 minutes in 0.1% Triton 
X-100 in PBS. Cells were then blocked for 1 hour at room temperature 
in 3% BSA with 1% FBS and 0.1% Tween-20 in PBS, followed by incu-
bation overnight at 4°C with a primary antibody for β-catenin (Santa 
Cruz Biotechnology, catalog sc-7963) or vimentin (Life Technologies,  
Thermo Fisher Scientific, catalog MA5-11883; 1:50). The next day, the 
cells were washed in 0.05% Tween-20 in PBS and then incubated for 1 
hour at room temperature with the secondary antibody goat anti-mouse 
IgG AF594 (Thermo Fisher Scientific, catalog A-11005). The cells were 
then washed again in the 0.05% Tween-20/PBS mixture and then incu-
bated with 300 nM DAPI (Thermo Fisher Scientific) for 5 minutes. The 
slides were mounted using Thermo PermaFluor and imaged using a 
Leica DMI6000 Inverted Fluorescence Microscope equipped with a 
Leica DFC345 Monochrome camera and using LAS X software for data 
collection (original magnifications of ×10 and ×63 were used).

Percentage of coverage determined by fluorescence: DAPI-
stained cells within an area measuring 838 × 698 μM2 in each image 
were counted using Imaris 9.0. The percentage of coverage was deter-
mined as follows:
T18 = Average cell number from hour-18 slide scratch area (n = 5)
T0 = Average cell number from hour-0 slide scratch area (n = 5)
TAvg = Average cell number from hour-18 slide nonscratch area (n = 3)

 

    

(Equation 1)

Light microscopy scratch assay. The light microscopy scratch assay 
was performed similarly to the fluorescence assay, except that only 
single plates were used instead of duplicate plates. Before the cells are 
seeded, the 24-well plate was prepared by etching a line on the bot-
tom of the plate across the width of each well (0.5 cm down from the 
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