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The Journal of Immunology

Exacerbation of Allergen-Induced Eczema in TLR4- and
TRIF-Deficient Mice

Eric B. Brandt,*,† Aaron M. Gibson,*,† Stacey Bass,*,† Carolyn Rydyznski,*,† and

Gurjit K. Khurana Hershey*,†

Despite its presence on resident skin cells, the role of TLR4 in skin diseases remains poorly understood. This is highly significant

because the skin biome is rich with potential TLR4 agonists.We aimed to establish the contribution of TLR4 to atopic dermatitis and

determine the mechanism by which TLR4 acts in an experimental model of atopic dermatitis. MyD88, TLR4, or Toll–IL-1R

domain-containing adapter-inducing IFN-b (TRIF)–deficient and wild-type mice were epicutaneously exposed to Aspergillus

fumigatus allergen over 3 wk. Impaired skin barrier function was assessed by measuring transepidermal water loss (TEWL).

Skin levels of innate and adaptive genes were quantified. In an experimental model of atopic dermatitis, TEWL, allergic sensi-

tization, and epidermal thickness were increased following cutaneous allergen exposure, and these were further enhanced in the

absence of TLR4. Increased allergen-induced skin levels of innate (S100A8/A9, IL-1b, TNF-a, and CXCL2) and Th17 genes (IL-

17A and IL-17F) were observed in TLR4-deficient mice compared with wild-type mice. The absence of MyD88 alleviated disease

(decreased TEWL, skin thickness, proinflammatory cytokines), whereas TRIF deficiency exacerbated disease. In conclusion,

signaling through the TLR4 and TRIF pathways limits skin barrier dysfunction, cutaneous allergic sensitization, and proinflam-

matory cytokine production. The Journal of Immunology, 2013, 191: 000–000.

A
topic dermatitis (AD) is a chronic relapsing inflammatory
skin disease whose prevalence in industrialized countries
has nearly tripled in the past 30 y (1). A growing body

of evidence suggests that defects in the innate immune system
promote the development and severity of AD and underlie the in-
creased susceptibility of these patients to skin pathogens (2).
Defects that have been reported in AD include those that affect skin
barrier function, expression of antimicrobial proteins, the function
and/or expression of pattern recognition receptors, and innate im-
mune cells such as dendritic cell subsets (2). Over 20 studies have
reported positive associations between polymorphisms in an es-
sential skin barrier gene (filaggrin) and AD (3). In mice, a sponta-
neous AD-like skin phenotype develops when filaggrin-deficient
mice age in a conventional facility, underscoring the key role of
the skin barrier and environmental pathogens as drivers of disease
(4, 5). Staphylococcus aureus colonizes the skin of .90% of AD
patients, often promoting disease exacerbations (6).
TLR are pattern recognition receptors involved in sensing patho-

gens and helping mount pathogen-specific innate and adaptive im-
mune responses. TLRs have been implicated in superinfections of
AD lesional skin (2, 7, 8). A genetic polymorphism in TLR2 was
associated with increased severity of S. aureus infection in patients

with AD (9). Furthermore, S. aureus skin infection in TLR2-deficient
mice resulted in more severe lesions (10). Genetic polymorphisms in
the adaptor protein MyD88 adaptor-like, TLR9, and CD14, a TLR4
adaptor protein, have also been implicated in AD (11–13). Recently,
PCR analysis of 16S rRNA sequences has revealed that residential
skin flora is much more diverse than previously thought (14). In
mice, Gram-negative bacteria, which are recognized by TLR4, rep-
resent the majority of commensal skin flora (15, 16). Accordingly,
TLR4 has been implicated in AD specifically in the context of
Escherichia coli colonization or vaccinia infection (17, 18).
All TLRs present on keratinocytes, except TLR3, signal through

the MyD88. Thus, LPS binding to TLR4 at the plasma membrane
induces theMyD88 pathway. However, LPS can also induce CD14-
mediated TLR4 endocytosis, which promotes signaling through
Toll–IL-1R domain-containing adapter-inducing IFN-b (TRIF) and
TRIF-related adapter molecule much like viral RNA binding to
TLR3 (19, 20).
Despite the increasingly recognized role of innate immunity in

the pathogenesis of AD and the expression of TLR4 on kerati-
nocytes and other innate and adaptive immune cells present in the
skin (7, 21), the role of TLR4 in AD has yet to be investigated (2,
5). In this study, our data reveal that, whereas signaling through
MyD88 promotes allergen-induced skin barrier dysfunction, sig-
naling through TLR4 and TRIF is protective.

Materials and Methods
Mice

TLR4-, TRIF-, and MYD88-deficient mice on a C57BL/6 background and
control C57BL/6 mice (Jackson Laboratory, Bar Harbor, ME) were kept in
a specific pathogen-free environment. All procedures were performed in
accordance with the ethical guidelines in the Guide for the Care and Use of
Laboratory Animals of the Institutional Animal Care and Use Committee
approved by the Veterinary Services Department of the Cincinnati Child-
ren’s Hospital Medical Center Research Foundation.

Epicutaneous allergen exposure

Mice were anesthetized with Isoflurane (IsoFlo; Abbott Laboratories, North
Chicago, IL), and their backs were shaved with an electric razor 1 d before
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the first allergen exposure. Either 200 ml sterile saline solution or Asper-
gillus fumigatus extract (Asp; Greer Laboratories, Lenior, NC), resus-
pended in saline solution at a concentration of 1 mg/ml, was applied to a
2 3 2-cm patch of sterile gauze. The patch was secured by TegaDerm, and
the mouse was wrapped with a band aid and waterproof tape. After 6 d, the
patch was removed, and 24 h later a new patch was applied for a total of
three patches over a 3-wk period, as shown in Fig. 1A. Endotoxin levels in
Asp were assessed using the Cambrex QCL1000 assay (1 mg/ml contains
1.5–2 EU/ml or 0.3–0.4 ng/ml endotoxins, resulting in 0.06–0.08 ng en-
dotoxin exposure per patch).

Measurement of transepidermal water loss

Transepidermal water loss (TEWL) was measured by using DermaLab’s
instrument (DermaLab USB module; Cortex Technology, Hadsund, Denmark),
as previously described (22). Briefly, TEWL was assessed over a 1-min
period by placing the probe against the skin surface in the center of area
exposed to the saline/allergen-soaked patch. An average of the two readings
per mouse was used, and TEWL measurements were recorded as grams
per meter squared per hour.

Skin scoring system

Mice were visually assessed for excoriations, erythema, and skin thickening
in the area covered by the patch. Skin thickening was scored a 0 (thickness
comparable to a wild-type [WT] mouse skin), 1 (slight thickening of skin), 2
(significant thickening of the skin over at least one-third of the back), and 3
(significant thickening of the skin over at least two-thirds of the back).
Excoriations were scored 0 (no scratches), 1 (1–3 excoriations), 2 (multiple
excoriations on one-third of the back), and 3 (multiple excoriations on
most of the back). Measurements were made by two independent inves-
tigators, and the average of the scores for each parameter was recorded.
The total score from the excoriations and thickening is presented as the
skin score for each mouse.

Allergen-specific Ab levels

Aspergillus-specific IgG1, IgG2c, and IgE plasma levels were measured by
ELISA. Briefly, plates were coated with Asp (100 mg/ml) overnight at 4˚C.
Blocking was done with 10% FBS in PBS, and all washes were performed
with 0.05% Tween 20 in PBS. Plasma samples were diluted 1:10, 1:25, and
1:100 for IgG1 and 1:5 for IgG2c and IgE. After 2 h of incubation, plates
were washed and either HRP-conjugated anti-mouse IgG1 (X56; 1:1000;
BD Biosciences-Pharmingen), HRP-conjugated anti-mouse IgG2c (1:400;
Southern Biotech), or biotin anti-mouse IgE (R35-118; 1:250; BD Phar-
mingen) was added for 1 h, followed by an incubation with streptavidin-HRP
(R&D Systems; DY998; 1:200) in the case of IgE. The reaction, generated
by the addition of the tetramethylbenzidine substrate reagent (BD Bio-
sciences), was stopped with 2 N H2SO4; the absorbance was read at 450 nm.

Mast cell staining and measurement of skin thickness

Skin tissues were fixed in 10% formalin immediately after mice were
euthanized. Paraffin-embedded tissues were cut into 5-mm sections and
stained with either H&E to assess skin thickness or Leder stain to identify
mast cells (23). Epidermal thickness was quantified using morphometric
software (Image Pro Plus 4.1; Media Cybernetics, Silver Spring, MD).

Immunohistochemistry

Tissue samples were fixed in 10% formalin and processed using standard
histological techniques. Briefly, 5-mm sections were quenched with H2O2,
blocked with 3% normal goat serum, and stained overnight at 4˚C with rat
anti-mouse myelin basic protein (1:1000; a gift of J. and N. Lee, Mayo
Clinic, Scottsdale, AZ) or rat anti-mouse Ly6G (1:200; BioLegend). The
slides were washed and incubated with biotinylated anti-rat Ab and avidin-
peroxidase complex (Vectastain ABC Peroxidase Elite Kit; Vector Labo-
ratories, Burlingame, CA). The slides were then developed by nickel
diaminobenzidine to form black precipitates (DAB Kit; Vector Laborato-
ries) and counterstained with nuclear fast red. Quantification of stained
cells per field of dermis was performed blinded (15–20 fields at 403
objective were analyzed per skin section).

Lymph node cell isolation and culture

Skin draining inguinal and axillary lymph nodes were pooled and crushed
with a syringe rubber through a 70-mm cell strainer. Isolated cells were
counted and plated at 106 cells/well in a 24-well plate. Cells were then
stimulated with Asp (30 mg/ml) and cultured at 37˚C for 5–6 d. IL-4 and
IL-17A levels in culture supernatants were assessed by ELISA, according
to the manufacturer’s instructions (BioLegend).

Real-time PCR

Total RNA was isolated from homogenized mouse skin using TRIzol
(Invitrogen), according to manufacturer’s instructions, and DNase treated
(Qiagen, Valencia, CA) before being reverse transcribed with First Strand
Superscript Synthesis kit (Invitrogen). Quantitative real-time PCR analysis
of murine skin was done using LightCycler FastStart DNA master SYBR
Green I as a ready-to-use reaction mixture (Roche). cDNAwere amplified
using the following primers, and gene expression was normalized to hy-
poxanthine phosphoribosyltransferase (HPRT) forward, 59-TGCCGAG-
GATTTGGAAAAAG-39 and reverse, 59-CCCCCCTTGAGCACACAG-39;
IFN-g forward, 59-CAGCAACAGCAAGGCGAAAAAGG-39 and reverse,
59-TTTCCGCTTCCTGAGGCTGGAT-39; IL-4 forward, 59-CTGTAGG-
GCTTCCAAGGTGCTTCG-39 and reverse, 59-CCATTTGCATGATGCT-
CTTTAGGC-39; IL-17A forward, 59-ACTACCTCAACCGTTCCACG-39
and reverse, 59-AGAATTCATGTGGTGGTCCA-39; IL-17F forward, 59-
TGGAGAAACCAGCATGAAGTG-39 and reverse, 59-AGTCCCAACAT-
CAACAGTAGC-39; IL-17C forward, 59-CTGGAAGCTGACACTCACG-
A-39 and reverse, 59-ACACAAGCATTCTGCCACC-39; thymic stromal
lymphopoietin (TSLP) forward, 59-TCAATCCTATCCCTGGCTG-39 and
reverse, 59-GCATGAAGGAATACCACAATCTTA-39; IL-1b forward, 59-
AAGCCTCGTGCTGTCGGACC-39 and reverse, 59-CCAGCTGCAGGG-
TGGGTGTG-39; IL-6 forward, 59-TGATGCACTTGCAGAAAACA-39
and reverse, 59-ACCAGAGGAAATTTTCAATAGGC-39; TNF-a forward,
59-AGGGTCTGGGCCATAGAACT-39 and reverse, 59-CCACCACGCTC-
TTCTGTCTAC-39; S100A8 forward, 59-CCATGCCCTCTACAAGAATG-
39 and reverse, 59-ATCACCATCGCAAGGAACTC-39; S100A9 forward,
59-GAAGGAAGGACACCCTGACA-39 and reverse, 59-GTCCAGGTCCT-
CCATGATGT-39; CXCL1 forward, 59-CCACACTCAAGAATGGTCGC-
39 and reverse, 59-TCTCCGTTACTTGGGGACAC-39; CXCL2 forward,
59-CCAACCACCAGGCTACA-39 and reverse, 59-GCCCTTGAGAGTGG-
CTATGA-39.

Statistical analysis

Reported values are expressed as mean 6 SEM. Statistical analysis was
performed using Prism 5 (GraphPad Software). One-way ANOVA fol-
lowed by Bonferroni’s multiple comparison tests was performed on all
experiments. Correlations were assessed using Spearman’s nonparametric
test. Significance was set at a p value of 0.05.

Results
Exacerbated skin barrier dysfunction in TLR4-deficient mice
following repeated cutaneous allergen exposure

One of the cardinal features of AD is an impaired skin barrier,
which is commonly demonstrated by measuring increased TEWL
(22, 24). In a murine model of AD, TLR4 deficiency did not result
in altered TEWL at baseline or in saline-patched mice (Fig. 1B).
TEWL levels remained unaltered following the first Aspergillus
patch and increased after each subsequent exposure to the allergen
(Fig. 1B). Repeated epicutaneous allergen exposures result in skin
inflammation and epidermal thickening as well as other clinical
features of AD reflected by elevated skin scores (Fig. 1C). Asp-
patched TLR4-deficient mice had markedly increased TEWL and
skin scores compared with WT mice (Fig. 1B, 1C).
Because of significant baseline differences between female and

male mice in the thickness of their dermis and subdermal fatty
layer, we examined epidermal thickness. A 3- to 5-fold increase in
epidermal thickness was observed between saline and Asp-patched
mice (Fig. 1D). Epidermal thickness was significantly increased in
TLR4-deficient mice compared with WT mice following the third
Aspergillus exposure (Fig. 1D). Furthermore, a significant corre-
lation was observed between TEWL and epidermal thickness among
Asp-exposed skin samples from WT and TLR4-deficient mice
(r = 0.38, p = 0.018).

Increased sensitization to Aspergillus in TLR4-deficient mice

To assess whether the observed skin barrier disruption was asso-
ciated with increased allergen sensitization via the skin, plasma
levels of Asp-specific IgG1, IgG2c, and IgE were determined.
Three weeks of epicutaneous Aspergillus exposure resulted in
measurable levels of Asp-specific IgG1 (Fig. 1E), but Asp-specific
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IgE or IgG2c Abs were mostly undetectable (data not shown). No
significant differences in total baseline IgG1, IgG2c, or IgE levels
were observed between naive TLR4-deficient and WT mice (data
not shown). However, among Asp-treated mice, TLR4-deficient
mice had significantly higher Asp-specific IgG1 titers compared
with WT mice, indicating increased allergen sensitization (Fig. 1E).

Allergen-induced recruitment of inflammatory cells in WT and
TLR4-deficient mice

Previous studies have reported that experimental AD resulting from
repeated OVA exposure of tape-stripped skin is characterized not
only by skin thickening, elevated OVA-specific Abs, but also by
dermal accumulation of Th2 cells, eosinophils, and mast cells (25).
In our experimental model, increases in inflammatory cells were
observed in the dermis of Aspergillus-patched mice compared
with saline-patched mice. To assess the nature of the inflammatory
infiltrate, paraffin-embedded skin sections were stained for eosi-
nophils (anti-myelin basic protein), mast cells (Leder stain), and
neutrophils (anti-Ly6G). Mast cell, eosinophil, and neutrophil num-
bers were all significantly increased in the dermis of Asp-patched
mice (Fig. 2). However, TLR4 deficiency did not significantly alter

dermal eosinophil, mast cells, or neutrophil numbers following
Aspergillus exposure (Fig. 2). Unlike eosinophils and mast cells,
neutrophils were almost exclusively observed infiltrating the der-
mis below excoriations (Fig. 2C).

Increased allergen-induced IL-17A skin levels in
TLR4-deficient mice

To assess the nature of the adaptive immune response, we mea-
sured Th2 (IL-4), Th1 (IFN-g), and Th17 (IL-17A, IL-17F)
cytokines in the skin beneath the patched area by real-time PCR
following the second and third patches. Following the second Asp
patch, IFN-g and IL-4 mRNA skin levels remain unchanged,
whereas IL-17A and IL-17F mRNA, but not IL-21 and IL-23p19
mRNA levels, were increased (Fig. 3A–C; data not shown). Despite
a trend suggesting increased IL-4 generation in TLR4-deficient
mice after the second Asp patch, the absence of TLR4 had no
significant impact following the third Asp patch on IL-4 skin
mRNA levels or IL-4 protein levels in Asp-stimulated lymph node
cell cultures (Fig. 3B, 3D). Following the third Asp patch, IL-17A
skin mRNA levels were increased, whereas IFN-g were decreased
in TLR4-deficient mice (Fig. 3A, 3C). TLR4 deficiency resulted in
increased IL-17A protein levels in the supernatant of Asp-stimulated
cells isolated from skin draining lymph nodes (Fig. 3E) consistent
with the mRNA data.

Increased allergen-induced proinflammatory cytokine levels in
TLR4-deficient mice

To assess the nature of the innate immune response, keratinocyte-
derived genes were quantified following the second and third al-
lergen patches. Keratinocytes are a major source of TSLP in acute
and chronic lesions of AD, and TSLP has been implicated in
disease pathogenesis (26–28). In our model, TSLP skin mRNA
levels were increased after the second allergen patch in TLR4-
deficient mice compared with WT mice, but were similar to WT
mice after the third Aspergillus patch (Fig. 4A).

FIGURE 1. Impaired skin barrier function following A. fumigatus

patches. (A) Experimental protocol timeline. (B) One day after each patch

removal, TEWL measurements were obtained within the patched area. n =

4 mice/group; mean 6 SEM; two-way ANOVAwith Bonferroni posttests,

***p , 0.001. (C) Skin inflammatory score (Kruskal–Wallis ANOVA test,

p , 0.0001, followed by Mann–Whitney U test between Aspergillus-ex-

posed WT and KO mice, *p = 0.018). (D) Epidermal thickness was

assessed by morphometric analysis of 3–5 pictures/mouse; representative

pictures of mice taken 24 h after removal of third patch. n = 16–19/group.

**p , 0.01, Bonferroni’s multiple comparison test. (E) Plasma Asp-spe-

cific IgG1 levels are expressed as OD for a specific dilution. n = 14 mice/

group. *p , 0.05, one-way ANOVA with Bonferroni’s multiple compari-

son test.

FIGURE 2. Allergen-induced skin inflammation unaltered by TLR4

deficiency. (A) Leder-stained mast cells were counted in the dermis. (B)

Dermal eosinophils were identified by immunohistochemistry for major

basic protein. (C) Representative photograph of Ly6G+ neutrophils infil-

trating the dermis beneath a neutrophil-rich wound. Cell counts represent

the mean of 16–20 separate high power fields (403 objective). **p, 0.01,

***p , 0.001, Bonferroni’s multiple comparison test.

The Journal of Immunology 3
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Among keratinocyte-derived IL-17 family members, IL-17C
was significantly elevated following the second, but not third al-
lergen patch in TLR4-deficient mice (Fig. 4B), whereas IL-25 skin
levels (IL-17E) remained unchanged following Aspergillus expo-
sure (data not shown).
In AD, keratinocytes overexpress antimicrobial peptides, includ-

ing calprotectin (a heterodimer of S100A8 and S100A9). Accord-
ingly, in our model, skin levels of S100A8 and S100A9 were elevated
following Aspergillus exposure and further increased in TLR4-
deficient mice compared with WT mice (Fig. 4C).
In the absence of TLR4, proinflammatory cytokines (IL-1b,

IL-6, and TNF-a) were elevated following the second and third
allergen patches, but only IL-1b and TNF-a were significantly
increased in TLR4-deficient mice compared with WT mice (Fig.
4D–F). S100A8 and A9 mRNA skin levels were also increased
in TLR4-deficient mice compared with WT mice following the
second and third allergen patches (Fig. 4D and data not shown).
Neutrophil chemokines CXCL1 (KC) and CXCL2 were both

increased following the second and third Asp patches, but only

CXCL2 skin mRNA levels were further increased in TLR4-defi-
cient mice compared with WT mice (Fig. 4G and data not shown).
Other chemokines (CCL2, CCL11, CCL20) were not induced by
Aspergillus exposure (data not shown).

MyD88 deficiency is protective, whereas TRIF deficiency
exacerbates experimental AD

We next investigated which downstream pathway was involved in
TLR4-mediated exacerbation of experimental AD. MyD88- and
TRIF-deficient mice were subjected to the experimental AD model
described in Fig. 1A. Unlike TLR4-deficient mice, the absence of
MyD88 partially protected mice from allergen-induced experi-
mental AD, as demonstrated by decreased TEWL, epidermal thick-
ness, and epicutaneous sensitization (Fig. 5A–C). Accordingly,
IL-4 and IL-17A skin mRNA levels and protein levels in Asp-
stimulated draining lymph nodes were also decreased (Fig. 5D,
5E). MyD88 deficiency also impaired induction of S100A8/A9,
IL-1b, IL-6, TNF-a, and CXCL2 in the skin following allergen
exposure (Fig. 5F).
This was in marked contrast to the exacerbated phenotype ob-

served in TRIF-deficient mice. Similar to TLR4-deficient mice,
TRIF-deficient mice demonstrated impaired skin barrier function,
as assessed by increased water loss (TEWL) following allergen
exposure (Fig. 6A). Skin scores and epidermal thickness were also
increased in TRIF-deficient mice, but did not reach significance
(Fig. 6B, 6C). Epicutaneous sensitization was increased, as dem-
onstrated by elevated Asp-specific IgG1 and IgG2c blood levels
in TRIF- and TLR4-deficient mice (Fig. 6D). Similar to TLR4-
deficient mice, total IgE levels and IL-4 skin mRNA levels were
not further increased in TRIF- deficient mice compared with WT
mice, and IFN-g levels were decreased in TRIF-deficient mice
(Fig. 6D, 6E). Surprisingly, skin IL-17A, which was increased in
TLR4-deficient mice, was decreased in Aspergillus-exposed TRIF-
deficient mice (Fig. 6E). IL-17A released by Aspergillus-stim-
ulated lymph node cells from TRIF-deficient mice did not reach
significance (Fig. 6F). In vitro restimulated lymph node cells from
WT and TRIF-deficient mice released similar levels of IL-4 and
IFN-g (Fig. 6F). Consistent with skin IL-17A levels, Aspergillus-
induced increases in IL-17F skin mRNA levels were impaired in
TRIF-deficient mice compared with WT mice (Fig. 6G). Accord-
ingly, skin mRNA levels of the pro-Th17 cytokine IL-6 trended
lower in TRIF-deficient mice compared with WT mice (Fig. 6G).
Similar to TLR4-deficient mice, TRIF-deficient mice demon-
strated increased IL-1b, TNF-a, and CXCL2 skin mRNA levels
compared with WT mice (Fig. 6H).

Discussion
Our data demonstrate that defective TLR4 or TRIF signaling results
in disease exacerbation, as evidenced by increased skin barrier
dysfunction (TEWL) and epicutaneous sensitization. Thus, sig-

FIGURE 3. TLR4 deficiency enhances IL-17A skin

levels after third Aspergillus patch. (A) IFN-g, (B) IL-

4, and (C) IL-17A and IL-17F mRNA skin levels were

assessed by quantitative real-time PCR after the sec-

ond and third patch. n = 5–8 and n = 6–12, respec-

tively) and expressed as a ratio over the housekeeping

gene HPRT. *p, 0.05, **p, 0.01, one-way ANOVA

with Bonferroni’s multiple comparison test. (D and E)

Axillary and inguinal lymph node cells, collected

after the third patch, were stimulated in vitro with Asp

(30 mg/ml) for 6 d. Secreted IL-4 and IL-17A levels

were assessed by ELISA. n = 5–7 mice/group; *p ,
0.05, Bonferroni’s multiple comparison test. n.s., Not

significant).

FIGURE 4. Aspergillus-induced inflammatory cytokines are increased

in TLR4-deficient mice following second and third patch. (A) TSLP, (B)

IL-17C, (C) S100A8 and S100A9, (D) IL-1b, (E) IL-6, (F) TNF-a, and (G)

CXCL2 mRNA skin levels were assessed by quantitative real-time PCR

after the second and third patch (n = 5–8 and n = 6–12, respectively) and

expressed as a ratio over the housekeeping gene HPRT. *p , 0.05, **p ,
0.01, ***p , 0.001, one-way ANOVA with Bonferroni’s multiple compar-

ison test. n.s., Not significant.
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naling through TLR4 protects from early inflammatory events,
leading to impaired skin barrier and disease development. Mecha-
nistically, this protective effect is most likely mediated by TRIF, not
MyD88.
Our data reveal that early innate events protect from allergen-

induced skin barrier dysfunction. Indeed, the increased TEWL ob-

served after the second allergen patch in TLR4-deficient mice is
associated with increases in proinflammatory cytokines (IL-1b,
TNF-a). Similarly, in AD patients harboring mutations in the
filaggrin gene as well as in filaggrin-deficient mice, increased skin
levels of IL-1b were observed (29). Filaggrin-deficient mice also
develop a local Th17 response, as evidenced by increased skin

FIGURE 5. MyD88 deficiency al-

leviates Aspergillus-induced skin

barrier dysfunction. (A) TEWL mea-

surements taken the day after each

patch removal. n = 6–8 mice/group;

mean 6 SEM; two-way ANOVA

with Bonferroni posttests. ***p ,
0.001. (B) Epidermal thickness was

assessed by morphometric analysis.

(C) Asp-specific IgG1 plasma levels

after the third Aspergillus patch. (D)

IL-4 and IL-17A skin levels. (E) Asp-

stimulated lymph node cell secretion

of IL-4 and IL-17A was assessed by

ELISA. (F) S100A8, IL-1b, IL-6,

and CXCL2 skin mRNA levels were

assessed by quantitative real-time PCR

after the third patch (n = 3–6 mice/

group). Representative results from

two separate experiments. *p , 0.05,

**p , 0.01, ***p , 0.001, one-way

ANOVA with Bonferroni’s multiple

comparison test.

FIGURE 6. TLR4 and TRIF defi-

ciencies exacerbate experimental AD.

(A) TEWL measurements after third

patch (n = 9–13 mice/group from

two separate experiments). (B) Skin

scores were generated, as described

inMaterials and Methods. Skin scores

and (C) epidermal thickness follow-

ing the third Asp patch. (D) Plasma

Asp-specific IgG1 and IgG2c levels

and total IgE levels. (E) Skin mRNA

levels and (F) protein levels of IL-

17A, IFN-g, and IL-4. (G) IL-17F

and IL-6, and (H) IL-1b, TNF-a,

and CXCL2 skin mRNA levels were

assessed by quantitative real-time

PCR after the third patch. n = 3–6

mice/group; representative results

from two separate experiments. *p ,
0.05, **p , 0.01, ***p , 0.001, one-

way ANOVA with Bonferroni’s mul-

tiple comparison test. n.s., Not sig-

nificant.
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mRNA levels of IL-17A, whereas elevated skin levels of Th2
cytokines were only observed months later (5). Similarly, mice
rendered deficient for either IgE, STAT6, IL-4, IL-13, mast cells,
or eosinophils still develop an AD-like skin phenotype when ex-
posed to allergen patches, indicating that none of these are es-
sential for allergen-mediated skin inflammation (25, 30).
The Th2-promoting innate cytokine TSLP is increased in AD

lesions (28). Overexpression of TSLP in keratinocytes resulted
in spontaneous development of an AD-like phenotype in mice
(26). In the absence of TSLP, OVA-induced increases in skin Th2
cytokines are ablated (27). Additionally, TSLP-dependent accu-
mulation of type 2 innate lymphoid cells in AD was recently
shown to contribute to disease (31). TSLP skin mRNA levels were
increased in our model after the second, but not the third Asper-
gillus patch. Whereas we cannot exclude a role for TSLP in
disease initiation, the downregulation of TSLP following the
third allergen patch suggests that TSLP is not essential in disease
progression.
Keratinocyte-specific overexpression of IL-17C in mice resulted

in increased skin levels of IL-1b, IL-6, TNF-a, IL-17A and F, as
well as the antimicrobial peptide calprotectin (S100A8/A9) (32).
In our model, all of these genes were elevated after the second
allergen patch, but the absence of any induction of IL-17C fol-
lowing the third Aspergillus patch argues against a role for IL-17C
in disease progression.
Calprotectin has been suggested to signal through TLR4 (33).

Skin mRNA levels of S100A8 and A9 were significantly increased
in mice repeatedly exposed to A. fumigatus, and TLR4 deficiency
was associated with enhanced expression of S100A8 and A9.
Indeed, S100A8/A9 skin levels correlate with skin barrier dys-
function, suggesting a role in disease pathogenesis. However, treat-
ment with blocking Abs against S100A8 and A9 did not significantly
alter TEWL in our model (data not shown).
In mice exposed to three patches of OVA over a 2-mo period, an

increase in Th17 cytokines (IL-17A, IL-17F) was observed in the
skin of OVA-patched BALB/c mice compared with control mice
(34). The authors propose that the ability of epicutaneous OVA to
induce a Th17 response is mediated by IL-23–expressing skin DC.
In our model, no increase in IL-23p19 mRNA skin levels was
observed after the second allergen patch despite elevated IL-17A
and IL-17F mRNA skin levels, suggesting that in our model other
innate cytokines promote IL-17A skin levels. Indeed, IL-23 is not
essential for Th17 differentiation; combinations of IL-1b and IL-6
have been shown to promote Th17 differentiation (35).
In the absence of TLR4, TEWL is exacerbated following the

second Aspergillus patch, whereas skin Th17 cytokines are similar
between WT and TLR4-deficient mice at this time point, sug-
gesting that skin barrier disruption precedes rather than results
from increased Th17 responses. In contrast to TLR4-deficient
mice, allergen-induced upregulation of Th17 cytokines (IL-17A,
IL-17F) may be impaired in TRIF-deficient mice. In the absence
of TLR4, signaling through other TLRs still occurs. Beside viral
dsRNA, self-noncoding RNA resulting from skin damage can also
signal through TLR3 (36). The TRIF pathway, downstream of
TLR3 and TLR4, mediates LPS upregulation of costimulatory
molecules on macrophages and dendritic cells as well as LPS-
induced activation and cytokine release, including type 1 IFNs,
IL-6, and IL-12 (37–39), which is consistent with lower skin levels
of Th1 and Th17 cytokines. The difference in IL-17A response
between the TLR4-deficient mice and the TRIF-deficient mice in
this model may explain the milder phenotype observed in the
TRIF-deficient mice.
A significant decrease in IFN-g skin mRNA levels was observed

in Asp-exposed TRIF- and TLR4-deficient mice. A similar ob-

servation was made in TLR2-deficient mice epicutaneously ex-
posed to three patches of OVA over a 2-mo period (40). OVA-
induced skin mRNA levels of Th2 cytokines were unaltered, whereas
IFN-g levels were decreased (40). In contrast to TLR4-deficient
mice, TLR2 deficiency was associated with decreased epidermal
thickness (40). The authors did not examine whether Th17 cyto-
kines, which are increased in our model, were affected by TLR2
deficiency. The absence of MyD88 in the same OVA model was
associated with decreased IL-17A skin mRNA levels following
OVA exposure (34). This is consistent with MyD88-mediating
IL-1R signaling and IL-1b being involved in Th17 differentiation.
The protective role of MyD88 deficiency in our model supports
a role for MyD88 signaling in disease exacerbation. Accordingly,
proinflammatory cytokines and chemokine skin levels were mark-
edly decreased. The impact on skin barrier was, however, more
limited, suggesting that Aspergillus can induce skin disease in-
dependently of MyD88, possibly through the TRIF pathway.
TLR3 and TLR4, both of which signal through TRIF, have been

implicated in wound healing: mice deficient in either TLR4 or
TLR3 demonstrated impaired wound healing (41, 42). In human
epithelial cells, wound repair was promoted by low doses of LPS,
whereas high doses were deleterious (43). Similarly, when we
exposed mice to high doses of LPS (1 mg/patch) in the presence of
Aspergillus, disease was exacerbated (data not shown). Like many
allergens, Aspergillus possesses considerable proteolytic activity.
The proteolytic activity of cockroach and house dust mite aller-
gens has been shown to delay skin barrier recovery following skin
injury (44). One advantage of our study is that we used an allergen
with no known interactions with TLR4. House dust mite–associ-
ated protease Derp2 can interact with TLR4 (45), whereas endo-
toxin contamination of OVA contributes to its ability to mount
a Th2 response (46). Endotoxin levels within Aspergillus were
very low (,0.1 ng/patch), but it remains possible that other TLR4
ligands may be present in the extract and may contribute to our
phenotype.
In conclusion, in an experimental model of allergen-induced AD,

defective TLR4 and TRIF signaling results in disease exacerba-
tion, as evidenced by increased skin barrier dysfunction (TEWL)
and epicutaneous sensitization associated with elevated proinflam-
matory cytokines, notably IL-1b and TNF-a.
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