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To the editor:

Atopic dermatitis (AD) is a pruritic and inflammayo skin disorder characterized by barrier

disruption. The cytokine TSLP (thymic stromal lyngploietin), a common denominator of atopic
diseases, promotes allergic skin inflammation angredominantly produced by barrier epithelial
cells, triggering Th2-mediated inflammatory respmsThe mechanisms governing upregulation of
TSLP in keratinocytes remain incompletely underdtaalthough barrier disruption represents one
major trigger of TSLP expression (1, 2). Keratin) (roteins form the intermediate filament

cytoskeleton of epithelia and are crucial barriengtituents. Dominant-negative mutations in the
KRT5 or KRT14 genes cause epidermolysis bullosa simplex (EB8)s@der characterized by skin

fragility, inflammation and barrier defects. In #@ilth to protecting epithelia against mechanical
stress, keratins regulate immune responses byatiomgralarmins, IL-18 and additional cytokines.

Remarkably, gene expression and cytokine profihdceratin-deficient mice and disorders such as
atopic dermatitis show considerable overlap (3F&g notion that itch of unknown cause is the most
common and bothersome complication in EBS (6) saike question whether keratin mutations are
involved in itch through upregulation of TSLP. KEewe report keratinocyte-intrinsic and keratin-
dependent upregulation of TSLP independent of éad&fects in keratinocytes isolated from keratin-
deficient mice and identify a link betwe&RT5 andKRT14 mutations and increased TSLP serum

levels in EBS patients.
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To investigate the role of keratins in epidermdfedéntiation and pathogenesis, we generated mice
lacking all type Il (Ktyll") or all type I (Ktyl") keratin genes and corresponding keratinocyte cell
lines (7). Both strains lack the entire epiderneakin cytoskeleton, with highly similar phenotypes
Global gene expression and gPCR analysis of prieiigth ™ mice revealed a strong upregulation of
Tdp gene expression (Fig 1A; Table E1A). A few cyt@snand chemokines were additionally
upregulatedn vivo but not in cultured keratinocytes, correlatinghwlitarrier defects triggering their
induction (Table E1). Tslp protein levels in sefgostnatal day 5 mosaic Ktylimice (8) reached up

to 3.000 pg/ml whereas controls had levels belo®@ @@ml (Fig 1A). Perinatal mortality in global
Ktyll” and Ktyl” mice precluded the analysis of serum levels aeda$sessment of a potential

scratching behavior of keratin-deficient mice doelfevated Tslp.

Tslp induction may result from barrier defects mnfi novel, keratinocyte-intrinsic mechanisms due
to the absence of keratins. To address this, imfluosrescence of Kty/l and WT mouse skin was
performed. Whereas WT epidermis hardly expressdd (Fig 1B and E1A), in agreement with
ELISA data (Fig 1A), the entire Ktyjlepidermis showed strong Tslp reactivity (Fig E1Ap
substantiate the inverse relationship between disthkeratin protein expression, the unique setifng
mosaic Ktyll,” mice with keratin-deficient and positive keratigtes in the same specimen was
probed (8). This confirmed Tslp presence in kerdéficient and absence in WT keratinocytes (Fig
1B). Thus, high Tslp levels in keratinocytes anéase therefrom strongly correlate with absence of

keratins in mouse epidermis.

To support cell-intrinsic and barrier-independestpTupregulation, we analyzed its expression by
gqPCR and ELISA in isolated Kt{lkeratinocytes. Here, very strong upregulation sipTRNA and
protein (Fig 1C) levels occurred, even in low?Gaedium. Most other cytokine RNAs remained
unaffected by the cells’ keratin status (Table EIR) examine keratin dependence, mouse Krtl4 was
re-expressed in Ktyl keratinocytes (Kty K14), restoring keratin filaments together wittdegenous
Krt5 (Fig E1B) (9). This significantly reduced boflslp RNA and protein levels (Fig 1C), strongly
supporting keratinocyte-intrinsic and keratin-degemt Tslp expression. Given that dominant KRT14
mutations cause EBS by formation of cytoplasmicakeraggregates, murine keratinocytes stably
expressing the dominant K14p.AsgPro mutation (Ktyl K14R131P) were generated, equivalent to
the human mutation K14p.ArgCys which results in severe EBS with keratin aggreg in
keratinocytes (10). The mutation led to a ~foudfdklp increase relative to WT controls (Fig 1C),
accompanied by extensive cytoplasmic keratin aggmey (Fig E1B), a hallmark of severe
generalized EBS (10). Collectively, keratin aggtegacomprising the dominant K14 EBS-mutant or
lack of keratins were sufficient to trigger incredsTslp in a keratinocyte-intrinsic way. Since kiera
dependentTdlp regulation could be of clinical interest, we added molecular mechanisms

controlling Tslp expression.
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To examine the role of calcium, cells were tredted3h with the intracellular calcium chelator 1,2-
Bis(2-Aminophenoxy)ethane-N,N;Nl/'-tetraacetic acid (BAPTA-AM). This decreasddlp RNA
levels by ~50 %, whereas chelation of residualaeetiular calcium by 3 mM EGTA had negligible
effects onTslp (Fig E2A, B), suggesting increased signaling chlzium-dependent pathway. MAPK
signaling is a possible downstream effector of'Oaiven elevated ERK1/2 activity upstream of AP-
1-dependent transcription in keratin-deficient kexcytes (11), ERK1/2 activity antslp expression
were analyzed upon MEKZ1/2 inhibition. ReductionTslp by 45 % was accompanied by decreased
P-ERK1/2 (Fig 1D and E2D). Combined inhibition aCand MEK1/2, followed by the analysis of
P-ERK1/2, further supported a T&RK1/2-axis inTslp regulation (Fig E2C). Activation of MAPK
with the PKC-activator PMA (Phorbol-12-myristate-d8etate) strongly induceldp via ERK1/2 in
Ktyl” cells, emphasizing the role of MAPK signalingTisip regulation in keratinocytes (Fig 1D and
E2E). To examine whether keratin-deficient keratytes secrete soluble factors triggerirsp, WT
cells were incubated with Ktjlkeratinocyte-conditioned media. Modd@stp upregulation compared

to that in unstimulated Ktyl cells further substantiated cell-intrinsic meclsams (Fig 1D).

Given the prevalence of itch in EBS (6), we congdeelevated TSLP in EBS. Analysis of TSLP
serum levels from 17 EBS patients, presenting witterseKRT5 and KRT14 mutations including
K14p.Arg:Cys, identified one group of eight patients withrielmed TSLP levels, well correlating
with a high disease score for EB (++, +++; Fig 2#set). A second group of nine patients displayed
low TSLP levels (<50pg/ml) including milder affedt@atients (controls with variable TSLP levels
are shown in Fig E3). Elevated TSLP levels in aastcould correspond to smoking and allergic
sensitization, known to increase TSLP (12). We &buno correlation with markers for allergic
sensitization (sx1, fx5) and CCL17 suggested toetate with atopic conditions (Fig 2A) (13).

The good correlation between TSLP levels and EBgadie severity is further supported by lower
TSLP levels in an EBS patient with minimal skin el (patient 7 in Fig E4A). However, patient 8,

carrying the same mutation as patient 7 but dispiagevere skin lesions, showed high TSLP serum
levels (Fig E4B). Finally, TSLP immunohistochemystf EBS patient skin samples corresponded
well with the expression of mutant keratins and PSind confirmed the data from the analysis of
sera (Fig E4C-F).

Collectively, we propose a model (Fig 2B) in whit8LP upregulation occurs downstream of barrier
defects (left, marked in black) and of mutant aseatt keratins (right, marked in red). It is welbkm

that epidermal-specific barrier defects (causedfilaggrin or kallikrein protease mutations) can
trigger TSLP expression downstream of PAR2 (14)Juaing TSLP expression via NB or NFAT.

We identified a novel cell-intrinsic mechanism fislp induction in epidermal mouse keratinocytes
where mutant keratins or their absence activate KliA8mponents MEK1/2 and ERK1/2 through yet
unknown mechanisms. Lack of keratins (red lineswiaick X) or presence of the severe EBS mutant

K14p.ArgisPro (red aggregates) cause cell-intrinsic upreguiaand secretion of Tslp (marked in

3
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Ktyll ' - Keratin type 2 gene cluster knockout mosaic

LEKTI - Lympho-epithelial Kazal-type-related inlititr
MAPK - Mitogen-activated protein kinases

MEK1/2 - Mitogen/extracellular signal regulated &&e
NFAT - Nuclear factor of activated T-cells

NF«B - Nuclear factor kappa-light-chain-enhancerahated B cells
PAR2 - Protease-activated receptor 2

PMA - Phorbol-12-myristate-13-acetate

SPINK5 - Serine protease inhibitor Kazal-type 5
Sx1 - aeroallergens

Thl - T helper type 1

Th2 - T helper type 2

Th17 - T helper type 17

TSLP - Thymic stromal lymphopoietin
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Figurel.

Lossof keratinsor keratin mutation triggers TSLP upregulation via ERK 1/2

A Tslp RNA in WT, Ktyl” and Ktyll” mice skin (n=2) and protein levels in WT (n=4) and
Ktyll »* (n=6) sera determined by qPCR and/or ELISA.

B Immunofluorescence staining of K5 (green) and Ts#d) in Ktyll,,” mice (r»3).
Tslp RNA and protein levels in WT, K& Ktyl” K14 and Ktyl” K14R131P examined by
gPCR and/or ELISA. (n=3).

D gqPCR and Western blot analysis of Kiytells treated with MEK1/2 inhibitor U0126 and
MAPK signaling activator PMA. WT cells treated witlonditioned medium of K1 cells.
(n=3).

Error bars represent standard error. p-values = 6B5; ** P< 0.01; **P< 0.001. ns = non-

/

significant. Ktyl” = keratin type 1 cluster knockout. Ktyll = keratin type 2 mosaic knockout.

Figure 2.
8 out of 17 EBS patients show elevated TSLP serum level

A Skin defects (disease severity score EB) are ateicby + (few blisters on hands and feet),
++ (severe blistering on extremities) or +++ (seyayeneralized blistering). Elevated TSLP
levels (> 50 pg/ml) correlate with a high diseasers (++, +++). Error bars represent
standard deviations. Correlation and statisticalysis between TSLP level and this severity

score are indicated in the top right. AD/As/Allergyatopic dermatitis, asthma or allergy,
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respectively. Itch evaluation = scale from 0-10=(ho itch; 10 = worst imaginable itch).
Sxl=aeroallergens, Fx1= food allergens, CCL17 =migy and activation-regulated
chemokine, na = not available, no = absence.

Model of barrier- and keratin-dependent TSLP upl&igpn induced via calcineurin and IKK or
MEK1/2 —-ERK1/2, respectively. Upon barrier defeatduced by filaggrin (FLG) or LEKTI
mutations, protease-activated receptor PAR2 isaeti by different kallikreins (KLK5/7/14) and
acts via C&' - calcineurin or IKK to triggefTslp expression by the transcription factors NFAT or
NF«B (indicated with black arrows). Loss of keratins &eratin mutations (keratin aggregates)
induce Tdp expression via MEK1/2 — ERK1/2 of a so far unknowactivation mechanism

(indicated with red arrows).
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smoking behaviour, unspecified infections and $&ons.
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60 FigE4

A Patient 7, TSLP low B Patient 8, TSLP high

)
832

7 RS
Patient 8

61 Control5 &= 44 o2 Atopicskin'
62 Elevated TSLP levelsin EBS patients correlate with skin lesions
63 A EBS patient 7 with basal TSLP levels (see Fig &g minimal EB-related skin

64 manifestations.

65 B EBS patient 8 with high TSLP levels (see Fig 2hA} several blisters on hands and feet
66 (arrows).

67 C-F Representative immunohistochemical images sufifid8A data showing TSLP

68 accumulation (red staining) within the epidermanfrEBS patients when compared with
69 atopic skin and control skin. Note local cytolyarel hyperkeratosis. Scale bar = 50 pm.
70

71
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TableE1l
A Genes differentially expressed in skin encoding cytokines/chemokines (Th1, Th2, Th17)
Thl | Ktyll” | Th2 | Ktyll” | Th17 | Ktyll”
Ccl4 15.2 Tslp 1468 | Mmpl3| 60.6
Tnfa 8.6 1133 70.8 Cxcll 53.1
Sppl 8.4 Ccl2 13.9 Mmp9 4.2
1B 7.7 114 4.0 Mmpl2 3.9
Illa 3.1 Cell 35 Cxcl2 3.6
1116 2.1
Cxcrd 2.4

B Genes expressed in keratinocytes encoding cytokines/chemokines (Th1, Th2, Th17)

Thl | KtyII” | Th2 | Ktyll” | Th17 | Ktyll”
Tnfa 2.0 Islp 3.8 Mmpl2 22
Ccl4 1.0 14 2.0 Mmp9 22
Sppl 1.0 1133 1.0 Mmpl 3 1.0
1Ip 1.0 Cel? 1.0 Cxell 1.0
Illa 1.0 Cclll 1.0 Cxcl?2 -2.3
116 1.0
Cxcr4 1.0
Chemokine/cytokine RNA levelsin mice skin and keratinocytes.
A Transcriptome profile-based expression (Kfylskin) of genes encoding cytokines/

chemokines for Thl, Th2 and Th17. The fold-changj@es of differentially expressed genes

are indicated.

B As A but for Ktyll” keratinocytes.
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Supplementary M aterial

Transcriptome profiling

This was performed as described in Roth et al. Thg MouseWG-6v2.0 Expression BeadChip kit
(lumina, Inc., San Diego, CA,USA) was used to hmatriplicate WT, KtyT', Ktyll s~ skin and
keratinocytes samples from E18.5 embryos. Dataysisalvas based on the R Statistical language (R
Development Core Team 2007, 2.8.0) and Beadstudlol.8 software. Data were quantile-
normalized. A fold-change/P-value filter was usedsélect differentially expressed genes; P-values
smaller than 0.1, expression changes higher thioidd2and a difference between mean intensity
signals greater than background were considerdistigtally significant. The false discovery rate
(FDR) of P-values was adjusted by the Benjaminitthecg method. The gene expression data sets
for WT, Ktyl™, Ktyll s skin and keratinocytes were deposited in the GE@Mhse (GSE79590 and
GSE79596).



