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 INTRODUCTION 
 Atopic dermatitis (AD), one of the most common allergic skin 

inflammatory diseases, has a particularly high prevalence among 

infants and children. Onset is during the first 6 months of life in 

45 %  of all cases. 1  Based on several longitudinal studies, approxi-

mately half of AD patients will develop asthma, especially with 

severe AD, and two-thirds will develop allergic rhinitis. In gen-

eral, the clinical signs of AD predate the development of asthma 

and allergic rhinitis, suggesting that AD is an entry point for 

subsequent allergic diseases, 2,3  but the molecular mechanisms 

underlying the  “ atopic march ”  remain unclear. 

 Recently, thymic stromal lymphopoietin (TSLP), an inter-

leukin-7 (IL-7)-related cytokine, has emerged as an important 

potential contributor to allergic inflammation. Although TSLP 

was initially identified and characterized in thymic stromal 

cells, 4,5  it is expressed predominantly in epithelial cells (ECs) of 

the skin (keratinocytes), lung (small airway ECs), and intestine 

(intestinal ECs). 6 – 8  Originally discovered because of its potent 

effects on B- and T-cell growth and differentiation, 9 – 11  TSLP 

has also been shown to be associated with the pathogenesis 

of multiple inflammatory diseases including AD and asthma. 

The involvement of TSLP in allergic inflammation was first 

demonstrated in AD patients. TSLP protein, although unde-

tectable in normal and nonlesional skin in these patients, is 

highly expressed in acute and chronic AD lesions. 8  In addition, 

human asthmatics have increased concentrations of TSLP in 

their airways correlating with T helper type 2 (Th2)-attracting 

chemokine expression and disease severity. 12  Murine models 

have extended these findings, showing that inducible epidermal 

TSLP expression induces a spontaneous AD-like disease 13  char-

acterized by all the hallmark features of human AD. In contrast, 

TSLP receptor-deficient mice exhibited a dramatically reduced 

Th2-type inflammatory response in a fluorescein isothiocyanate 

contact hypersensitivity-based model of AD. 14  Mice expressing 

surfactant protein C promoter-driven TSLP in the lung devel-

oped severe airway inflammation, 15  whereas mice deficient 
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in the TSLP receptor failed to develop asthma in response to 

inhaled antigen. 15,16  

 TSLP is considered a likely candidate for perpetuating the 

atopic march for several reasons. First, TSLP expression has been 

found at elevated levels in the skin of AD patients and in the 

lungs of asthmatics. 8,12  Second, TSLP is an EC-derived cytokine; 

and both AD and asthma develop at EC surfaces. 17  Third, as 

described previously, a role for TSLP in allergic inflammation 

has been demonstrated in both humans and mice. Finally, three 

models of induced expression of TSLP in mouse keratinocytes 

resulted in subsequent airway inflammation following challenge. 

These models include topical application of a vitamin D3 ana-

log and keratinocyte-specific deletion of the Notch signaling 

pathway. 18,19  An important caveat in these studies is that the 

methods used to induce TSLP expression results in artificially 

high systemic levels of TSLP, which is not seen in AD patients. 

 To develop a model to test the role of TSLP in the atopic march, 

we extended work showing that intradermal injection of TSLP in 

wild-type mice led to a marked increase of inflammatory infil-

trate in the subcutis, in the absence of detectable circulating 

cytokine. 20  We administered TSLP, in the presence of antigen, 

via intradermal injection, to ask whether subsequent challenge 

with antigen in lung was capable of inducing airway inflamma-

tory disease. We demonstrate that intradermal administration 

of TSLP and ovalbumin (OVA) leads to an allergic asthma-like 

phenotype upon intranasal challenge with OVA. Interestingly, 

in contrast to previous studies, 18  neither TSLP production in 

the lung nor circulating TSLP is required to aggravate the dis-

ease induced upon OVA challenge. TSLP-induced responses are 

antigen specific and T-cell dependent in this model. In addition, 

allergic disease development is blocked through oral exposure to 

OVA antigen before, but not after, skin sensitization. Our study 

demonstrates that skin-restricted TSLP triggers a progression 

from AD to asthma.   

 RESULTS  
 Mice sensitized in the skin in the presence of TSLP 
develop aggravated asthma-like airway inflammation 
upon challenge 
 Epidemiological studies have shown that children with AD, 

especially those with severe disease, are likely to also develop 

asthma, demonstrating a link between these two conditions. 2  

Given its purported role in these allergic diseases, TSLP was 

a likely candidate as the factor that links AD and asthma. Our 

laboratory has found that mice with a skin-specific inducible 

TSLP transgene develop an AD-like disease, as well as pulmo-

nary inflammation (see ref. 13   and   Supplementary Figure S1   

online). However, we also observed inflammatory infiltrates in a 

wide variety of organs including liver, gastrointestinal tract, and 

spleen (  Supplementary Figure S1   online) perhaps because of 

elevated systemic levels of TSLP. We therefore sought to develop 

a mouse model that recapitulates human atopic disease and 

determine whether TSLP plays a role in this phenomenon. To 

test this, we modified a protocol from Jessup  et al.  20  for TSLP-

mediated skin inflammation. Wild-type BALB / c mice were 

treated with TSLP and the antigen OVA intradermally (four 

times over 2 weeks) to induce an AD-like skin inflammatory 

disease. Following a 9-day rest period, the mice were treated 

intranasally with OVA for four consecutive days (  Figure 1a  ). 

Consistent with the induction of Th2-type inflammation by 

TSLP treatment, total serum immunoglobulin E (IgE) and OVA-

specific IgE were markedly elevated in TSLP    +    OVA-treated mice 

(  Figure 1b,c  ). To assess lung infiltration of leukocytes, broncho-

alveolar lavage (BAL) fluid was analyzed on day 25 (D25). In 

phosphate-buffered saline-exposed mice, regardless of sensitiza-

tion status, the predominant cell type seen in BAL was the alveo-

lar macrophage. TSLP skin sensitization without antigen failed 

to alter the cellular composition of the BAL upon subsequent 

OVA re-challenge, whereas mice where mouse serum albumin 

(MSA) was substituted for TSLP during the sensitization phase 

showed only mildly increased cell infiltration. In contrast, fol-

lowing OVA re-challenge, exposure of mice to TSLP    +    OVA at 

sensitization caused an influx of eosinophils into the BAL fluid 

and increased cellular infiltrate threefold over the mice given 

MSA    +    OVA (  Figure 1d  ). 

 Consistent with increases in BAL cellularity, histopathologi-

cal analysis of lung section showed that only mice sensitized 

in the skin with TSLP    +    OVA showed severe inflammatory 

infiltrates (data not shown). In addition, lungs from these mice 

also showed enhanced goblet cell metaplasia and mucus over-

production by periodic acid-Schiff staining, whereas lungs from 

the other groups did not (  Figure 1e  ). This suggests that intra-

dermal administration of TSLP during the antigen sensitization 

phase is necessary to aggravate allergic airway inflammation in 

this model. 

 IL-4, IL-5, IL-10, and IL-13 production from restimulated 

inguinal lymph node CD4 T cells was very low and showed no 

difference compared with control groups, indicating that skin 

inflammation was resolved at the time that lung inflammation 

developed (data not shown). Analysis of lung cytokine RNA levels 

showed that, compared with MSA    +    OVA treatment, TSLP    +    OVA 

treatment induced the production of the Th2 cytokines IL-4, 

IL-10, IL-13, and tumor necrosis factor, as well as of eosinophil 

chemoattractant chemokine (eotaxin-2;   Figure 2a  ). 

 To ensure that the disease we observed in this model system 

was TSLP dependent and not because of the influence of poten-

tial contaminating factors such as lipopolysaccharide in either 

the TSLP or OVA stocks,  lipopolysaccharide -unresponsive 

TLR4 mut  mice were subjected to the same skin sensitiza-

tion and lung challenge model. The TLR4 mut  mice developed 

disease indistinguishable from that seen in wild-type mice 

(  Supplementary Figure S2   online). Thus, the aggravated airway 

inflammatory response seen in wild-type mice was because of 

the presence of TSLP during the sensitization step. 

 To determine whether increasing the time between skin 

exposure to TSLP plus antigen and lung challenge affected 

development of airway inflammation, the interval between 

skin sensitization and lung challenge was increased from 9 

to 30 days. The airway inflammation that developed in mice 

sensitized in the skin with TSLP    +    OVA in this protocol was 

indistinguishable from that shown in   Figure 1   for mice rested 

9 days (  Supplementary Figure S3   online). 
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 To determine the specificity of the response to skin sensitiza-

tion in the presence of TSLP, we asked whether a second epi-

thelial-derived cytokine, IL-25, could promote a similar set of 

responses. Rapidly emerging studies implicate IL-25 as a critical 

regulator of innate and adaptive immune responses associated 

with Th2 cytokine-mediated inflammation at mucosal sites. 21  In 

addition, IL-25 expression is elevated in the skin of AD patients, 

suggesting a role in disease. 22  However, mice sensitized in the 

skin with IL-25    +    OVA, followed by pulmonary challenge with 

OVA, showed no elevated levels of total serum IgE and OVA-

specific IgE (  Supplementary Figure S4A  and  B   online) and 

mildly increased cell infiltration (  Supplementary Figure S4C  

online ).   

 Airway inflammation does not require systemic TSLP 
 The data shown above clearly show the requirement for TSLP 

during the skin sensitization phase in this model. To begin to 

determine if TSLP was also involved directly during the lung 

challenge, TSLP mRNA expression levels in the lungs of all treat-

ment groups was measured on D25, as was circulating TSLP in 

the serum on days 14 and 25. Lung TSLP mRNA levels were 

equivalent in all groups (  Figure 2a  ), and TSLP protein in the 

serum was undetectable (    <    7.8   pg   ml  – 1 ), suggesting that circulat-

ing TSLP is not required for the development of allergic airway 

inflammation upon re-challenge in this model (  Figure 2b,c  ). 

To further assess the role of TSLP in this process, we took two 

approaches. For the first approach, TSLP-deficient mice were 

sensitized in the skin with TSLP    +    OVA as before, and then chal-

lenged intranasally with OVA. As shown in   Figure 3a  , the TSLP-

deficient mice responded to the intranasal challenge as robustly 

as the TSLP-sufficient mice, showing that TSLP was not required 

for the airway challenge. To exclude a role for systemic TSLP 

during the skin sensitization phase, mice were treated intrana-

sally with an antibody to murine TSLP (anti-TSLP) on D0 and 

        Figure 1             Intradermal administration of thymic stromal lymphopoietin (TSLP) aggravates airway inflammation and mucus secretion in experimental 
asthma. ( a ) Experimental protocol. Mice received injections of TSLP and ovalbumin (OVA; 5    � g) four times for 12 days and rested for 9 days. To induce 
experimental asthma, mice were OVA challenged (50    � g in 30    � l saline) on 4 consecutive days (D21 – D24) by intranasal instillation. Mice were killed 
on D25 for analysis. ( b ) Total serum immunoglobulin E (IgE) and ( c ) OVA-specific IgE on D25 ( n     =    5, two independent experiments). ( d ) Cell counts 
in the bronchoalveolar lavage (BAL) fluid. The significance between two groups was determined by two-tailed Student ’ s  t -test ( n     =    5, two independent 
experiments). ( e ) Representative lung tissue cross sections stained with periodic acid-Schiff (PA S) to visualize mucus-producing goblet cells and 
airway inflammation. MSA, mouse serum albumin; PBS, phosphate-buffered saline. Bar    =    100    � m.  *  *  *     P  ≤  0.001. 
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D8. Airway inflammation in anti-TSLP-treated animals was 

indistinguishable from that seen in control antibody-treated 

mice (  Supplementary Figure S5  online ). To ascertain whether 

TSLP was required during airway challenge, TSLP    +    OVA-

sensitized mice were given anti-TSLP the days before intranasal 

OVA challenge. Again, anti-TSLP-treated mice developed robust 

airway inflammation following OVA challenge (  Figure 3b  ). 

Taken together, we conclude from these studies that increased 

skin-restricted TSLP levels during the antigen sensitization 

phase is sufficient to yield an aggravated response to antigen 

when subsequently encountered within the lung.   

 Airway disease development is dependent on CD4    T cells 
 Studies in mouse models of asthma have shown that allergic 

airway inflammation is dependent on CD4 T cells and, more 

specifically, is seen when T-cell receptor-transgenic Th2, but 

not Th1, cells are adoptively transferred to mice. 23 – 27  TSLP, 

when injected intradermally together with OVA, induced IL-4-

producing CD4    +     T cells (  Supplementary Figure S6  online ), 

as described before. 20  The role of CD4 T cells in atopic airway 

inflammation was assessed in mice treated with the depleting 

anti-CD4 antibody GK1.5. Mice were treated with anti-CD4 9 

days before intranasal OVA challenge, and again 3 days before. 

This led to a nearly complete loss of CD4    +     T cells. Acute deple-

tion of CD4 T cells also led to a dramatic reduction in airway 

disease development, as measured by BAL infiltrates, airway 

eosinophilia, and mucus production (  Figure 4a   and data not 

shown). These data demonstrate that CD4    +     T cells are required 

for the induction of pulmonary inflammation following skin 

sensitization. 

 To determine the nature of the CD4 T cells that were driv-

ing lung pathology, TSLP    +    OVA-primed mice were depleted of 

CD4 T cells as described above, and naive, OVA-specific 

DO11.10 CD4 T cells were adoptively transferred before intra-

nasal OVA challenge. As shown in   Supplementary Figure S7   

     Figure 2             Airway inflammation does not require systemic thymic 
stromal lymphopoietin (TSLP). ( a ) No locally induced TSLP. Quantitative 
reverse transcriptase PCR (RT-PCR) analyses of cytokines and 
chemokines in lungs on day 25 (D25).  n     ≥ 4 mice per group. The 
significance of gene expression between two groups was determined 
by two-tailed Student ’ s  t -test. ( b  and  c ) No circulating TSLP. Serum 
TSLP levels not enhanced on ( b ) D14 and ( c ) D25. K5-TSLP mice were 
treated on 1   mg   ml  – 1  of doxycycline for 3 weeks and used as positive 
control.  n     ≥ 4 mice per group. ND,     <    7.8   pg   ml  – 1 . IL, interleukin; MSA, 
mouse serum albumin; ND, not detected; NS, not significant; OVA, 
ovalbumin; PBS, phosphate-buffered saline; TNF, tumor necrosis 
factor.  *  P  ≤  0.05,  *  *  P  ≤  0.01, and  *  *  *  P  ≤  0.001.   

   Figure 3             Thymic stromal lymphopoietin (TSLP) is dispensable once 
skin inflammation develops. ( a ) Total number and differential cell counts 
of cells isolated from bronchoalveolar lavage (BAL) taken from TSLP-
deficient (TSLP-KO) or wild-type (WT) BALB / c mice treated with mouse 
serum albumin (MSA) or TSLP plus ovalbumin (OVA) followed by OVA 
challenge.  n     ≥ 5 mice per group from two independent experiments. 
( b ) Acute blockade of TSLP after skin sensitization does not inhibit 
allergic asthma. Cell counts in the BAL fluid.  n     ≥ 4 mice per group from 
two independent experiments. The significance between two groups 
was determined by two-tailed Student ’ s  t -test. NS, not significant.  
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online, reconstituting mice with DO11.10 CD4 T cells failed 

to develop the airway inflammatory phenotype in response to 

intranasal OVA. These data are consistent with a critical role of 

memory CD4 T cells, primed during skin sensitization, becom-

ing reactivated following intranasal challenge. 

 We hypothesized that the lack of OVA-specific CD4    +     T cells 

in the airway was responsible for the lack of allergic symptoms. 

To test this, we first transferred DO11.10 CD4    +     T cells to wild-

type BALB / c mice before skin sensitization. CD4    +     T cells from 

primed mice were then isolated and further transferred to na ï ve 

recipient mice. Upon intranasal challenge, only mice receiving 

CD4    +     T cells from TSLP    +    OVA-treated mice developed airway 

inflammation (  Figure 4b  ). Alternatively, we transferred skin-

draining lymph node cells from sensitized mice with allergic 

skin inflammation into naive mice. After OVA challenge of these 

mice, transfer of the primed cells from TSLP    +    OVA-treated mice 

restored airway inflammation (  Figure 4c  ) in recipient mice. 

Taken together, these data demonstrate a critical role of CD4    +     

T cells in the inflammation seen in these mice.   

 Airway inflammation is antigen specific 
 Early exposure to high levels of birch pollen in infancy increases 

the risk of skin sensitization and allergic asthma to the same 

allergen. 28  To test the antigen specificity of our atopic model, 

mice were sensitized in the skin with TSLP    +    OVA, and then 

challenged in the airways with a second antigen, bovine serum 

albumin (BSA). Control experiments showed that mice sensi-

tized and challenged with BSA responded in a manner simi-

lar to that seen with OVA (  Figure 5  ). However, mice that were 

OVA sensitized and then exposed to intranasal BSA on day 

21 displayed a lack of airway inflammation, as judged by total 

BAL cellularity, eosinophil counts, and antigen-specific IgE 

(  Figure 5a – c  ). Similarly, BSA-sensitized and OVA-exposed mice 

were also free of airway inflammation (  Figure 5a,b  ). Similar 

results were obtained when house dust mice antigen was used as 

a second antigen (  Supplementary Figure S8  online ). These data 

demonstrate that the effect seen in TSLP    +    antigen-sensitized 

and -challenged mice was antigen specific.   

 Tolerance to antigen can be achieved before skin 
sensitization, but not after 
 Previous studies have shown that mice can be tolerized to an aero-

antigen through oral administration of the same antigen. 29 – 32  We 

sought to determine whether oral administration of OVA, either 

before or after skin sensitization, was capable of tolerizing the 

mice to subsequent airway exposure to antigen. Mice were given 

dietary OVA (in the drinking water) for 5 days, either days     −    7 

through     −    2 before skin sensitization (referred to as Tol     −    7) 

or days     +    14 through     +    19 after the initiation of skin sensitiza-

tion (referred to as Tol 14). Both untreated and Tol mice were 

sensitized and challenged as before, and the affect of oral OVA 

treatment on airway inflammation was determined. As expected 

from previous studies, the Tol     −    7 group displayed much-reduced 

airway inflammation (  Figure 6  ). BAL cellularity was reduced 

to levels seen in control animals, and both total and antigen-

specific IgE were dramatically decreased (  Figure 6a,b  ). In addition, 

BAL eosinophil numbers were reduced by     >    15-fold, and goblet 

cell metaplasia, mucus overproduction, as well as overall lung 

inflammation were markedly decreased (data not shown). 

    Figure 4             CD4 T cells are required for thymic stromal lymphopoietin 
(TSLP)-mediated airway inflammation. ( a ) Cell counts in bronchoalveolar 
lavage (BAL) fluid from wild-type (WT) BALB / c mice treated intraperito-
neally (IP) with rIgG or anti-CD4 antibody (Ab; GK1.5), to acutely 
deplete CD4 T cells after skin sensitization.  n     ≥ 4 mice per group from two 
independent experiments. ( b ) DO11.10 CD4    +     T cells were transferred to 
WT BALB / c mice and then sensitized with TSLP    +    OVA (solid squares) or 
MSA    +    OVA (open squares). On day 14 (D14), CD4    +     T cells were isolated 
and negatively selected before transfer of 2 × 10 7  cells per mouse. Recipient 
mice were intranasally challenged with ovalbumin (OVA) starting 24   h after 
transfer, and airway symptoms were monitored as above. Cell counts in 
BAL fluid.  n     =    5 mice per group. The significance between two groups was 
determined by two-tailed Student ’ s  t -test. ( c ) Skin-draining lymph node (LN) 
cells from TSLP    +    OVA-treated mice transfer disease to na ï ve mice. Skin-
draining LN cells from mice treated with TSLP    +    OVA (solid square) and 
MSA    +    OVA (open square) were isolated, and cells were cultured with OVA 
(100    � g   ml  – 1 ) for 72   h before washing and intravenous transfer to naive mice 
(2 × 10 7  cells per mouse). Cell counts in BAL fluid.  n     =    5 mice per group. The 
significance between two groups was determined by two-tailed Student ’ s 
 t -test. MSA, mouse serum albumin; OVA, ovalbumin.  *  *  * P ≤  0.001.  
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 In contrast, the Tol 14 group, when challenged via the airways, 

displayed an inflammatory response largely equivalent to that 

seen in the control group (  Figure 6  ). The Tol 14 group showed 

increased BAL cellularity, lung inflammation, and elevated IgE 

levels (  Figure 6   and data not shown). These data show that, 

although naive mice can be tolerized to antigen, once sensi-

tized in the presence of TSLP the mice are no longer capable of 

developing tolerance to that antigen.   

 Transgenic mice co-overexpressing TSLP and antigen 
in the skin develop aggravated asthma-like airway 
inflammation upon challenge 
 To study immune responses induced to skin-associated self-

antigens, we used mice that inducibly express a TSLP transgene 

specifically in keratinocytes in the presence of dietary doxycy-

cline. 13  These mice were crossed to mice that contain a simi-

lar transgene that expresses a membrane-bound form of OVA, 

using the same regulatory mechanisms as the K5-TSLP mice 

(see Methods for details of the mouse strains). We generated 

triple-transgenic mice (referred to as K5-TSLP / TGO), allow-

ing keratinocyte-specific expression of both transgenes in the 

presence of doxycycline. We first monitored proliferation of 

OVA-specific CD4 T cells following transfer into doxycycline-

treated K5-TGO mice. Following transfer, robust proliferation 

was seen in skin-draining lymph, with much less seen in more 

distal sites (  Figure 7a  ). No proliferation was observed when cells 

were transferred into control mice. K5-TSLP / TGO mice were 

then given dietary doxycycline (1   mg   ml  – 1  for 3 weeks) to induce 

TSLP and OVA expression in keratinocytes. To exclude a role for 

circulating TSLP affecting responses during the skin sensitiza-

tion phase, mice were treated intranasally with the anti-mTSLP 

antibody described above on D0 and D12. At the end of the dox-

ycyline treatment period, the skin of the K5-TSLP / TGO mice 

displayed features consistent with eczematous inflammation, 13  

which subsequent receded and ultimately disappeared during 

the rest period. These features were not present in doxycycline-

treated K5-TGO skin. Following an 18-day rest period, the mice 

were treated intranasally with OVA for four consecutive days. 

Only the K5-TSLP / TGO mice developed airway inflammation 

(  Figure 7b,c  ). Thus, the induced expression of epidermal TSLP 

with OVA was sufficient to drive an aggravation of the asthma 

that was generated upon OVA challenge at a time when the skin 

AD had resolved.    

 DISCUSSION 
 Allergic diseases tend to develop in a sequential manner in 

childhood, a phenomenon referred to as the  “ atopic march. ”  33  

A wide variety of epidemiological and birth cohort studies 

have been performed to attempt to explain this. For example, 

this phenomenon commonly manifests as a child with AD going 

on to subsequently develop asthma, or allergic reactions to 

aeroallergens. 34  This may be because of the fact that, of the 

atopic diseases, AD seems to develop earliest, with 85 %  of those 

individuals with the disease becoming symptomatic by age 5. 35  

This phenomenon has suggested that these diseases share a com-

mon underlying mechanism or factor, capable of promoting a 

    Figure 5             Airway inflammation is antigen specific. To test the antigen specificity of atopic model, low endotoxin bovine serum albumin (BSA) was used 
to sensitize and challenge the mice. ( a ) Total cell counts in bronchoalveolar lavage (BAL) fluid. ( b ) Differential cell counts in BAL. ( c ) Serum ovalbumin 
(OVA) and BSA-specific immunoglobulin E (IgE) on day 25 (D25).  n     ≥    4 mice per group from two independent experiments. MSA, mouse serum 
albumin; TSLP, thymic stromal lymphopoietin.  *  *  *  P  ≤  0.001.  
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Th2-type response to environmental antigens. One candidate 

for this factor is TSLP, which is overexpressed in the affected 

tissues in each of these diseases. 8,12,36  The work presented herein 

supports this model, and demonstrates that sensitization to 

antigen, in the presence of TSLP, in the skin leads to aggravated 

pulmonary responses when that antigen is inhaled. 

 Recently, two studies have shown a link between elevated 

TSLP expression in the skin and airway inflammation follow-

ing aero-antigen challenge. 18,19  Similarly, we have found that, 

in addition to skin inflammation, doxycycline-treated K5-TSLP 

mice develop pulmonary inflammation similar to the SPC-TSLP 

mice after     >    5 weeks of treatment (  Supplementary Figure S1  

online ). The major caveat with each of these systems is that, 

unlike human AD patients, these mice all displayed elevated 

circulating levels of TSLP (  Figure 2   and refs. 18 and 19  ). Thus, 

it is not possible to distinguish between an effect of circulating 

TSLP-promoting responses directly in the lung or an alteration 

of responses in the lung subsequent to TSLP effects locally in the 

skin. In addition to pulmonary inflammation, these three mouse 

models also develop a variety of inflammatory responses at other 

sites, further complicating the interpretation of the data. 10,19,37  

To circumvent these caveats, we have developed a mouse 

model that uses intradermal injection of TSLP, in the presence 

or absence of antigen, followed by intranasal challenge after a 

rest period (see   Figure 1   for schematic of model). As shown in 

  Figure 1  , these mice develop significant airway inflammation 

following intranasal challenge. Importantly, they do not have 

detectable circulating levels of TSLP. For these reasons, we feel 

that this model more faithfully represents the events involved 

in the atopic march. 

 Epicutaneous sensitization with allergen followed by airway 

challenge induces airway inflammation and airway hyper-

responsiveness. 38,39  Our data provide strong evidence that 

cutaneous exposure to allergen, in the presence of TSLP, can 

trigger progression from AD to asthma. Using intradermal 

administration of TSLP, we found that mice sensitized to an 

antigen in this fashion develop allergic airway inflammation 

when subsequently challenged via the airways with the same 

antigen. This indicates that allergen sensitization in the skin 

can affect and sensitize the airways. Interestingly, our data indi-

cate that TSLP is only involved in the sensitization phase of the 

response, whereas the subsequent response to pulmonary chal-

lenge is TSLP independent. This suggests that TSLP is acting 

locally to drive the initial response to allergen challenge, and 

that the subsequent  “ march ”  of the allergic response to the lung 

is regulated by signals delivered during this cutaneous response. 

Although the factors that mediate the lung pathology following 

intranasal challenge remain to be elucidated, our data demon-

strate that CD4 memory T cells are required for airway inflam-

mation. Administration of naive, antigen-specific cells following 

skin sensitization and CD4 depletion failed to reconstitute the 

pulmonary response following antigen challenge. 

 TSLP is one of the several epithelial-derived cytokines capa-

ble of promoting type-2 immune responses. 21  In particular, 

IL-25 expression, like TSLP, is elevated in lesional skin of AD 

patients. 22,40  It has also been shown to promote Th2-type 

responses through the expansion of skin-homing Th2 memory 

cells. 22  It was of note, therefore, that cutaneous administration 

of antigen with IL-25 failed to promote airway inflammation 

upon subsequent pulmonary antigen challenge (  Supplementary 

Figure S4  online ). These data suggest that the response seen in 

mice sensitized with antigen and TSLP is specific for TSLP, and 

not simply a general promotion of a Th2 response. 

 Finally, the observation that once sensitized to antigen in the 

presence of TSLP, mice cannot be tolerized to that antigen is of 

significance and has implications for the development of treat-

ments for individuals who develop asthma subsequent to AD. As, 

before skin immunization, na ï ve OVA-specific T cells that will 

become regulatory T cells cannot be distinguished from those 

     Figure 6             Antigen feeding before, but not after, skin sensitization 
suppresses asthma-like inflammatory response. Mice were administered 
a 1 %  ovalbumin (OVA) solution in drinking water for 5 consecutive 
days (days     −    7 to     −    2, Tol     −    7; or days 14 – 19, Tol 14). ( a ) Cell counts in 
bronchoalveolar lavage (BAL) fluid. ( b ) Total and ( c ) OVA-specific serum 
immunoglobulin E (IgE) on day 25 (D25).  n     =    4 mice per group from 
two independent experiments. MSA, mouse serum albumin; NS, not 
significant; TSLP, thymic stromal lymphopoietin.  *  *  *  P  ≤  0.001.  
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that will become Th2 cells, it remains to be determined whether 

generation of regulatory T cells vs. that of effector T cells is a sto-

chastic process or some microenvironmental conditions promote 

the development of one cell type over the other. Therapies that 

modify the severity of AD in infants and young children might 

decrease the risk for the eventual development of asthma. 

 In conclusion, our present study not only provides a mouse 

model for studying possible mechanisms involved in the  “ atopic 

march, ”  but also suggests that overproduction of TSLP in the 

skin of patients with AD could be a risk factor for the devel-

opment of allergic airway inflammation. Together, our study 

supports the hypothesis that skin may be an important site for 

systemic sensitization to certain allergens, and that epidermal 

TSLP may promote sensitization, asthma, and food allergies. 

Collectively, the results of our study elucidate a novel mecha-

nism for the atopic march, and implicate TSLP as an initiating 

factor in this disease process.   

 METHODS 
 An expanded Materials and Methods section is available in the  Data 
Supplement  online.     

  Mice and injections   .   Female BALB / c mice, 6 – 8 weeks old, were obtained 
from Charles River Laboratories (Wilmington, MA). K5-TSLP mice were 
generated as described previously. 10,13  C3H / Hej-BALB / c (TLR4mut) 

   Figure 7             Mice overexpressing thymic stromal lymphopoietin (TSLP) and antigen in the skin develop aggravated asthma-like airway inflammation. 
( a ) Ovalbumin (OVA)-specific T cells are primed in K5-TGO mice. K5-TGO mice received 1   mg   ml  – 1  of doxycycline for 3 weeks of treatment. Profile 
of DO11.10 CD4 T cells transferred into K5-TGO (left) and control (right) mice were determined in inguinal lymph node (upper) and spleen (lower). 
( b ) Total cell counts and differential cell counts in the bronchoalveolar lavage (BAL) ( n     =    4). ( c ) Hematoxylin and eosin (H & E) staining of skin (upper) 
and periodic acid-Schiff (PAS) staining of lung (lower) from K5-TSLP / TGO mice (left) and K5-TGO mice (right). CFSE, carboxyfluorescein diacetate 
succinimidyl ester. Bar    =    100    � m.  *  *  P  ≤  0.01.  
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and DO11.10 mice were purchased from The Jackson Laboratory (Bar 
Harbor, ME) and described previously. 41  All animals were housed in 
specific pathogen-free conditions in the Benaroya Research Institute 
(Seattle, WA) animal facility. Intradermal injections were performed, as 
previously described, 20  with minimal modifications to the dose volume. 
Briefly, fur was stripped from the lower backs of mice, and 5    � g TSLP 
(generous gift of Amgen, Seattle, WA) or MSA (Sigma-Aldrich, St Louis, 
MO) with OVA (A7642; Sigma-Aldrich), low endotoxin BSA (Sigma-
Aldrich), or house dust mice antigen (Greer Laboratories, Lenoir, NC) 
were injected intradermally in a 100    � l volume of sterile phosphate-
buffered saline by inserting the needle into the superficial dermis as close 
to the epithelium as possible. Experimental protocols were approved by 
the institutional animal care and use committees of Benaroya Research 
Institute. Detailed information on the generation of TRE-TGO and 
TSLP-deficient mice is in the  Data Supplement  online.   

  TSLP antibody treatment   .   To block TSLP in the lung at the time of skin 
sensitization, an antibody to murine TSLP (R & D Systems) was admin-
istered intranasally (50    � g intranasally on D0 and D8). Acute blocking of 
TSLP after skin sensitization was performed as previously described, 14  
with minimal modifications. In brief, mice were treated with TSLP 
blocking antibody on days 14 (200    � g intraperitoneally) and 15 (100    � g 
intravenously). Mice received further treatments on days 19 (100    � g 
intravenously) and 20 (50    � g intranasally) followed by OVA challenge.   

  Statistics   .   All statistical analyses were performed using GraphPad Prism 5 
(San Diego, CA). Unless otherwise indicated, all statistical tests are one-
way analysis of variance with Tukey ’ s  post-hoc  test, with significance 
between groups represented as  *  P     ≤    0.05,  *  *  P     ≤    0.01, and  *  *  *  P     ≤    0.001.        

    SUPPLEMENTARY MATERIAL  is linked to the online version of the 
paper at  http://www.nature.com/mi    
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