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SUMMARY

Mast cell (MC) mediator release after crosslinking of
surface-bound IgE antibody by ingested antigen un-
derlies food allergy. However, IgE antibodies are not
uniformly associated with food allergy, and intestinal
MC load is an important determinant. Atopic derma-
titis (AD), characterized by pruritis and cutaneous
sensitization to allergens, including foods, is strongly
associated with food allergy. Tape stripping mouse
skin, a surrogate for scratching, caused expansion
and activation of small intestinal MCs, increased
intestinal permeability, and promoted food anaphy-
laxis in sensitized mice. Tape stripping caused kera-
tinocytes to systemically release interleukin-33 (IL-
33), which synergized with intestinal tuft-cell-derived
IL-25 to drive the expansion and activation of intesti-
nal type-2 innate lymphoid cells (ILC2s). These
provided IL-4, which targeted MCs to expand in the
intestine. Duodenal MCs were expanded in AD. In
addition to promoting cutaneous sensitization to
foods, scratching may promote food anaphylaxis in
AD by expanding and activating intestinal MCs.

INTRODUCTION

Food allergy affects 6% of children and 3% of adults in the US
and is on the rise (Sicherer and Sampson, 2009). The life-threat-
ening symptom of food allergy is anaphylaxis. The physiopa-
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thology of anaphylaxis involves mast cell (MC) degranulation
and release of mediators and cytokines after recognition of anti-
gen by immunoglobulin E (IgE) antibodies bound to high-affinity
IgE receptors (FceRIl) on MCs (Galli and Tsai, 2012). Not all indi-
viduals who have food-specific IgE antibodies react upon oral
challenge, and food-specific IgE serum concentrations do not
necessarily predict the severity of food allergy (Fleischer et al.,
2011). Thus, additional factors other than IgE antibody are
required for food anaphylaxis. An important such factor is intes-
tinal MC load, which controls intestinal permeability (Lee et al.,
2013) and, thereby, systemic absorption of antigen, which is
essential for food anaphylaxis (Strait et al., 2011). Importantly,
gut MC expansion is associated with increased susceptibility
to oral anaphylaxis (Vaali et al., 2012), and intestinal MC load
modulates the severity of oral anaphylaxis (Ahrens et al., 2012).
Cutaneous exposure to food allergens in infants and mice pre-
disposes to IgE-mediated food allergy (Bartnikas et al., 2013;
Lack et al., 20083), implicating the skin as an important route of
sensitization. There is a high prevalence of IgE antibodies to
foods in atopic dermatitis (AD), a chronic pruritic inflammatory
skin disease affecting ~15% of children in the United States
(Spergel, 2010). The association between IgE sensitization to
food and food anaphylaxis is substantially higher in patients
with AD than in the population at large (Salo et al., 2014). Intes-
tinal IgE* cell numbers are increased in patients with AD (Caffar-
elli et al., 2001; Kalimo et al., 1988), but the nature of these IgE*
cells is ill defined. Furthermore, intestinal permeability is
increased in AD patients (Pike et al., 1986). Tape stripping the
skin of mice is a surrogate for scratching. Intestinal MC expan-
sion is observed after application of saline to tape-stripped
skin (Bartnikas et al., 2013), suggesting a link between mechan-
ical skin injury and intestinal MC expansion. In the present study,
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we demonstrate that tape stripping mouse skin causes selective
MC expansion in the small intestine (SI), increases intestinal
permeability, and promotes food anaphylaxis. Interleukin (IL)-
33 released by keratinocytes synergized with IL-25 released by
intestinal tuft cells to expand intestinal type-2 innate lymphoid
cells (ILC2s) and increase their expression of /l4 and/or //13.
ILC2-derived IL-4 and IL-13 targeted MCs to cause their expan-
sion in the Sl. We demonstrated that duodenal MCs are
expanded in children with AD, independent of overt food allergy.
Our observations document a skin-to-gut crosstalk in which
mechanical skin injury promotes food anaphylaxis by driving
intestinal MC expansion, in addition to facilitating sensitization
to food allergens. Thus, our results are directly relevant to food
allergy in patients with AD.

RESULTS

Mechanical Skin Injury Elicits Expansion of Intestinal
Mast Cells

To mimic mechanical skin injury caused by scratching, the
shaved back skin of BALB/c mice was tape stripped six times
on day 0 and three times on day 3, and the mice were studied
onday 14 (Figure 1A). Tape stripping resulted in a 2-fold increase
in chloroacetate esterase positive (CAE*) MCs in the jejunum,
including MCs in the submucosa, as well as the lamina propria
(LP) (Figure 1B). Immunohistochemical staining demonstrated
that tape stripping the skin caused an increase in mast cell pro-
tease-1* (MMCPT1*) MCs and mMCPT6" MCs in the jejunum
(Figure S1A). The increase in MC expansion in the jejunal LP of
tape-stripped mice was confirmed by flow cytometric analysis
of CD45*Lin~ c-Kit*IgE™ cells (Figure 1C). Tape stripping also
caused MC expansion in the duodenum but not in the colon
(Figure S1B). The total number of CD45" cells in the Sl did not
increase in tape-stripped mice (Figure S1C). MCs expanded at
the site of tape stripping but not in distant skin sites, lungs, or
spleen (Figure 1D).

Tape stripping the skin caused an increase in the granularity of
jejunal c-Kit*IgE™ MCs (Figure 1E) and upregulated their surface
expression of c-Kit and IgE binding (Figure 1F), as well as their
expression of //13, Hdc, Alox5, Kit, and Fceria but not /4 (Fig-
ure 1G). II5 and /I9 mRNAs were not detectable in jejunal MCs.
These results indicate that tape stripping causes selective
expansion of mucosal and submucosal MCs in the S| with an
increase in MC granularity, maturation, and potential ability to
produce IL-13, histamine, and leukotrienes.

Expansion of intestinal MCs after mechanical skin injury was
not specific to the BALB/c strain, as it was observed in C57BL/
6 mice (Figures S1D and S1E). Furthermore, it was independent
of the mouse housing facility. A comparable ~2-fold increase in
jejunal MCs was observed after tape stripping the skin of BALB/c
mice obtained from Taconic Biosciences (Figure S1E). Impor-
tantly, jejunal MC expansion induced by tape stripping was
independent from the microbiota, as it was preserved in germ-
free BALB/c mice (Figure S1E). Because of the differences in
baseline numbers of intestinal MCs between mice of different
strains and mice housed in different facilities, we subsequently
expressed the numbers of intestinal MCs in tape-stripped mice
relative to their numbers in genetically matched unmanipulated
controls.

Tape Stripping Increases Intestinal Permeability and
Promotes Oral Anaphylaxis

MC numbers in mouse intestine correlate with intestinal perme-
ability (Ahrens et al., 2012). Tape stripping mouse skin caused an
increase in intestinal permeability, as evidenced by an increase
in serum horseradish peroxidase (HRP) concentration after oral
gavage of HRP (Figure 2A). The increase in intestinal perme-
ability was dependent on MCs and, in particular, on intestinal
MCs, as it was not observed in Kit"V-s"W-s" mice, which globally
lack MCs, or ltgb7*/* mice, which are selectively deficient in in-
testinal MCs (Gurish et al., 2001) (Figure 2A).

We investigated whether the expansion, increased granularity,
and activation of intestinal MCs elicited by mechanical skin injury
was associated with enhancement of oral anaphylaxis. To that
end, mice were tape stripped and i.p. immunized with ovalbumin
(OVA) or saline in alum, then challenged orally with OVA (Fig-
ure 2B). As expected, mice i.p. immunized with OVA, but not
saline, demonstrated a drop in body temperature and an in-
crease in serum mMCPT1 concentrations after oral OVA chal-
lenge (Figure 2B). Tape stripping of the skin enhanced oral
anaphylaxis in mice i.p. immunized with OVA, as evidenced by
a greater drop in core body temperature and higher serum
mMCPT1 concentrations after oral OVA challenge compared
to non-tape-stripped controls (Figure 2B). Neither non-tape-
stripped nor tape-stripped i.p.-immunized ltgb7 '~ mice ex-
hibited a drop in body temperature after oral OVA challenge
(data not shown), demonstrating the critical role of intestinal
MCs in food anaphylaxis. MC expansion after tape stripping
was comparable in mice immunized with OVA and in controls
injected with saline (Figure S2A). Tape stripping had no detect-
able effect on the IgE anti-OVA response to i.p. immunization
(Figure S2B). These results indicate that that the more severe
oral anaphylaxis in tape-stripped mice was not due to a greater
IgE antibody response to OVA.

To circumvent other potential effects of tape stripping on
the response to OVA immunization, we examined whether tape
stripping of the skin enhances IgE-mediated passive food
anaphylaxis. Mice were tape stripped and passively sensitized
by i.v. administration of IgE anti-TNP (2,4,6-trinitrophenol) or sa-
line as control, then challenged orally with TNP-BSA (bovine
serum albumin) (Figure 2C). Mice sensitized with IgE anti-TNP,
but not unsensitized controls, demonstrated a drop in body tem-
perature and an increase in serum mMCPT1 concentrations after
oral TNP-BSA challenge (Figure 2C). Anaphylaxis to oral antigen
challenge following passive sensitization was more severe in
tape-stripped mice compared to unmanipulated controls, as evi-
denced by a greater drop in core body temperature and higher
serum concentrations of MCTP1 (Figure 2C). These results sug-
gest that expansion of intestinal MCs after mechanical skin injury
increases intestinal absorption of antigen and promotes oral
anaphylaxis.

Keratinocyte-Derived IL-33 and Intestinal-Cell-Derived
IL-25 Are Essential for Intestinal MC Expansion Elicited
by Mechanical Skin Injury

Keratinocytes upregulate the expression and/or release of
the cytokines IL-33, thymic stromal lymphopoietin (TSLP), and
IL-25 in response to injury (Leyva-Castillo et al., 2013; Oyoshi
et al., 2010). Receptors for these cytokines are expressed by
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Figure 1. Tape Stripping Mouse Skin Causes Expansion of Mast Cells (MCs) in the Small Intestine

(A) Experimental protocol. BALB/C mouse skin was tape stripped (T/S) 6 times on day 0 and 3 times on day 3 using Tegaderm; mice were analyzed on day 14.
(B) Representative chloroacetate esterase (CAE) staining of jejunal sections, with scale bars representing 100 uM (top) and quantitation of MC numbers per
10 HPF in jejunum (bottom left) and jejunal LP and submucosa (bottom right) of T/S mice and unmanipulated (Unm.) controls. Results are derived from 2 in-
dependent experiments, each with 3 to 5 mice/group.

(C) Representative flow cytometry analysis of c-Kit*IgE* MCs in the CD45*Lin"~ fraction of jejunal LP cells from T/S mice and Unm. controls (left), and absolute
numbers of jejunal CD45*Lin"c-Kit*IgE* MCs (right). Results are derived from 2 independent experiments, each with 4 mice/group.

(D) Numbers of CD45*Lin"c-Kit*IgE* MCs in primary (Prim.) skin sites subjected to tape stripping, distant (Dist.) skin site (left), lungs (middle), and spleen (right) of
T/S mice and Unm. controls. Data are representative of 2 independent experiments, each with 3 to 4 mice/group.

(E) Representative flow cytometry analysis of the granularity (side scatter) and size (forward scatter) of CD45*Lin"c-Kit*IgE™ MCs (left) and percentage of
SSCM9c-Kit*IgE* MCs (right) in the jejunum of T/S mice and Unm. controls. Results are derived from 2 independent experiments, each with 4 mice/group.

(F) Representative flow cytometry analysis of surface expression of c-Kit or CD117 (left) and FceR1 detected as IgE binding (right) by CD45*Linc-Kit*IgE* MCs
from the lamina propria (LP) of T/S mice and Unm. controls. Results are representative of 2 independent experiments, each with 4 mice/group.

(G) qPCR analysis of mRNA expression of select genes by CD45*Lin"c-Kit*IgE* MCs sorted from the LP of T/S mice and Unm. controls expressed relative to the
mean of Unm. controls. The lanes correspond to the groups from 2 different experiments in which MCs were pooled from 4 to 5 mice/group.

Columns and bars in B-E represent SEM. **p < 0.01, ***p < 0.001, ns: not significant. Please see also Figure S1.

ILC2s, MCs, and subsets of T cells (Saenz et al., 2008), rendering
epithelial cytokines potential candidates for communicating sig-
nals from injured skin to the intestine. MRNA expression of //33
and Tsip, but not /125, increased in mouse skin 6 h after tape
stripping (Figure 3A). Explants of tape-stripped mouse skin
released more IL-33 and TSLP than explants from unmanipu-
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lated skin, but no detectable amounts of IL-25 (Figure 3B).
Importantly, there was a ~3-fold rise in the serum concentration
of IL-33, but not TSLP, 1 h after tape stripping the skin (Fig-
ure 3C). IL-25 was not detected in the serum. IL-33 release by
skin explants and the increase in IL-33 serum concentrations
after tape stripping were abolished in K74-cre’9/0j/33flox/flox
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Figure 2. Tape Stripping of the Skin Increases Intestinal Permeability and Promotes Anaphylaxis to Oral Antigen Challenge

(A) Effect of tape stripping (T/S) the skin on intestinal permeability. Upper panel: Experimental protocol. Lower panel: serum HRP concentrations in T/S and Unm.
wild-type (WT,) Kit"VSMW-sh "and Jtgb7~'~ mice. Results are derived from 3 independent experiments, each with 4 to 5 mice/group.

(B) Effect of tape stripping the skin on food anaphylaxis in i.p.-immunized T/S and Unm. WT mice. Upper panel: experimental protocol. Middle panel: change in
core body temperature following oral OVA challenge. Lower panel: serum mMCPT1 concentrations. Data are representative of 2 independent experiments, each

with 4 to 5 mice/group.

(C) Effect of tape stripping the skin on food anaphylaxis in T/S and Unm. mice passively sensitized with IgE anti-TNP. Upper panel: experimental protocol. Middle
panel: change in core body temperature after oral challenge with TNP-BSA. Lower panel: serum mMCPT1 concentrations.
Data are representative of 2 independent experiments each with 4 to 5 mice/group. Columns and bars in (A) and symbols and bars in (B) and (C) represent SEM.

**p < 0.01, **p < 0.001, ns: not significant. Please see also Figure S2.

mice, which lack IL-33 specifically in keratinocytes (Figure 3D).
These results suggest that mechanical injury to mouse skin re-
sults in the systemic release of the epithelial cytokine IL-33
from keratinocytes. In addition to keratinocytes, the K74 trans-
gene is expressed in mouse thymic epithelial cells (TECs) and
oral epithelium (Li et al., 2001). We cannot rule out a potential
contribution of these tissues in our model.

Expansion of intestinal MCs was abolished in //7ri1~/~ mice
that lack the IL-33R and in //7 7rb~'~ mice that lack the high-affin-
ity ligand-binding chain of the IL-25R but was preserved in
Tslor™'~ mice (Figure 3E), indicating that IL-33 and IL-25, but
not TSLP, play essential and non-redundant roles in intestinal
MC expansion elicited by mechanical skin injury. Expansion
of intestinal MCs was abolished in tape-stripped K14-cre'®°
113319f1% mice (Figure 3F). In contrast, it was preserved in
K14-cre™0)j25M1/1o% mice (Figure 3F). These results demon-
strate that keratinocytes are the source of the IL-33, but not
the IL-25, essential for intestinal MC expansion elicited by
mechanical skin injury.

Tuft cells constitutively express IL-25 and are the only identi-
fied source of IL-25 in the intestine (von Moltke et al., 2016).
They are characterized by intracellular expression of doublecor-
tin like kinase 1 (DCLK1) and surface expression of epithelial cell
adhesion molecule (EpCAM) and the C-type lectin receptor
SiglecF (von Moltke et al., 2016). Immunofluorescence analysis
of the jejunum revealed that tape stripping caused a ~2-fold in-
crease in the number of DCLK1™ tuft cells (Figure 3G). This was
confirmed by flow cytometry analysis of CD45~EpCAM™*SiglecF*
tuft cells in jejunal IECs (Figure 3H). Tape stripping also caused a
~3-fold increase in /125 mRNA expression in jejunal IECs (Fig-
ure 3l). Upregulation of //25 mRNA expression after tape strip-
ping of the skin was selective to IECs, as it was not observed
in lung epithelial cells or skin epidermal layer (Figure S3). Impor-
tantly, expansion of jejunal MCs after tape stripping was
abolished in Vil1-cre™°1j25"*/1* mice, which lack IL-25 in their
IECs (von Moltke et al., 2016) (Figure 3J). These results demon-
strate that tape stripping of the skin causes tuft-cell expansion
and increased /25 expression by IECs and that IEC-derived
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Figure 3. Keratinocyte-Derived IL-33 and IEC-Derived IL-25 Are Necessary for Intestinal MC Expansion Elicited by Tape Stripping the Skin
(A) 1133, Tslp, and /I25 mRNA expression in skin. Values represent fold induction in tape-stripped skin relative to unmanipulated (Unm.) skin. Data are repre-
sentative of 2 independent experiments, each with 3 mice/group.

(B) IL-33, TSLP, and IL-25 concentrations in the supernatants of skin explants from T/S and Unm. skin.

(C) Serum concentrations of IL-33, TSLP, and IL-25 in mice 1 h after tape stripping the skin and in Unm. controls. Data representative of 2 independent ex-
periments, each with 3 mice/group.

(D) IL-33 concentrations in the supernatants of skin explants (left) and serum (right) of T/S and UnmK14-cre™°/I331°¥°x mjice and K14-cre
(E) Jejunal MC numbers (#) in T/S and Unm. /i1rl1~/~, Tslpr ==, and II17rb~~ mice and genetically matched WT controls relative to the mean of unmanipulated

controls. Results are derived from 2 independent experiments with 3 to 5 mice/group.
(F) Jejunal MC numbers (#) in T/S and Unm. K74- cre"¥°)i33%o1ox  K14-creT9/0)25M101% and K14-cre™° mice relative to the mean of the unmanipulated

K14-cre™° controls. Results are derived from 2 independent experiments with 3 to 5 mice/group.

(G) Representative immunofluorescence staining of jejunal sections for DCLK1 in red and DAPI in blue (left) and quantitation of DCLK1™* tuft cells per HPF (right) in
T/S WT mice and Unm. controls. Results are derived from 2 independent experiments, each with 1 and 2 mice/group, respectively.

(H) Representative flow cytometry analysis (left) and quantitation of the percentage (right) of SiglecF*"EPCAM™* cells gating on CD45™ cells from the jejunal
epithelial layer. Results are derived from 2 independent experiments, each with 2 mice/group.

(1) 1125 mRNA expression in intestinal epithelial cells from T/S WT mice and Unm. controls. Values represent fold induction relative to the mean of unmanipulated
mice. Results are derived from 2 independent experiments, each with 1 and 2 mice/group, respectively.

(J) Jejunal MC numbers (#) in T/S and Unm. Vil1-cre'9°11251/1°% mice and Vil1-cre™¥° controls relative to unmanipulated Vil7-cre™° controls. Results are derived
from 2 independent experiments with 2 to 3 mice/group.

Circles in (G)—(l) represent individual mice. Floating bars in (A)-(C), columns and bars in (D)-(F) and (J), and horizontal lines and bars in (G)—(l) represent mean and
SEM. *p < 0.05, **p <0.01, **p< 0.001, ns: not significant. Please see also Figure S3.

T9/0 controls.

IL-25 is essential for intestinal MC expansion elicited by mechan- T and B cells but sufficient in ILCs (Figure 4A). In contrast, it
ical skin injury. caused no expansion of intestinal MCs in Rag2~~yc™'~ mice,

which, in addition, lack ILCs (Figure 4B). Tape stripping also
ILC2s Are Essential for Intestinal MC Expansion Elicited failed to cause intestinal MC expansion in lI7ra~’~ mice, which
by Tape Stripping the Skin lack ILCs and are deficient in T and B cells (Figure 4B). These
ILC2s and adaptive Th2 cells are targets for IL-33 and IL25 results indicate that ILCs, but not mature T or B cells, are impor-
(Saenz et al., 2008). Tape stripping of the skin caused intestinal  tant for the expansion of intestinal MCs elicited by mechanical
MC expansion in Rag2~’~ mice, which are deficient in mature  skin injury.
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Figure 4. ILC2s Are Necessary for Intestinal MC Expansion Elicited by Tape Stripping the Skin

(A and B) Jejunal MC numbers in tape stripped (T/S) and unmanipulated (Unm.) Rag2~'~, Rag2~~yc™'~, and ll7ra~’~ mice (B) and genetically matched WT
controls relative to the mean value of the unmanipulated control group. Results are derived from 2 independent experiments with 2 to 5 mice/group.

(C) Jejunal MC numbers (#) in T/S and Unm. Rora®¥*? - WT and WT —WT chimeras, relative to the mean value of the unmanipulated WT —WT chimera group.
Results are derived from 2 independent experiments, each with 2 to 3 mice/group.

(D) ILC2 numbers in the jejunum (left), distant skin (middle), and lungs (right) in T/S BALB/c mice and Unm. controls. Data pooled from 2 independent experiments,
each with 3 to 4 mice/group.

(E) Cytokine mRNA expression, relative to B2m in sorted CD45*Lin~CD90* ILCs from the jejunum of T/S mice and Unm. controls. Data pooled from 2 independent
experiments, each with 3 to 4 mice/group.

(F) Representative flow cytometry analysis (left) and quantitation (right) of CD90"YFP* ILC2s gating on CD45*Lin" live cells from the jejunum of T/S and Unm.
Rora®"®°*ROSA"™ mice.

(G) Cytokine mRNA expression, relative to B2m, in Lin"CD90*YPF* cells (ILC2s) sorted from the jejunum of T/S and Unm. Rora®°*"*ROSAY" mice. Data pooled
from 2 independent experiments, each with 3 to 4 mice/group.

(H and 1) ILC2 numbers (left) and /4 and //73 mRNA expression, relative to B2m, in sorted CD45*Lin"CD90™" ILCs (right) from the jejunum of T/S and Unm.
K14-cre™°1I33%"¥/ X mice and K14-cre™®° controls (H) and T/S and Unm. Vil1-cre 125" mice and Vil1-cre controls (l). Results are derived from 2 independent
experiments with 3 to 5 mice/group.

Columns and bars represent mean and SEM. *p < 0.05, **p < 0.01, **p < 0.001, ns: not significant. Please see also Figures S5 and S6.

ILC2s, but not ILC1s or ILC3s, express IL-25R and IL-33R
(Spits et al., 2013). We directly examined the role of ILC2s in
intestinal MC expansion after tape stripping of the skin. The tran-
scription factor RAR-related orphan receptor alpha (RORa) is
expressed selectively in ILC2s but not ILC1s or ILC3s (Spits
et al., 2013). It is also expressed in cerebellar Purkinje cells
and a subset of Th2 cells. Rora®¥*9 mice carry a deletion that
introduces a frameshift in the exon that encodes the ligand-bind-
ing domain of RORa (Dussault et al., 1998) and have no detect-
able ILC2s. However, they have neurologic abnormalities and a

severely reduced lifespan. We therefore examined Rora®¥/s9 —
wild-type (WT) bone-marrow radiation chimeras, which are
healthy and have a normal lifespan (Wong et al., 2012). GATA-
3 is a transcription factor expressed in ILC2s but not ILC1s or
ILC3s (Spits et al., 2013), allowing their identification by flow
cytometry analysis as CD45*Lin"CD90*CD3 GATA-3* cells
(Figure S4A). Intestinal ILC2s were virtually undetectable in
Rora®¥s9 —WT chimeras, but their numbers in control WT—
WT chimeras were comparable to those in WT mice (Fig-
ure S4B). Tape stripping caused no expansion of intestinal
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MCs in Rora®¥s®—WT chimeras but caused intestinal MC
expansion in WT—WT chimeras comparable in magnitude to
that in WT mice (Figure 4C). Because T cells are dispensable
for intestinal MC expansion after tape stripping, these results
indicate that ILC2s are critical for this expansion.

Keratinocyte-Derived IL-33 and IEC-Derived IL-25 Drive
the Expansion and Activation of Intestinal ILC2s after
Mechanical Skin Injury

Tape stripping the skin caused a ~2-fold increase in the numbers
of CD45*Lin"CD90*CD3 GATA-3" ILC2s in the LP of the
jejunum of WT mice (Figure 4D). ILC2 expansion after mechani-
cal skin injury was selective to the jejunum, because ILC2
numbers did not increase in distant skin sites, lungs, blood,
skin draining lymph nodes, spleens, or visceral adipose tissue
of tape-stripped mice (Figures 4D and S4C). We observed a
2-fold increase in ILC2s in tape-stripped skin (Figure S4D). Treat-
ment with the sphingosine-1-phosphate (S1P) analogue FTY720
did not abolish the intestinal MC expansion induced by tape
stripping (Figure S4E), suggesting that migration of ILC2s from
tape-stripped skin is not required in our model.

There was an increase in Ki67* intestinal ILC2s at day 10, but
not day 7, of our tape-stripping protocol (Figure S4F), suggesting
that ILC2s are proliferating locally. IL-33 promotes the egress of
ILC2 progenitors from the bone marrow (BM) (Stier et al., 2018).
There was a decrease in Lin"Sca1*IL-25R*CD25*CD127* ILC2
progenitors (ILC2ps) in the BM at day 7, but not day 10, of our
tape-stripping protocol (Figure S4G), but there was no increased
expression of the gut-homing receptors CCR9 and integrin beta7
by these ILC2ps (data not shown). ILC2p mobilization from the
BM may contribute to the ILC2 expansion in our model.

Activated ILC2s express type 2 cytokines (McKenzie et al.,
2014; Spits et al., 2013). Tape stripping the skin upregulated
expression of /4, 15, and /73 mRNA in CD45*Lin"CD90*CD3™
ILCs sorted from the jejunal LP (Figure 4E) but not in ILCs sorted
from distant skin (Figure S4H). /4, 115, and //173 mRNA was not
detectable in CD45*Lin"CD90*CD3™ ILCs sorted from the lungs.
119 mRNA was undetectable in jejunal ILCs (data not shown). In
addition, tape stripping did not increase lung or visceral-adi-
pose-tissue ILC2 numbers or their expression of IL-5 or IL-13
on day 7, 10, or 14 (Figures S4l and S4J; data not shown).
Because CD45"Lin"CD90*CD3™ cells include ILCs other than
ILC2s, we examined Rora®®°ROSA26Y™" mice in which
ILC2s are identified as CD45*Lin"CD90*CD3 YFP* cells.
Tape stripping the skin caused an increase in the numbers of
CD45*Lin~CD90*YFP* jejunal ILC2s in Rora®®°™ROSA26""
mice (Figure 4F) and upregulated //4, /15, and /113 mRNA expres-
sion in yellow fluorescent protein* (YFP™) ILC2s sorted from the
jejunum of these mice (Figure 4G). //4, 115, and /113 mRNAs
were not detectable in CD45*Lin"CD90*CD3 YFP~ cells from
the jejunum of tape-stripped Rora®"®°*ROSA26Y"" mice (data
not shown). Serum IL-4 and IL-13 concentrations were increased
2-fold on day 4 after tape stripping, when jejunal expansion
and activation are not yet observed, but returned to normal on
day 7, before jejunal ILC2s were expanded and activated (Fig-
ure S4K; data not shown).

Jejunal ILC2 expansion and increased expression of /4
and //13 by ILCs were abolished in tape-stripped K14-cre™”°
113319¢11o% mice and Vil1-cre™%/[25M° 1% mice (Figures 4H and
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4]), demonstrating that keratinocyte-derived IL-33 and IEC-
derived IL-25 play non-redundant roles in the expansion and
activation of jejunal ILC2s elicited by mechanical skin injury.

IL-33 and IL-25 Act Directly on ILC2s to Cause Their
Expansion and Activation after Mechanical Skin Injury
IL-33 and IL-25 act directly on ILC2s to cause proliferation and
expression of type 2 cytokines (Spits et al., 2013). We investi-
gated whether IL-33 and IL-25 act directly on ILC2s to cause
their expansion in the intestines of tape-stripped mice. Tape
stripping the skin caused a ~3-fold expansion of jejunal ILC2s
and an increase in the expression of //4 and /13 mRNAs by
jejunal ILCs in Rora®™®°™ mice but not in Rora®"®/ceJ|1 7rpfiox/flox
mice and Rora®®°™®/i1r1%1°%X mice, which lack IL-25R and
IL-33R, respectively, in Rora-expressing cells (Figures 5A and
5B). Furthermore, tape stripping caused expansion of jejunal
MCs in Rora®®°® mice but not Rora®®°|i17rb"¥/x or
Rora®®°™eji1r111o¥/1ox mice (Figure 5C). These results demon-
strate that keratinocyte-derived IL-33 and IEC-derived IL-25
act directly and non-redundantly on intestinal ILC2s to cause
their expansion and activation and to promote intestinal MC
expansion after mechanical skin injury. YFP expression was de-
tected in less than 2% of Beta Ill tubulin* intestinal neurons and
was undetectable in intestinal MCs of Rora®®°™ROSA26"""
mice (Figure S5), demonstrating that Rora-driven cre-mediated
ablation of gene expression is not operative in these cells.

Flow cytometry analysis demonstrated that IL-25R is
expressed robustly on jejunal ILC2s and weakly on lung ILC2s,
whereas IL-33R was expressed robustly on lung ILC2s and
less strongly on intestinal ILC2s (Figure 5D). The strong expres-
sion of IL-25R on jejunal ILC2s, together with the selective
increase in /25 mRNA in |ECs after tape stripping of the skin,
likely contributes to the selective expansion of ILC2s and MCs
in the jejunum after mechanical skin injury.

A Feedforward Loop Drives the Expansion and
Activation of Intestinal ILC2s and Tuft Cells after
Mechanical Skin Injury

Recent reports demonstrate the existence of a feedforward loop
involving intestinal ILC2s and tuft cells in which IL-13 derived
from ILC2s promotes the expansion of intestinal tuft cells and
their expression of IL-25, which drives ILC2 expansion and acti-
vation (von Moltke et al., 2016). We used Rora®®/°ejj4/13M0x/flox
and Rag2~’~ mice to investigate whether expansion of intestinal
tuft cells after tape stripping of the skin is dependent on ILC2-
derived IL-13 and/or IL-4. Tape stripping of the skin caused
expansion of EpCAM*SiglecF* jejunal tuft cells, increased
IL-25 mRNA expression by IECs, and expansion of ILC2s in
Rora®®°® mice but not Rora®®°"®jj4/131°¥/1°x mice (Figures
5E-5G). Expansion of jejunal tuft cells, as well as expansion of
intestinal ILC2s and their upregulation of //4 and //13 expression
after tape stripping of the skin, was preserved in Rag2~'~ mice
(Figure 5H). Together with the dependence of intestinal ILC2
expansion and activation on IEC-derived IL-25 (Figure 4l), these
results suggest that, after mechanical skin injury, IL-13 and/or
IL-4 produced by ILC2s in response to keratinocyte-derived
IL-33 activate a feedforward loop in which expansion and upre-
gulation of IL-25 by tuft cells drives further the expansion and
activation of small intestinal ILC2s. Injection of rIL-33 caused
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Figure 5. IL-33 and IL-25 Directly Target ILC2s to Cause Their Expansion and to Activate a Feedforward ILC2 and Tuft-Cell Loop in the
Intestine of Tape-Stripped Mice

(A-C) ILC2 numbers (A), //4 and //73 mRNA expression relative to B2m in sorted CD45*Lin~CD90™" ILCs (B) and MC numbers (C) in the jejunum of T/S and Unm.
Rora®®°®|17rb™"1°X Rora®®/°"|i1r1119¥/M°% ' and Rora®"®/°™ mice relative to Unm. Rora®®°"® controls. Results are derived from 3 independent experiments with
2 to 4 mice/group.

(D) Representative flow cytometry analysis of IL-25R (left) and IL-33R (right) expression by jejunal and lung CD45*Lin~ CD90*YFP* ILC2s from Rora®™®/°™®
ROSAY"P mice. Black lines represent isotype control. Similar results were obtained in two other independent experiments.

(E-G) Quantitation of the percentage of SiglecF*EPCAM* cells gating on CD45~ cells from the epithelial layer (E), /25 mRNA expression in IECs (F), and ILC2s
numbers (G) in the jejunum of T/S and Unm. Rora®*®/°"®/|4/13%1°¥/1°* mice and Rora®®’°® controls. Results are derived from 3 independent experiments with 2 to
4 mice/group.

(H) ILC2 numbers (left), percentage SiglecF*EPCAM™ cells gating on CD45™ cells from the jejunal epithelial layer (center), and //4 and //73 mRNA expression
relative to B2m in sorted CD45*Lin~CD90" ILCs (right) in the jejunum of T/S and Unm. FfagZ’/’ mice. Results are derived from 2 independent experiments with
3 to 4 mice/group.

Columns and bars represent mean and SEM. *p < 0.05, ***p< 0.001, ns: not significant. Please see also Figure S5.

an increase in the number of jejunal tuft cells, ILC2s, and MCs in  (Burton et al., 2013). Intestinal MC expansion elicited by tape
WT mice that was abolished or markedly less in //77rb~'~ mice  stripping the skin of WT mice was abolished by administration
(Figures S6A-S6C), whereas injection of rlL-25 caused acompa-  of neutralizing monoclonal antibody (mAb) to IL-4 and IL-13
rable increase in the number of jejunal MCs in WT mice and  but not IL-5 and IL-9 (Figure 6A), indicating that IL-4 and IL-13
1111~/ mice but no increase in /I17rb~'~ mice (Figure S6D).  play essential and non-redundant roles in small intestinal MC
These findings support the notion that keratinocyte-derived expansion after mechanical skin injury.

IL-33 initiates the intestinal ILC2-tuft-cell feedforward loop that To investigate whether ILC2s are the source of IL-4 and IL-13

results in intestinal MC expansion in our model. important for intestinal MC expansion elicited by tape stripping

the skin, we used Rora®®°"®j4/131°/1o* mice. Tape stripping
IL-4 and IL-13 Produced by ILC2s Target MCs to Cause caused no intestinal MC expansion in these mice but caused
MC Expansion after Mechanical Skin Injury a ~2-fold expansion of intestinal MCs in Rora®®°"® controls

cre/cre

IL-4, IL-5, IL-9, and IL-13 promote the proliferation of bone- (Figure 6B). The lack of intestinal MC expansion in Rora
marrow-derived MCs in vitro (Okayama and Kawakami, 2008),  //4/131°/°X mice was accompanied by attenuation of anaphy-
whereas IL-4 and IL-9 can drive the expansion of MCs in vivo laxis in response to oral OVA challenge after i.p. sensitization
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Figure 6. ILC2-Derived IL-4 and IL-13 Directly Target MCs to Cause Their Expansion in the Intestine of Tape-Stripped Mice

(A) Jejunal MC numbers (#) in T/S and Unm. WT mice treated with neutralizing anti-IL-4, anti-IL-5, anti-IL-9, or anti-IL-13 mAbs. MC values are relative to the mean
value of the unmanipulated control group. Results are derived from 3 independent experiments with 2 to 4 mice/group.

(B) MC numbers relative to Unm. Rora®®°"® controls in the jejunum of T/S and Unm. Rora®*®°"®/|4/13%°¥/1°* and Rora®*®°"® mice. Results are derived from 3 in-
dependent experiments with 2 to 4 mice/group.

(C) Change in core body temperature after oral OVA challenge in T/S Rora®®/°"®l4/131°°X mice and Rora
derived from 2 independent experiments with 3 to 5 mice/group.

(D and E) MC numbers relative to Unm. Mcpt5-cre™®° (D) and ILC2 numbers (E) in the jejunum of T/S and Unm. Mcpt5-cre"¥°li4ra™"~ mice and Mcpt5-cre™®°
mice. Results are derived from 2 independent experiments with 3 to 5 mice/group.

(F) Change in core body temperature following oral OVA challenge in T/S Mcpt5-cre ®°li4ra
are derived from 2 independent experiments with 3 to 5 mice/group.

(G and H) ILC2 numbers (G) and //4 and /173 mRNA expression in sorted CD45*Lin~CD90™ ILCs (H) in the jejunum of T/S and Unm. Kit"/-s"W-s" mice and genetically
matched controls. Results are derived from 2 independent experiments with 3 to 5 mice/group.

Columns and bars represent mean and SEM. *p < 0.05, **p < 0.01, ns: not significant.

cre/cre

controls i.p. sensitized with OVA. Results are

flox'~ mice and Mcpt5-cre'¥° controls i.p. sensitized with OVA. Results

(Figure 6C). Given that intestinal MC expansion after tape strip-  directly target intestinal MCs to cause their expansion. The
ping is maintained in Rag2~'~ mice, these results suggest that lack of intestinal MC expansion in Mcpt5-cre' % li4ra"~
ILC2-derived IL-4 and/or IL-13 are essential for intestinal MC  mice was accompanied by a decrease in food anaphylaxis in

expansion elicited by mechanical skin injury. response to oral OVA challenge after i.p. sensitization
To examine whether IL-4 and/or IL-13 target MCs directly to  (Figure 6E).
mediate their expansion in the intestines of tape-stripped MCs release molecules that can drive the expansion and

mice, we used Mcpt5-cre™°l/4ra™~ mice, which selectively  activation of ILC2s (Shimokawa et al., 2017). Intestinal ILC2
lack IL-4Ra and, thus, both IL-4R and IL-13R, in MCs. Tape expansion after tape stripping of the skin was comparable in
stripping the skin caused no significant intestinal MC expan-  Mcpt5-cre'®%ll4ra"~ mice and Mcpt5-cre™° controls (Fig-
sion in Mcpt5-cre™¥%ll4ra"~ mice but caused robust intesti-  ure 6F). Importantly, intestinal ILC2 expansion and increased
nal MC expansion in Mcpt5-cre'® controls (Figure 6D). expression of /4 and //73 mRNAs after tape stripping of the
Together with our previous findings, this result strongly sug-  skin was comparable in MC-deficient Kit"/"S"W-s" mice and WT
gests that IL-4 and/or IL-13 derived from intestinal ILC2s controls (Figures 6G and 6H). These results demonstrate that
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Characteristics of AD patients and non-AD controls

. Age . . e IgE Food specific
Subject AD (years) Sex Clinical Food Sensitivity (Ulml) IgE
1 + 3 F Anaphylaxis to milk 1517 *
2 + 8 F Eosinophilic Esophagitis 2348 -
3 £ 13 F None 41 n.d.
4 + 2 M None 285 +
5 - 15 F None n.d. n.d.
6 - 13 F None n.d. n.d.
7 - 10 M Anaphylaxis to wheat 784 +
8 - 4 M Eosinophilic Esophagitis 715 +
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Figure 7. Duodenal Mast Cells Are Increased in Patients with AD
(A) Characteristics of AD patients and non-AD controls, n.d.: not done.

Ctrl AD

(B) Representative immunohistochemistry staining of duodenal sections with anti-tryptase mAb, with scale bars representing 100 um (left) and numbers of
tryptase™ cells per HPF in the duodenum (right) of 4 children with active AD and scratching and 4 children with no AD and no scratching.
Circles represent individual patients. Open circle: no history of food sensitivity, red circle: anaphylaxis to food, blue circle: eosinophilic esophagitis. Horizontal

lines and bars in (C) represent mean and SEM. **p < 0.01.

intestinal ILC2 expansion and activation after mechanical skin
injury is independent of MCs.

Duodenal Mast Cells Are Increased in Patients with AD

We next investigated whether intestinal MCs are increased in
patients with AD. We examined MCs in archived duodenal
biopsies from four children with active AD and four non-AD
age-matched children. All patients underwent endoscopy with
biopsy of the esophagus, stomach, and duodenum because of
a history of recurrent upper abdominal pain and/or vomiting.
History of food sensitivity, IgE serum concentrations, and IgE

antibodies to food allergens in the patients are shown in Fig-
ure 7A. Two AD patients and two non-AD patients had no history
of sensitivity to foods. One AD patient and one non-AD patient
had a history of food anaphylaxis and IgE antibodies to the of-
fending allergens but were on an avoidance diet and had no
food allergy symptoms at the time of the study. One AD patient
and one non-AD patient have been diagnosed clinically with
eosinophilic esophagitis (EoE) and had IgE antibodies to multiple
food allergens. MCs were identified in tissue sections by staining
for the MC-specific enzyme tryptase. The number of tryptase-
positive MCs in the LP of the duodenal mucosa was higher in
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AD compared to non-AD controls (Figures 7B and 7C). Duodenal
biopsies did not include the submucosa. Except for the
increased MC numbers in the AD patients and the confirmation
of the clinical diagnosis of EoE in one AD patient and one non-
AD patient by the presence of more than 15 eosinophils per
HPF in the esophagus LP, no other abnormalities were evident
in the patients’ biopsies. IgE can promote MC proliferation (Oett-
gen and Burton, 2015). The increased number of MCs in the du-
odenums of AD patients could not be simply due to higher serum
IgE concentrations, because two of the four AD patients had
lower serum IgE than the two non-AD patients on whom serum
IgE concentrations were determined, one AD patient had a
serum IgE in the normal range, and the mean serum IgE concen-
trations were not significantly different between the AD and
non-AD patients: mean + SEM, 1048 + 540 IU/mL for AD pa-
tients, n = 4, versus 750 + 35 IU/mL for non-AD patients, n = 2
(p =0.73, unpaired t test). These results suggest that AD is asso-
ciated with intestinal MC expansion independent of the presence
of food allergy or EoE and that this expansion is not simply the
result of elevated serum IgE.

DISCUSSION

We unraveled the mechanisms of a crosstalk between skin and
gut in which mechanical skin injury elicits expansion of intestinal
MCs and thereby promotes IgE-mediated food anaphylaxis.

Tape stripping of the skin caused selective expansion of
both mucosal and submucosal MCs in the jejunum, indepen-
dently of the microbiota. This suggests that danger signals
released in response to mechanical skin injury activate a
skin-gut crosstalk that culminates in the expansion of intesti-
nal MCs. Expansion of intestinal MCs was accompanied by
phenotypic changes that included increased MC granularity;
maturation, with increased c-Kit and FceRI expression; and
activation, with increased expression of genes that encode
for IL-13 and enzymes involved in histamine and leukotriene
synthesis.

MCs regulate homeostatic intestinal epithelial barrier function
(Groschwitz et al., 2009). Tape stripping the skin increased intes-
tinal permeability. This was dependent on intestinal MCs, as no
increase in permeability was observed in tape-stripped Igtb7 '~
mice that lack these cells. More importantly, tape stripping the
skin concurrently with i.p. immunization with OVA potentiated
anaphylaxis to oral antigen challenge. This was not due to an ef-
fect on the IgE antibody response to OVA or other aspects of the
immune response to OVA immunization, because tape stripping
also potentiated anaphylaxis to oral antigen challenge in mice
that were passively sensitized with IgE antibodies. The finding
that intestinal MC expansion after mechanical skin injury was
associated with increased severity of anaphylaxis to oral chal-
lenge is consistent with previous reports that intestinal MC
numbers control the severity of oral anaphylaxis (Ahrens et al.,
2012). MC-mediated intestinal permeability predisposes to oral
antigen hypersensitivity (Forbes et al., 2008). Thus, increased in-
testinal permeability associated with MC expansion likely
contributed to the increased susceptibility to oral anaphylaxis
caused by mechanical skin injury.

Tape stripping the skin caused increased local expression of
the epithelial cytokine genes /133 and Tslp, but not //25, and
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release of IL-33 and TSLP; however, only IL-33 was released
systemically into the blood. Examination of K714-cre™”°
1133M1°/1ox mice revealed that keratinocytes were the source of
the increased IL-33 released by skin explants and increased
serum IL-33 in tape-stripped mice. Experiments using recep-
tor-deficient mice demonstrated that both IL-33 and IL-25 are
required for intestinal MC expansion after mechanical skin injury.
Studies in mice with selective deficiency of IL-33 or IL-25 in ker-
atinocytes demonstrated that keratinocyte-derived IL-33 was
important for elicitation of intestinal MC expansion by mechani-
cal skin injury. In contrast, keratinocyte-derived IL-25 played no
evident role, consistent with the failure to detect IL-25 in the
blood. Intestinal MC expansion after tape stripping was abol-
ished in Vil1-cre"¥°/[25"°*/1°* mice, which lack IL-25 in their
IECs, demonstrating that tuft cells, the only IECs known to pro-
duce IL-25, are the relevant source of IL-25 in our model. The
finding that tape stripping caused an increase in the numbers
of intestinal tuft cells and upregulated //125 mRNA expression
by IECs suggests that mechanical skin injury causes proliferation
and activation of tuft cells.

ILC2s were essential mediators of skin-to-gut crosstalk in our
model. This was evidenced by the observation that lack of ILC2s
in Rora®¥s9—WT BM chimeras abrogated the ability of tape
stripping the skin to elicit intestinal MC expansion. Tape strip-
ping caused expansion of intestinal ILC2s and their activation,
as evidenced by marked upregulation of expression of the type
2 cytokines /4, 115, and 1/13. rIL-33 and rlL-25 synergize to cause
ILC2 expansion in vivo and ILC2 proliferation and cytokine
secretion in vitro (Salimi et al., 2013). Expansion and activation
of intestinal ILC2 after tape stripping was abrogated in
Rora®®®"®|117rb"1°* mice and Rora®®°"®l11rl1719¥/ X mice that
lack IL-33R or IL-25R, respectively, in ILC2s. This demonstrates
that IL-33 and IL-25 play non-redundant roles in our model, sug-
gesting that in vivo synergy between these two cytokines is
necessary to optimally drive intestinal ILC2 expansion and acti-
vation in our model. Importantly, intestinal MC expansion after
tape stripping was also abrogated in Rora®®°j/1 7rpfiox/flox
mice and Rora®®°"®/j1r/17°/1°* mjce, indicating that expansion
and activation of intestinal ILC2s is required for intestinal
MC expansion. The selective upregulation of //25 expression
in IECs and the high expression of IL-25R by intestinal ILC2s,
but not in lung or skin ILC2s (Ricardo-Gonzalez et al.,
2018), may underlie the selective expansion and activation of
ILC2s in the small intestine after tape stripping. IL-33 acts on
MCs to promote food anaphylaxis (Galand et al., 2016). IL-33
action on MCs cannot account by itself for the MC expansion
and activation in tape-stripped mice, as these are strictly depen-
dent on IL-4. However, IL-33 could act in synergy with IL-4 on
MCs in our model.

We provide evidence that, after mechanical skin injury, intesti-
nal ILC2s and tuft cells participate in a feedforward loop that
amplifies their expansion and activation. We propose that, after
tape stripping the skin, increased serum IL-33 activates intesti-
nal ILC2s to produce IL-13 and IL-4, which drive the expansion
of tuft cells and upregulate their production of IL-25, which
amplifies ILC2 production of IL-13 and IL-4 in a feedforward
loop. ILC2-derived IL-4 then drives intestinal MC expansion
and activation. Such a feedforward loop has been demonstrated
in intestinal helminth infection (Howitt et al., 2016; von Moltke



et al., 2016) and may have evolved to protect the intestine from
helminths that infect it directly or via the skin as a portal of entry,
as in the case of hookworms, and to provide concomitant immu-
nity. In line with this hypothesis, oral administration of sodium
succinate, a metabolite from protists and helminths, promotes
expansion of intestinal-tuft-cell ILC2s and intestinal mast cells
(Schneider et al., 2018; data not shown). ILC2-derived IL-4
and/or IL-13 drove intestinal MC expansion in our model by
directly targeting MCs, as intestinal MC expansion after tape
stripping was abolished in Rora®®°®ji4/131°1* mjice and
Mcpt5-cre™i4ra"~ mice.

MCs play a protective role against microbes and helminths
(Mukai et al., 2017). The crosstalk that we describe between
mechanically injured skin and intestine may have evolved as
a system to alert the gut to react to agents breaching the
skin barrier. Importantly, intestinal MC expansion elicited by
mechanical skin injury is likely relevant to food anaphylaxis
in patients with AD. We tape stripped ~10% of the mouse
body surface area in our model. A similar or greater percent-
age of body area is commonly affected and subject to
scratching in patients with AD (Sugarman et al., 2003). Skin
and serum IL-33 concentrations are increased in our model
and in patients with AD (Galand et al., 2016; Savinko et al.,
2012), and /133 mRNA expression increases in the skin of
healthy individuals after scratching (Galand et al., 2016). We
observed intestinal MC expansion in patients with AD, inde-
pendent of food allergy history, serum IgE, or the presence
of EOE. Moreover, increased intestinal permeability has been
documented in patients with AD (Caffarelli et al., 2001; Kalimo
et al., 1988). Taken together, our findings suggest that in-
creased intestinal MCs and permeability elicited by mechani-
cal skin injury inflicted by scratching may play an important
role in promoting food anaphylaxis in patients with AD. Inter-
ventions that inhibit scratching may be useful in dampening
the severity of food allergy in these patients by decreasing
their intestinal MC load.
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STARXxMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

eBioscience Fixable Viability Dye eFluor 506

Alexa Fluor 700 anti-mouse CD45 Antibody

Biotin anti-mouse/human CD45R/B220 Antibody
Biotin anti-mouse/human CD11b Antibody

CD11c Monoclonal Antibody (N418), Biotin,

CD19 Monoclonal Antibody (eBio1D3 [1D3])

F4/80 Monoclonal Antibody (BM8), Biotin
Ly-6G/Ly-6C Monoclonal Antibody (RB6-8C5), Biotin
CD335 (NKp46) Monoclonal Antibody (29A1.4), Biotin,
CD3 Monoclonal Antibody (17A2), PerCP-eFluor 710
CD117 (c-Kit) Monoclonal Antibody (ACK2)

BV421 Rat Anti-Mouse IgE

CD31 (PECAM-1) Monoclonal Antibody (390), PE-Cyanine7

PE Rat Anti-Mouse Siglec-F

Thermo Fisher
Biolegend
Biolegend
Biolegend
Thermo Fisher
Thermo Fisher
Thermo Fisher
Thermo Fisher
Thermo Fisher
Thermo Fisher
Thermo Fisher
BD Biosciences
Thermo Fisher
BD Biosciences

Cat# 65-0866-18

Cat# 103128; RRID: AB_493715

Cat# 103204; RRID: AB_312989
Cat# 101204; RRID: AB_312787

Cat# 13-0114-85; RRID: AB_493715
Cat# 13-0193-85; RRID: AB_657658
Cat# 13-4801-85; RRID: AB_466658
Cat# 13-5931-85; RRID: AB_466801
Cat# 13-3351-82; RRID: AB_2572784
Cat# 46-0032-82; RRID: AB_1834427
Cat# 17-1172-83; RRID: AB_469434
Cat# 564207; RRID: AB_2738668
Cat# 25-0311-82; RRID: AB_2716949
Cat# 552126; RRID: AB_394341

Rabbit anti-DCAMKL1 Abcam Cat# ab31704; RRID: AB_873537
Biological Samples

anti-trinitrophenyl (TNP) IgE monoclonal antibody Finkelman FD PMID: 22465213
Chemicals, Peptides, and Recombinant Proteins

Peroxidase from horseradish Sigma P8375

Albumin from chicken egg white Sigma A5503

Imject Alum Adjuvant Thermo Fisher 77161

Sodium succinate hexahydrate Alfa Aesar Cat# 41983

Critical Commercial Assays

RNeasy Micro Kit QIAGEN Cat# 74004

MCPT-1 (mMCP-1) Mouse Uncoated ELISA Kit Thermo fisher Cat# 7400488-7503-86
Mouse/Rat IL-33 Quantikine ELISA Kit R&D Cat# 74004M3300
Mouse TSLP Quantikine ELISA Kit R&D Cat# 74004MTLP0OO
RNAqueous Total RNA Isolation Kit Thermo Fisher Cat# 74004AM1912

Experimental Models: Organisms/Strains

Mouse, BALB/cAnNCrl
Mouse, C57BL/6NCrl
Mouse, BALB/cAnNTac
Mouse, Balb/c KitV-sv/W-sh

Mouse, Balb/c ltgb7 '~
K14_CreTg/0”33flox/ﬂox
Mouse, Balb/c lI1r1~/~
Mouse, Balb/c I117rb~/~
Mouse, Balb/c Tslpr/~
K14_CreTg/0”25flox/ﬂox
VI-”_CreTg/OII25flox/ﬂox
Mouse, Balb/c Rag2 ™/~
Rag2 /' ~yc™/~
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Charles River
Charles River
Taconic

Michael Stassen, Johannes
Gutenberg University

In this paper
In this paper

Andrew N.J. McKenzie

Amgen

Steve F. Ziegler
In this paper

In this paper
Taconic
Taconic

Strain code: 028
Strain code: 027
Model# BALB-F
N/A

N/A
N/A
N/A
N/A
N/A
N/A
N/A
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

l7ra='= JAX Stock Number 002295

Rora®¥/s? JAX 000237

Rora®®°*ROSA26"" Raif Geha, Boston Children’s N/A
Hospital

Rora®re/Crejj1 7rpfiox/flox In this paper N/A

Rora®e/Crejj1 i1 fiox/flox In this paper N/A

Rora®e/cre Dennis O’Leary N/A

RoraCre/Crejj4/13flox/flox In this paper N/A

Mouse, Balb/c Mcpt5-Cre"®°li4ra’">/~ In this paper N/A

Mouse, Balb/c Mcpt5-Cre'™®° Talal Chatila, Boston Children’s N/A

Hospital

Oligonucleotides

Hdc TagMan Assays
Alox5 TagMan Assays
1113 TagMan Assays
Kit TagMan Assays
Fcerla TagMan Assays
114 TagMan Assays

119 TagMan Assays
1133 TagMan Assays
TSLP TagMan Assays
1125 TagMan Assays
115 TagMan Assays

Thermo Fisher
Thermo Fisher
Thermo Fisher
Thermo Fisher
Thermo Fisher
Thermo Fisher
Thermo Fisher
Thermo Fisher
Thermo Fisher
Thermo Fisher
Thermo Fisher

Assay ID Mm00456104_m?1
MmO01182747_m1
MmO00434204_m1
Mm00445212_m1
MmO00438867_m1
Mm00445259_m1
MmO00434305_m1
MmO00505403_m1
MmO01157588_m1
MmO00499822_m1
MmO00439646_m1

Software and Algorithms

GraphPad Prism 7
FlowJo 10.4.2

Morpheus

GraphPad Software
Tree Star

Broad Institute

N/A
https://www.flowjo.com/solutions/
flowjo/downloads
https://software.broadinstitute.org/
morpheus/

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Raif S.
Geha (raif.geha@childrens.harvard.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

WT BALB/c, C57BL/6, and B6.SJL mice were purchased from Charles River Laboratories. BALB/c, Rag2-deficient mice, Rag2-
gamma chain-deficient mice were obtained from Taconic. ST2-deficient //7ri1~/~ mice obtained from Dr. Andrew N.J. McKenzie
(Townsend et al., 2000); IL-25R-deficient //17rb~'~ mice obtained from Amgen (Rickel et al., 2008); IL-25R-floxed /I77rbfl/fl mice
and TSLPR-deficient mice (Al-Shami et al., 2005) were obtained from Dr. Steve F. Ziegler; l14Ra-floxed mice were obtained from
Dr. Frank Brombacher on BALB/c background (Herbert et al., 2004). Mcpt5-cre mice (Scholten et al., 2008), obtained from Dr. Talal
Chatila, were derived for >6 generations on BALB/c background. Integrin beta7 ltgb7 /=, K14-creTg/0, Vil1-cre Tg/0, I7R -deficient,
RORa.-deficient mice, on C57BI/6 background and IL-4Ra-deficient mice, on a Balb/c background, were obtained from Jax. Integrin
beta7 Itgn7 '~ were derived for >6 generations on BALB/c background in the laboratory. ST2-floxed //1r/1fl/fl mice and IL-33-floxed
mice obtained from Dr. Richard T Lee; IL-25-floxed mice obtained from Dr. Chen Dong (Angkasekwinai et al., 2010); and Rora-cre
mice obtained from Dr. Dennis O’Leary (Chou et al., 2013), on a C57BI/6 background were crossed once with mice on BALB/c back-
ground. All mice were housed in a specific pathogen-free environment and fed an OVA-free diet. All procedures were performed in
accordance with the Animal Care and Use Committee of Boston Children’s Hospital.
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Human Subjects

Excess of duodenal biopsy samples from children endoscoped because of abdominal pain, were collected during routine clinical
care. Subjects were divided in 2 groups: active AD and scratching and subjects with no AD and no scratching based on history
and clinical examination recorded by their gastroenterologist (E.H.). Samples were submitted in a blinded fashion to the pathologist
J.G.).

METHOD DETAILS

Mechanical Skin Injury, EC Sensitization, and Oral Antigen Challenge

Mechanical skin injury consists in two cycles of tape stripping, one at day 0 and one at day 3 (scheme in Figure 1A). For the first cycle,
6- to 8-week-old female mice were anesthetized; their back skin was shaved and tape-stripped with a film dressing (TegadermTM,
3M) 6 times. For the other cycle, mice were tape stripped 3 times. Finally, mice were sacrificed at different time points.

Passive Sensitization

6- to 8-week-old female mice were injected intravenously with 10 pg of anti-trinitrophenyl (TNP) IgE monoclonal antibody (mAb). The
following day, mice were challenged intragastrically with 12.5mg of TNP conjugated bovine serum albumin (TNP-BSA). Temperature
changes were measured every 5 min following OVA challenge using the DAS-6001 Smart Probe and IPTT-300 transponders (Bio
Medic Data Systems) injected subcutaneously.

Intraperitoneal Sensitization
6- to 8-week-old female mice were injected intraperitoneally (i.p.) with 50 pg of OVA and 1 mg of alum at day 0 and day 7. At day 14,
mice were challenged intragastrically with 100 mg of OVA. Temperature changes were measured as described above.

Histology

For the chloroacetate esterase (CAE) staining, 1 cm pieces of mouse jejunum were fixed in 4% paraformaldehyde overnight at 4°C
and embedded in paraffin. Paraffin sections were stained with CAE. CAE* cells were counted by an investigator who was blinded to
the experimental groups. For the tryptase staining, duodenal biopsy samples were stained with an anti-tryptase antibody. Ten HPFs
in areas of high-density MCs were evaluated blinded per the criteria used in evaluating EOE. For DCLK1 staining, the whole Sl were
treated as previously described (von Moltke et al., 2016), rolled and frozen in OCT. 10uM slices were first incubated with rat serum
then stained with purified mAb anti-DCLK1 (ab31704) from Abcam, and with secondary Ab anti-rabbit IgG. Slices were fixed with a
mounting medium containing DAPI (Prolon Gold) from ThermoFisher Scientific.

Cell Suspension Preparation and Flow Cytometry Analysis

Cell isolation from the jejunum was performed as previously described (Galand et al., 2016). In brief, the jejuna were harvested,
flushed with PBS supplemented with 2% fetal calf serum, opened longitudinally, and cut in 1 cm long pieces. Then, intestinal pieces
were incubated in HBSS without Ca2+ and Mg2+ supplemented with 10 mM EDTA, 10 mM HEPES, 0.5% fetal calf serum, and
1.5 mM DTE, for 20 min at 37°C twice. Intestinal pieces were digested in HBSS with Ca2+ and Mg2+, 20% fetal calf serum,
100 U/mL collagenase VIII (Sigma-Aldrich), and 5 ng/mL DNase (Sigma-Aldrich) for 60 min at 37°C. Immune cells were purified
with a 40% Percoll gradient (GE Healthcare).

Cell isolation from the skin was performed as previously described (Leisten et al., 2013). One-centimer squares of back skin were
harvested; the layer of fat under the dermis was scrapped. Lower left lobes of lung were harvested. Skin remaining tissue and lung
lobes were chopped finely and incubated for 60 and 30 min, respectively, at 37°C in complete RPMI media complemented with 100U
Liberase DL (Roche) and 5 png/mL DNase (Sigma-Aldrich). Red blood cells of the lung suspensions were lysed with ACK buffer. The
cell suspensions were washed, incubated with TruStain FcX (anti-CD16/32 antibody; 10 ng/ml; Biolegend) and stained with the
eF506 viability dye from eBioscience to exclude dead cells and the following murine fluorochrome labeled-monoclonal antibodies:
B220 (RA3-6B2), CD3 (17A2), CD4 (GK1.5), CD11c (N418), CD19 (1D3), CD45 (30F11), CD90.2 (53-2.1), c- Kit (ACK2), Gr1 (RB6-8C5),
IL-13Ra1 (13MOKA), ST2 (RMST2-2) from eBioscience, CD11b (M1/70), F4/80 (BM8), FceRI (MAR-1), IgE (RME-1) and IL-17RB
(9B10) from Biolegend. BV605 Streptavidin from Biolegend was used to detect biotinylated antibodies. For transcription factor stain-
ing, cells were fixed and permeabilized (eBiosicence fix/perm kit) and stained in permeabilization solution with GATA-3 (TWAJ) and
Rorc (B2D) antibodies from eBioscience. For cytokine staining, cells were stimulated with lonomycin (0.5ug/ml; Sigma), Phorbol
12,13- dibutyrate (1ug/ml; Sigma), Brefeldin A (eBioscience), Monensin (eBioscience) in complete RPMI for 3 h before surface stain-
ing. Then, cells were fixed and permeabilized (BD Biosciences Cytofix/Cytoperm) and stained in permeabilization solution with IL-4
(11B11), IL-5 (TRFK5), IL-9 (RM9A4) antibodies from Biolegend and IL-13 (eBio13A) antibodies from eBioscience. Cells were
analyzed by flow cytometry using an LSRFortessa machine (BD Biosciences). The data were analyzed with FlowJo software.

Intestinal Permeability

Intestinal permeability was determined as previously (Mathias et al., 2011). Briefly, mice were gavaged at day 14 with 400 pl of a
1 mg/ml horseradish peroxidase solution (HRP, MW 44 kDa; Sigma). Blood was obtained 4h later and the concentration of HRP
was measured in the serum using the TMB substrate system.
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1133, 1125, and Tsip mRNA Expression and Its Release Upon Tape Stripping

The back skin of anesthetized mice was shaved and subjected to tape stripping six times with a film dressing (TegadermTM, 3M). 6 h
later, RNA was extracted from the skin with Total RNA isolation kit (Ambion). Intestinal epithelial cells were isolated from the duo-
denum as previously described (Gerbe et al., 2016). cDNA was prepared with iscript cDNA synthesis kit (Biorad). Quantitative
real-time PCR was done with the Tagman gene expression assay, universal PCR master mix and ABI prism 7300 sequence detection
system (Applied Biosystems). /125, 1133 and tslp mRNA fold induction was calculated using delta-delta ct with normalization to the
internal control 82microglobulin. An arbitrary unit of 1 was assigned to the mean value of unmanipulated skin samples or intestinal
epithelial cells from unmanipulated mice. For measuring IL-33, IL-25 and TSLP release, patches of ~1cm2 skin were excised from
unmanipulated back or immediately post-tape stripping. Subcutaneous fat was removed, and the patches were cultured for 1 hr in
complete RPMI. IL-25, IL-33 and TSLP in the supernatant and the sera, harvested 1 hr after tape stripping, was measured using
Quantikine ELISA kit (R&D Systems) for IL-33 and Ready-set- go ELISA kit (eBioscience) for IL-25 and TSLP.

QUANTIFICATION AND STATISTICAL ANALYSIS
All experiments were performed using randomly assigned mice without investigator blinding. Results of allergen challenge studies

were analyzed using two-way ANOVA. Other results were analyzed by one-way ANOVA or non-parametric t tests using Prism 7
(GraphPad). A p value of less than 0.05 was considered significant.
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