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BP180, also known as collagen XVII, is a hemidesmosomal com-
ponent and plays a key role in maintaining skin dermal/
epidermal adhesion. Dysfunction of BP180, either through genetic
mutations in junctional epidermolysis bullosa (JEB) or autoanti-
body insult in bullous pemphigoid (BP), leads to subepidermal
blistering accompanied by skin inflammation. However, whether
BP180 is involved in skin inflammation remains unknown. To
address this question, we generated a BP180-dysfunctional mouse
strain and found that mice lacking functional BP180 (termed
ΔNC16A) developed spontaneous skin inflammatory disease, char-
acterized by severe itch, defective skin barrier, infiltrating immune
cells, elevated serum IgE levels, and increased expression of thymic
stromal lymphopoietin (TSLP). Severe itch is independent of adap-
tive immunity and histamine, but dependent on increased expres-
sion of TSLP by keratinocytes. In addition, a high TSLP expression
is detected in BP patients. Our data provide direct evidence show-
ing that BP180 regulates skin inflammation independently of
adaptive immunity, and BP180 dysfunction leads to a TSLP-
mediated itch. The newly developed mouse strain could be a
model for elucidation of disease mechanisms and development
of novel therapeutic strategies for skin inflammation and BP180-
related skin conditions.
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BP180, also known as collagen XVII, is a 180-kDa trans-
membrane glycoprotein of the hemidesmosome anchoring

basal keratinocytes into the underneath basal membrane of the
skin (1). The intracellular region of BP180 is linked to the in-
termediate filament network, and its extracellular portion is
anchored into the basement membrane zone (BMZ) through
interacting with extracellular matrix proteins (2, 3). Dysfunc-
tion of BP180 by gene mutations can lead to junctional epi-
dermolysis bullosa (JEB) (4, 5), a subepidermal blistering
disease in humans. In the skin autoimmune subepidermal blis-
tering disease bullous pemphigoid (BP), anti-BP180 autoanti-
bodies attack and impair function of BP180 autoantigen in basal
keratinocytes causing dermal-epidermal separation (6). Pathogenic
anti-BP180 autoantibodies mainly target the juxtamembranous
noncollagenous NC16A domain (7). These findings in JEB and BP
establish BP180 as a key cell–cell matrix adhesion molecule in the
skin. However, whether BP180 is involved in other biological
processes and pathological conditions is largely unknown.
Both BP and JEB share some features of skin inflammation.

BP is characterized by skin infiltration of immune cells, increased
IgE, and pruritus (1, 8). JEB is a very rare genetic disease, and
some JEB patients developed atopic dermatitis (AD)-like skin
inflammation including inflammatory cell infiltration and elevated
serum IgE (9). Snauwaert et al. (10) found that itch occurred in
100% of the JEB patients in their study. Previously, another group
generated a BP180 dysfunctional mouse strain (termed ΔNC14A

mice), which shows an increased itch, eosinophil influx, and serum
IgE (11). However, potential molecular and/or cellular mecha-
nisms underlying the BP180 dysfunction-associated phenotypes
were not determined.
To uncover functions of BP180 beside its cell-matrix adhesion

property, we generated a BP180 dysfunctional mouse model by
removal of the NC16A domain (termed ΔNC16A mice). Mice
expressing the NC16A-truncated BP180 developed subepidermal
blistering with severe skin inflammation and itch. The sponta-
neous skin inflammation and itch in ΔNC16A mice were neither
dependent on histamine nor adaptive immunity, but dependent
on TSLP. Moreover, high TSLP expression is also found in BP
patients. This report demonstrates that BP180 dysfunction leads
to TSLP-mediated skin inflammation.

Results
Generation of ΔNC16A Mice. Human and mouse BP180 lack im-
mune cross-reactivity (12). To study the immunopathogenesis of
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BP using patients’ autoantibodies, we previously generated the
humanized NC16A mice by replacing mouse NC14A domain
with the human NC16A counterpart (7). The NC16A domain is
encoded by exons 18 and 19, which were flanked by lox-P sites
(Fig. 1A). In this study, we use NC16A mice as wild-type (WT)
control mice. When crossed with the germ-line Cre mice, Cre
recombination removes the loxP-flanked exons 18 and 19 and
maintains the remaining reading frame, resulting in mice express-
ing NC16A domain-truncated BP180 (termed ΔNC16A mice).
Indirect immunofluorescence exhibited that anti-NC16A anti-
body stained the basement membrane zone (BMZ) of WT but
not ΔNC16A mouse skin, while anti-NC1-3 antibody stained
the BMZ of both WT and ΔNC16A mouse skin (Fig. 1B).
Immunoblotting showed that anti-NC16A antibody recognized
full-length BP180 in WT mice but not in ΔNC16A mice, while
anti-NC1-3 antibody recognized both WT and ΔNC16A mice
(Fig. 1C).

ΔNC16A Mice Develop Spontaneous Skin Inflammation with Pruritus.
ΔNC16A mice showed no clinical skin phenotypes after birth but
began to develop minor skin lesions at the age of 8 wk and severe
skin lesions at 12 wk (Fig. 1D). These ΔNC16A mice had overt
skin inflammation, with eczematous lesions occurring mainly on
the ears, eyelid, snout, and dorsal skin weeks (Fig. 1D). Ear skin
histology showed that ΔNC16A mice have marked acanthosis
and prominent orthokeratosis with dermal inflammatory cells
infiltration starting at 8 wk after birth (Fig. 1D and SI Appendix,
Fig. S1A). A low degree of dermal-epidermal separation in the
skin of adult ΔNC16A mice became evident at the age of 12 wk

with increased inflammatory cell infiltration (Fig. 1D). The epi-
dermal thickness of ΔNC16A mice were significantly increased
compared with WT mice (n = 8) (Fig. 2A). ΔNC16A mice
exhibited spontaneous pruritus, starting to show a significantly
increased scratching at 8 wk after birth and reaching the plateau
at 12–16 wk after birth (n = 8) (Fig. 2B). These results indicate
that BP180 dysfunction promotes spontaneous skin inflamma-
tion with aberrant itch.
In addition, ΔNC16A mice exhibited a significant increase in

serum IgE (Fig. 2C) and the infiltrating inflammatory immune
cells into the skin, including neutrophils and eosinophils, T cells,
and mast cells (Fig. 1D). Whole transcriptome microarray of
ΔNC16A ear skin tissue also showed that ΔNC16A mice exhibited
a significant increase in the expression of genes associated with
skin inflammation (SI Appendix, Table S1), especially TSLP, IL-
1β, and IL-13 that are typically increased in patients with skin
inflammatory diseases (13) (SI Appendix, Fig. S1). The increased
TSLP level of skin in ΔNC16A mice was also confirmed by
ELISA (n = 8) (Fig. 2D). However, levels of TNFα, IFN-γ, and
IL-4 were not significantly different between WT and ΔNC16A
mice (SI Appendix, Fig. S1). Because skin inflammation is often
correlated with barrier permeability (13, 14), we tested whether
BP180 dysfunction may also reduce skin barrier function. Dye-
exclusion assay on embryonic day (E)18.5 embryos showed that
like WT mice, the skin barrier of ΔNC16A mice was fully de-
veloped and intact before birth (n = 8) (Fig. 2E). However, the
skin barrier of adult ΔNC16A mice was significantly impaired as
determined by Evans blue dye (Fig. 2F) and fluorescein iso-
thiocyanate (FITC)-conjugated albumin (BSA) permeability assay
(n = 6) (Fig. 2G), respectively. Taken together, these results
showed that ΔNC16A mice develop spontaneous skin in-
flammation accompanied with severe pruritus, increased serum
IgE, and reduced skin barrier function.

Skin Local BP180 Dysfunction Is Sufficient to Promote Skin
Inflammation. BP180 is expressed in the skin as well as many
other tissues (15). To determine whether the skin inflammation in
ΔNC16Amice is caused by BP180 dysfunction locally in the skin and/
or systemically, we developed tamoxifen-inducible ERCre+NC16Afl/fl

mice (termed TamCre-NC16A mice). When treated with tamoxi-
fen topically, TamCre-NC16A mice become local skin-specific
ΔNC16A (termed skinΔNC16A). The efficacy of NC16A de-
letion in skinΔNC16A mice was confirmed by qPCR (SI Appendix,
Fig. S2A) and immunoblotting (SI Appendix, Fig. S2B).
SkinΔNC16A mice started showing minor skin lesions and in-

flammation around 2 wk after a single tamoxifen treatment (Fig.
3A and SI Appendix, Fig. S2C). No skin lesion or inflammation
was seen in the ear of tamoxifen-treated ERCre−NC16Afl/fl mice
(Cre− control mice), ruling out the possibility that the skin inflam-
mation was induced by tamoxifen itself (Fig. 3A and SI Appendix,
Fig. S2C). Similar to whole body ΔNC16A, the skinΔNC16A
mice also showed skin inflammation, including epidermis hy-
perplasia, severe pruritus, a significantly increased IgE level in
serum (Fig. 3 B–D), and a significant increase in infiltrating
neutrophils, eosinophils, T cells, and mast cells (n = 8) (Fig. 3 A
and E and SI Appendix, Fig. S2 D–G). SkinΔNC16A mice also
showed significantly increased skin TSLP level (n = 8) (Fig. 3F)
and defective barrier function compared with control mice (n =
6) (Fig. 3 G and H). These results demonstrated that similar to
whole body ΔNC16A mice, ΔNC16A in the local skin is suffi-
cient to develop skin inflammation.
BP180 is expressed in many organs, including skin, ocular

conjunctiva, epithelial basement membrane of the cornea, upper
esophagus, transitional epithelium of the bladder, and brain (15).
To investigate whether BP180 dysfunction triggers skin in-
flammation through basal keratinocytes, we generated basal
keratinocyte-specific ΔNC16A mice (termed K14Cre/ΔNC16A).
NC16A deletion was confirmed using Western blot (SI Appendix,
Fig. S3A). Similar to whole body ΔNC16A and skinΔNC16A
mice, K14Cre/ΔNC16A mice also exhibited spontaneous
dermatitis with significantly increased itchiness, immune cells
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Fig. 1. ΔNC16A mice exhibit skin inflammation. (A) NC16A mice (WT) with
NC16A-encoding exons 18 and 19 flanked by loxP sites were crossed with
germ-line Cre mice, resulting in mice expressing NC16A-truncated BP180
(ΔNC16A). (B) Immunofluorescence (IF) Anti-NC16A antibody stained the
BMZ of only WT skin, while anti-NC1-3 antibody stained the BMZ of both WT
and ΔNC16A skin. D, dermis; E, epidermis; arrows, BMZ; n = 5 per group. (C)
Immunoblotting. Anti-NC16A antibody recognized full-length BP180 in WT
skin, while anti-NC1-3 antibody recognized both full-length and NC16A-
truncated BP180 in both WT and ΔNC16A skin (n = 5 per group). (D) ΔNC16A
showed clinical skin lesion starting around 8 wk old and became more severe
at 12 wk old. Ear skin revealed minor skin inflammation with increased in-
filtrating immune cells at 8 wk old and minor epidermal/dermal separation at
12 wk old in ΔNC16Amice. (Original magnifications: 200×.) (Scale bars: 50 μm.)
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infiltration (including neutrophils, eosinophils, T cells, and mast
cells) (SI Appendix, Fig. S3 B–F), increased serum IgE, high
TSLP expression, and impaired skin barrier (n = 8) (SI Appendix,
Fig. S3 G–I). Therefore, BP180 dysfunction in basal keratino-
cytes is sufficient to promote skin inflammation.

Skin Inflammation Occurs in ΔNC16A Mice in the Absence of Adaptive
Immunity. Two hypotheses concerning the mechanism of skin
inflammation have been proposed: One hypothesis proposes that
the primary defect resides in an immunologic disturbance that
causes skin inflammation; the other hypothesis proposes that an
intrinsic defect in the epithelial cells (for example, keratinocytes)
leads to skin inflammation (16, 17). A previous report suggested
that BP180 dysfunction may trigger a spontaneous autoimmune
response, which leads to BP-like skin inflammation (11). To
assess whether adaptive immunity plays a major role in the
spontaneous skin inflammation in our model, we crossed the
ΔNC16A mice with T cell- and B cell-deficient Rag1−/− mice to
generate adaptive immunity-deficient ΔNC16A (termed Rag1−/−

ΔNC16A) (SI Appendix, Fig. S4 A and B). Rag1−/−ΔNC16A and
ΔNC16A mice were then compared for development of skin
inflammation at 4, 8, and 12 wk old using Rag1−/−NC16A mice as
a negative control (SI Appendix, Fig. S4C). Rag1−/−ΔNC16A and
ΔNC16A mice developed the same degree of skin inflammation
including skin lesion, increased epidermal hyperplasia, increased
infiltration of neutrophils, eosinophils, and mast cells into the
dermis (SI Appendix, Fig. S4C) and pruritus (n = 6) (Fig. 4A).
Similar to ΔNC16A mice, Rag1−/−ΔNC16A mice had signifi-
cantly increased TSLP levels in the lesional skin (Fig. 4B) and a
defective skin barrier (n = 6) (Fig. 4 C and D). These results
suggest that adaptive immunity plays a minimal role in skin in-
flammation in ΔNC16A mice.

Pruritus in ΔNC16A Mice Is Independent on IgE and Histamine but
Dependent on TSLP. Pruritus in skin inflammation is orches-
trated by the complex interplay of numerous mediators (18). A
previous report showed that there is increased IgG and IgE in
the circulation of BP180 dysfunctional mice, and the authors
suggested that the increased IgE may be the cause of sponta-
neous itch and skin inflammation triggered by BP180 dysfunction
(11). ΔNC16A mice exhibited significantly elevated IgE levels,
but Rag1−/−ΔNC16A, which lack antibodies, and ΔNC16A mice
showed similar degree of pruritus, strongly suggesting that IgE is
not involved in the itch phenotype. To further support this
conclusion, B cell-deficient ΔNC16A mice (Ighmtm1cgnΔNC16A)
were generated and examined for itch (SI Appendix, Fig. S5).
ΔNC16A mice lacking B cells, hence lacking IgE, still showed the
spontaneous pruritic skin inflammation and increased level of TSLP
similar to ΔNC16A and Rag1−/−ΔNC16A mice (Fig. 4 E and F).
Induction of pruritus can be generally divided into two cate-

gories: histaminergic and nonhistaminergic (15). We measured
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serum histamine level of ΔNC16A, K14Cre/ΔNC16A, and WT
mice and found no difference among these three groups of mice
(Fig. 4G). We then used antagonists of the histamine receptors
H1R and H4R, two HRs expressed and identified as potential
mediators of pruriproception in the skin (19). To demonstrate
that the histamine response can be blocked by these HR an-
tagonists, the 8-wk-old WT mice were injected with histamine
after HR antagonist was administered directly. This adminis-
tration reduced the itch, while neither separate nor concomitant
blockade of H1R and H4R resulted in significant reduction of
scratching in ΔNC16A mice (n = 6) (Fig. 4H). Therefore, these
results suggest that itch in ΔNC16A mice is independent on IgE
and histamine.
Numerous studies have reported that TSLP acts as a master

switch of skin inflammation (20–22). We found that both con-
centration of TSLP and the number of scratches were signifi-
cantly increased in skinΔNC16A (Fig. 3F) and ΔNC16A lacking
both T and B cells (Rag1−/−) and B cells (Ighmtm1cgn) (Fig. 4 B
and F). To determine whether TSLP is required for itch in
ΔNC16A mice, first, WT mice were injected with anti-TSLP
neutralizing antibody or control antibody before TSLP in-
jection to confirm the efficiency of neutralizing antibody. Then,
TSLP neutralizing antibody and control antibody were in-
jected into the ear of skinΔNC16A mice 2 wk after tamoxifen
treatment. Anti-TSLP antibody treatment reduced scratching in
ΔNC16A mice compared with control antibody (n = 6) (Fig. 4I).
Taken together, these results suggest that TSLP, but not IgE or

histamine pathway, is the mechanism underlying severe itch in
ΔNC16A mice.

ΔNC16A Promotes the Release of TSLP from Keratinocytes in Vitro
and in Vivo.TSLP is expressed predominantly by epithelial cells in
the thymus, lung, skin, intestine, and tonsils as well as stromal
cells and mast cells, but is not found in most hematopoietic cell
types and endothelial cells. Our data showed that dysfunction of
BP180 can induce the expression of TSLP even in the absence of
T cells and B cells (Fig. 4B). Increased TSLP was seen in both
skinΔNC16A and K14Cre/ΔNC16A mice, suggesting that kera-
tinocytes could be the cellular source of TSLP production. Im-
munohistochemical staining confirmed this is the case: TSLP was
mainly expressed in epidermal keratinocytes in skinΔNC16A
compared with WT (Fig. 5A). To further confirm this immune
localization finding, we generated primary keratinocyte culture
from WT and ΔNC16A mice and compared their capacity of
producing and releasing TSLP. ΔNC16A keratinocytes stimu-
lated with mouse TNFα showed a significantly increased TSLP
level in cell culture medium compared with WT keratinocytes
(n = 6) (Fig. 5B). These data supported that BP180 dysfunction
promotes the release of TSLP by keratinocytes.

BP Patients Exhibit High TSLP Expression.To sustain our conclusions
and make our animal model findings more clinically relevant, we
investigated whether increased TSLP expression is associated
with BP, a skin disease associated with dysfunctional BP180
caused by autoantibody insult. TSLP expression at protein level
was determined in serum, blister fluid, and lesional skin of BP
patients. A significantly increased expression of TSLP was seen
in serum of BP patients compared with healthy control (n = 12)
(Fig. 5C). BP blister fluids also had significantly higher level of
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spectively (n = 12 per group). (F) The increased expression of TSLP in BP
patients is mainly seen in epidermis (n = 9 per group). (Original magnifica-
tions: A, 200×; B, 400×.) (Scale bars: A, 100 μm; F, 50 μm.) *P < 0.05. Student’s
t test, graph B shows mean ± SE.
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TSLP than those of herpes zoster, a skin blistering disease
without itch (n = 12) (Fig. 5D). In addition, a high level of TSLP
was found in BP lesional skin protein extracts compared with
control by ELISA (n = 12) (Fig. 5E). Like ΔNC16A mice, TSLP
was detected mainly in keratinocytes especially in the lower
layers of the epidermis of BP lesional skin by immunohisto-
chemical staining, while TSLP was below detection limit in
normal control skin (n = 9) (Fig. 5F). These results suggest that
BP180 dysfunction in BP also leads to increased expression
of TSLP.

Discussion
BP180 is well documented as a key cell–cell matrix adhesion
molecule in the skin; however, other biological functions remain
largely unknown (15). BP180 mutations lead to partial or com-
plete BP180 functional loss, which cause most commonly non-
Herlitz JEB (23, 24). From a study based on 43 European JEB
patients with BP180 mutations, the patient group exhibited a
wide clinical variability from mild to severe phenotypes (24). In
general, the milder forms of JEB are associated with missense or
splice-site mutations and the presence of truncated BP180 pro-
tein in skin (24). In this study, we generated a mouse model with
the deletion of NC16A domain (termed ΔNC16A mice). Because
our ΔNC16A mice still express a truncated form of BP180, we
consider ΔNC16A mice as a BP180 dysfunctional mouse model.
ΔNC16A mice developed severe spontaneous skin inflammation
characterized by immune cell infiltration, increased concentra-
tion of IgE and TSLP, pruritus, and defective skin barrier. We
further showed that the skin inflammation in ΔNC16A mice is
caused by NC16A domain deletion in basal keratinocytes since
skin- and basal keratinocyte-specific ΔNC16A mice phenocopy
ΔNC16A mice. These findings suggest that BP180 also plays an
important role in regulation of skin inflammation.
Dysfunction of BP180 can be caused by BP180 gene mutations

in JEB or anti-BP180 autoantibody in BP (4, 6). JEB is a rare
autosomal recessive disorder caused by defects in any one of six
genes including BPAG2, LAMA3, LAMB3, LAMC2, ITGB4, and
ITGA6, which encode the hemidesmosomal proteins BP180,
laminin-332, and integrin α6β4, respectively (5, 25, 26). Patients
with JEB develop subepidermal blisters within the lamina lucida
of the BMZ, and itch is one of the most bothersome symptoms in
JEB (10, 27). Case reports indicate that JEB patients with BP180
gene mutations show increased itch and skin inflammation (28,
29). BP is the most common skin autoimmune blistering disease
characterized by inflammatory cell infiltration, anti-BP180 IgG
and IgE autoantibodies, and pruritus (8). Some rare childhood
BP cases shared some clinical similarity with AD (30, 31), and
patients can suffer from AD and BP at the same time (30).
Taken together, these clinical observations, previous animal
model studies, and our BP180 dysfunctional mouse models
suggest that dysfunction of BP180 can lead to skin inflammation.
Persistent pruritus is the most important symptom in skin in-

flammatory diseases. Some JEB patients suffer from severe itch
with skin influx of proinflammatory cells (10). Transmission of
pruritus can be divided into two categories: histaminergic and
nonhistaminergic (15). Both histamine receptors, H1R and H4R,
have been identified as potential mediators of itch in the skin
(19). We rule out the histamine-dependent pathway as a cause of
severe itch in ΔNC16A mice by showing that ΔNC16A mice did
not have increased histamine levels (Fig. 4G), and blockade of
H1R and H4R did not reduce severity of itch in ΔNC16A mice
(Fig. 4H).
Recent work has highlighted TSLP in various inflammatory

diseases, including skin inflammation (22). TSLP is highly
expressed in acute and chronic lesions in patients with skin in-
flammation (32). A mutation that increases TSLP expression in
the skin has direct consequences on the development of a severe
atopic disease in both humans and mice (33). Interestingly, cy-
tokines, which are commonly found at high levels in lesional
skin of patients with skin inflammation, including IL-1β, TNFα,
IL-4, and IL-13, can synergize to induce TSLP expression by

keratinocytes (13), suggesting a positive feedback loop to amplify
inflammation and itch. Significantly increased levels of TSLP
(Figs. 2D, 3F, and 4 B and F), IL-1β, and IL-13 (SI Appendix, Fig.
S1) were present in the skin of ΔNC16A mice, which correlated
with severity of itch. More importantly, blockade of TSLP ac-
tivity using TSLP neutralizing antibody reduced scratching in
ΔNC16A mice (Fig. 4I). Thus, TSLP in the skin is required for
severe itch in ΔNC16A mice.
TSLP is primarily expressed by epithelial cells in the gut, lungs,

ocular tissue, thymus, epidermal keratinocytes in the skin, and
also some other types of cells, such as mast cells, cancer cells,
basophils, and dendritic cells (DCs) (20). In our study, we rule
out T and B cells as a cellular source of TSLP since Rag1−/−

ΔNC16A mice show no change in skin TSLP levels and itch (Fig.
4). Both whole body and basal keratinocyte-specific ΔNC16A
mice show significantly increased TSLP and itch. ΔNC16A pri-
mary keratinocytes produce and release significantly more TSLP
compared with normal control keratinocytes when stimulated
with TNFα (Fig. 5B). These in vivo and in vitro results suggest
that basal keratinocytes are the cellular origin of the increased
TSLP, which is caused by BP180 dysfunction and initiates itch.
However, it is still unclear how BP180 dysfunction promotes the
increased expression and secretion of TSLP by keratinocytes. It
is possible that some cytokines (such as TNFα and IL-1β) and/or
skin infection may be a trigger to initiate TSLP expression since
these proinflammatory mediators are able to induce TSLP pro-
duction and secretion by keratinocytes (34). Future studies
should address this important issue and identify the exact mo-
lecular interactions/pathways involved in this process.
A role for TSLP in the development of AD was hypothesized

when high levels of TSLP were found in the lesional skin of AD
patients (32) and in a variety of AD-like mouse models (35–37).
Patients with Netherton syndrome, a severe ichthyosis in which
affected individuals have a significant predisposition to AD, have
increased levels of TSLP in their skin (33). However, the asso-
ciation of TSLP with itch in BP and JEB has not been investi-
gated; therefore, our findings that BP patients have increased
TSLP in the lesional skin and mainly express in epidermal ker-
atinocytes represent a demonstration implicating TSLP in skin
inflammation and itch in BP. Future studies should provide di-
rect evidence whether JEB with itch are also associated with an
increased TSLP level in the skin. Epithelial cells can directly
communicate to cutaneous sensory neurons via TSLP to pro-
mote itch (38). However, whether TSLP effects on itch is directly
through its binding to TSLPR on neurons or indirectly through
other pruritic mediators in ΔNC16A mice remains to be determined.
Previously, another group also generated a BP180 dysfunction

mice termed ΔNC14A mice (11). The ΔNC14A mice show
phenotypes similar to ΔNC16A mice, including increased itch,
eosinophil influx into skin, and increased concentration of serum
IgE (11). Based on the increased IgE found in the ΔNC14A
mice, the authors proposed that BP180 dysfunction may trigger
autoimmunity, which leads to skin inflammation (11). Because
adaptive immunity has been considered as a key factor in the
development of skin inflammation (16, 17), it is possible that the
components of adaptive immunity may play a role in the skin
inflammation triggered by BP180 dysfunctional, especially ele-
vated IgE. This possibility was tested by the Rag1−/−ΔNC16A and
B cell-deficient ΔNC16A mice. Although both mouse strains
lack IgE, they continue to scratch and develop skin inflammation
as much as ΔNC16A mice (Fig. 4 and SI Appendix, Fig. S5).
Therefore, we ruled out that the increased IgE or any compo-
nent of adaptive immunity is the cause of severe itch in ΔNC16A
mice. These findings suggest that T and B cells are not required
for spontaneous skin inflammation in ΔNC16A mice, and local
deficiency of BP180 function in basal keratinocytes is necessary
and sufficient to drive skin inflammatory pathology.
The onset of spontaneous skin inflammation and itch is dif-

ferent between the whole body ΔNC16A mice (starting at 8 wk
old) and skinΔNC16A mice (starting 2 wk after tamoxifen
treatment). We speculate that a buildup of skin microbiota/skin
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infection is necessary for the BP180 dysfunction-caused skin in-
flammation and itch, and in the SPF environment in an animal
facility, it may take 8–10 wk to build up sufficient level of skin
microbiome/infection for its effects. The previously described
ΔNC14A mice also start the disease at 10–12 wk old (11). This
speculation is further supported by clinical practice—antibiotic
treatment improves BP, AD, and JEB (39–41). Another possi-
bility is that skin barrier impairment caused by BP180 dysfunc-
tion is age-dependent, which works alone or in concert with skin
microbiota/infection for the skin inflammation and itch. Future
studies should address these scenarios.
In summary, we developed a BP180 dysfunction (ΔNC16A)

mouse model to investigate the role of BP180 in vivo. Our results
demonstrate that BP180, a cell–cell matrix adhesion molecule of
the hemidesmosome, plays an important role in regulating skin
inflammation. Dysfunction of BP180 in basal keratinocytes leads
to increased TSLP expression, itch, immune cell infiltration, and
defective skin barrier. More importantly, BP patients also show
high expression of TSLP in keratinocytes, indicating that BP and
JEB patients may have a higher risk to develop skin inflammation
with itch (28, 29). Our animal model could also provide a research

angle for better understanding the mechanisms of BP180
dysfunction-related skin inflammatory diseases including BP and
JEB. Future investigations to elucidate the regulatory pathways
underlying the molecular link between BP180 and skin inflam-
mation should help identify new therapeutic targets for skin in-
flammatory diseases associated with altered BP180 expression.

Materials and Methods
Details of mouse generation and human tissue collection, itch analysis, cy-
tokine analysis and blockade, barrier function measurement, qPCR, immu-
nohistology, cell culture, and statistical analysis are described in the SI
Appendix. All of the animal experiments were approved by the local ethics
committees of the Institutional Animal Care and Use Committee at the
University of North Carolina at Chapel Hill. After obtaining informed con-
sent from patients and normal healthy individuals, human samples were
taken and the study was approved by the local ethics committees of the
Second Affiliated Hospital, School of Medicine, Xi’an Jiaotong University.
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