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The Epithelia-Specific Membrane Trafficking Factor AP-1B Controls Gut

Immune Homeostasis in Mice

DAISUKE TAKAHASHI,** KOJI HASE,**$ SHUNSUKE KIMURA,* FUBITO NAKATSU,I MASUMI OHMAE, *
YASUSHI MANDAI,T TORU SATO,T YASUHIRO DATE,* MASASHI EBISAWA,** TAMOTSU KATO,** YUUKI OBATA,*
SHINJI FUKUDA,** YUKI I. KAWAMURA,# TAEKO DOHI,¥ TATSURO KATSUNO, T OSAMU YOKOSUKA, T

SATOSHI WAGURI,* and HIROSHI OHNO*#

“Department of Supramolecular Biology, Graduate School of Nanobioscience, Yokohama City University, Yokohama, Japan; *Laboratory for Epithelial Immunobiology,
Research Center for Allergy and Immunology, RIKEN, Yokohama, Japan: *PRESTO, Japan Science and Technology Agency, Tokyo, Japan; 'Department of Cell
Biology, Yale University School of Medicine, New Haven, Connecticut; "Department of Clinical Cell Biology, Graduate School of Medicine, Chiba University, Chiba,
Japan; *Department of Gastroenterology, Research Institute, International Medical Center of Japan, Tokyo, Japan: **Department of Anatomy and Histology, School of
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BACKGROUND & AIMS: Epithelial cells that cover the
intestinal mucosal surface maintain immune homeostasis
and rolerance in the gastrointestinal tract. However, little is
known about the molecular mechanisms that regulate epi-
thelial immune functions. Epithelial cells are distinct in that
they are highly polarized; this polarity is, at least in part,
established by the epithelium-specific polarized sorting fac-
tor adaptor protein (AP)-1B. We investigated the role of
AP-1B-mediated protein sorting in the maintenance of gas-
trointestinal immune homeostasis. METHODS: The role of
AP-1B in intestinal immunity was examined in AP-1B-defi-
cient mice (ApIm2~/~) by monitoring their phenotypes, in-
testinal morphology, and epithelial barrier functions. AP-
1B-mediated protein sorting was examined in polarized
epithelial cells from AP-1B knockdown and ApIm2~~
mice. RESULTS: Aplm2~/~ mice developed spontaneous
chronic colitis, characterized by accumulation of interleukin-
17A-producing, T-helper 17 cells. Deficiency of AP-1B
caused epithelial immune dysfunction, such as reduced ex-
pression of antimicrobial proteins and impaired secretion of
immunoglobulin A. These defects promoted intestinal dys-
biosis and increased bacterial translocation within the mu-
cosa. Importantly, AP-1B deficiency led to mistargeting of a
subset of basolateral cytokine receptors to the apical plasma
membrane in a polarized epithelial cell line and in colonic
epithelial cells from mice. APIM2 expression was reduced
significantly in colonic epithelium samples from patients
with Crohn’s disease. CONCLUSIONS: AP-1B is required
for proper localization of a subset of cytokine receptors
in polarized epithelial cells, which allows them to re-
spond to cytokine signals from underlying lamina pro-
pria cells. The AP-1B-mediated protein sorting machin-
ery is required for maintenance of immune homeostasis
and prevention of excessive inflammation.

Keywords: Inflammatory Bowel Disease; Immune Re-
sponse; IgA; T Cell.

he intestinal mucosal surface is exposed to a profu-
sion of microorganisms. Intestinal epithelial cells
(IECs) lining the mucosal surface comprise a physical
barrier that separates the host’s internal milieu from the

external environment. Intercellular junctional complexes
such as tight junctions between IECs are essential for this
barrier function. In addition, IECs play dual roles as
sensors and effectors in the mucosal immune system.!?
IECs sense microbial attachment as well as inflammatory
signals on the mucosa, and then serve as effector cells by
rapidly releasing an array of chemokines and antimicro-
bial products.»* IECs also contribute to the adaptive im-
mune response by transporting immunoglobulin (Ig)A
across the epithelial layer." The physiological importance
of epithelial cell functions is underscored by the recent
findings that the intestinal epithelium-specific ablation of
Nuclear factor-«B essential modulator (NEMO) or TAK1
causes epithelial apoptosis and impaired expression of
antimicrobial peptides, resulting in severe intestinal in-
flammation.®# The pathogenesis of human Crohn’s dis-
ease (CD), an inflammatory disease of the intestines, also
seems to involve impaired expression of certain antimi-
crobial peptides.” Thus, the integrity of the intestinal
epithelium is fundamental for gut immune homeostasis.

Epithelial cells, including IECs, are strikingly polarized
with a well-defined distribution of their plasma mem-
brane proteins into apical and basolateral domains,*
which is key to the maintenance of epithelial integrity. For
example, Toll-like receptors 2 and 4 have been reported to
localize to the apical domain in polarized epithelial cells.”
By contrast, cytokine receptors, including interleukin-6
receptor (IL-6 signal transducer [IL-6st]) and interferon-y
receptor (IFN-yRI), are found in the basolateral do-
main.!'* These observations have led to the paradigm
that the proper localization of these cell surface receptors,
which function as microenvironmental sensors, is of cen-
tral importance in maintaining gut immune homeostasis.
Epithelial cell polarization requires a polarized membrane

Abbreviations used in this paper: AP, adaptor protein; IECs, intestinal
epithelial cells; IFN, interferon; IL-6R, interleukin-6 receptor; KD, knock
down; MDCK, Madin-Darby canine kidney; plgR, polymeric immuno-
globulin receptor; SFB, segmented filamentous bacteria; Th, T-helper;
TNF, tumor necrosis factor.
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trafficking machinery that governs transport of mem-
brane proteins to the proper membrane domains.'?

Newly synthesized integral membrane and secretory
proteins are transported from the endoplasmic reticulum
via the Golgi complex to the trans-Golgl network, where
the sorting to distinct membrane domains takes place.’
Among the best-characterized sorting regulators are the
adaptor protein (AP) complexes. AP complexes play a
pivotal role not only in the formation of clathrin-coated
vesicles but also in the cargo protein selection by recog-
nizing the sorting signals within the cytoplasmic tail of
integral membrane proteins.® Each AP complex functions
in a distinct sorting pathway. It is well established that
AP-2 mediates clathrin-dependent endocytosis from the
plasma membrane to early endosomes, whereas AP-1B is
expressed specifically in polarized epithelial cells and plays
an essential role in basolateral sorting at recycling endo-
somes of certain membrane proteins.:!* These observa-
tions raise the possibility that AP-1B-mediated protein
sorting in IECs is involved in the immune homeostasis in
the mucosa. Here, we investigated this possibility by using
mice deficient in the ApIm2 gene, which encodes the ul1B
subunit of AP-1B.**

We report that ApIm2~/~ mice spontaneously develop
T-helper (Th)17-dominant colitis as a consequence of a
defect in 2 major epithelial effector functions: the expres-
sion of antimicrobial proteins and the luminal transport
of secretory IgA. These defects enhanced the translocation
of bacteria into the mucosa. The compromised epithelial
immune function in ApIm2~/~ mice appears to result
from mistargeting of a substantial number of basolateral
cytokine receptors and the polymeric Ig receptor (pIgR) to
the apical plasma membrane. We also show that, com-
pared with normal mucosa, APIM2 expression is down-
regulated in the colonic epithelium of CD mucosa, and a
basolateral cytokine receptor was found to be mislocalized
in one of the patient samples. Overall, our findings sup-
port an essential role of AP-1B-dependent protein sorting
in the regulation of mucosal immunity that is required
for gut homeostasis.

Materials and Methods

Animal Experiments

ApIm2~/~ mice (Hase et al, unpublished observation)
were maintained under specific pathogen-free conditions in the
RIKEN animal facility. To deplete commensal microbiota,
ApIm2~/~ mice received a 4 mmol/L acetic acid solution con-
taining 1 g/L ampicillin sodium, 0.5 g/L vancomycin hydrochlo-
ride, 1 g/l neomycin sulfate, and 1 g/L metronidazole (Wako,
Osaka, Japan) as drinking water for 4 weeks beginning at 4
weeks of age. The Animal Research Committee of RIKEN Yoko-
hama Institute approved all studies. Endoscopic biopsies of
colonic mucosa were performed at the Chiba University Hospital
with informed consent from the patients.

Patient Samples

Biopsy specimens were obtained endoscopically from
inflamed areas of the colon of 6 patients with CD with the

GASTROENTEROLOGY Vol. 141, No. 2

patients’ informed consent. Normal control samples were
taken from § patients with colonic polyps and were free of
inflammation as judged by histopathology. The age of the
patients with CD (meanzstandard error of the mean) was
27.3%3.7 years (range, 20-42 y) and that of normal controls
was 55.8%7.0 years (range, 33-73 y). Clinical activity was
evaluated by serum concentration of C-reactive protein and
CD Activity Index for patients with CD. Endoscopic activity
was evaluated by the Simple Endoscopic Score for CD, and
Matt’s classification score for CD patients. The activity of the
patients with CD was mild because the mean= standard error
of the mean of the C-reactive protein level was 1.57+0.68
mg/mL (range, 0.4-4.8 mg/mL), the CD Activity Index was
144.0+45.6 mg/mL (range, 24.3-350.3 mg/mL), and the Sim-
ple Endoscopic Score for CD was 22.2+6.2 mg/mL (range,
6-48 mg/mL). Two of the patients with CD were receiving no
treatment, and 4 patients were receiving mesalamine. The
experimental protocol was reviewed and approved in advance
by the ethics committees of Chiba University and RIKEN
Yokohama Research Institute.

Statistical Analyses

Differences between 2 or more groups were analyzed
by the Student # test or a one-way analysis of variance
(ANOVA) followed by the Tukey test, respectively. When vari-
ances were not homogeneous, the data were analyzed by the
Wilcoxon-Mann~Whitney test or the Kruskal-Wallis ANOVA
followed by a Scheffé test.

Results
ApIm2~/~ Mice Spontaneously Develop Colitis

To explore the importance of AP-1B in gut im-
mune homeostasis, we analyzed ApIm2~/~ mice.
ApIm2~/~ mice showed thickening of the large bowel
wall at 8 weeks of age (Figure 14 and B). Histologic
examination showed epithelial hyperplasia, edema, dis-
torted crypt architecture, and loss of goblet cells in the
colonic tissue (Figure 1C and D). These pathologic
changes were associated with massive cellular infiltrates
into the colonic mucosa and submucosa. In 3-week-old
ApIm2~/~ mice, inflammatory infiltrates were less abun-
dant and histologic alterations of the colonic tissue
were minimal (Figure 1C). Thus, colitis becomes appar-
ent after weaning in these mice (Figure 1B-E). Consis-
tently, expression of inflammatory cytokine genes such
as tumor necrosis factor (TNF)-a (Tnfsla) and IL-17A
({l172) was increased in the colons of 8-week-old
ApIm2~/~ mice (Figure LF).

AP-1B is widely expressed in polarized epithelial cells of
various tissues, including pancreas, kidney, prostate, tes-
tis, and lung, in addition to the gut.™ To exclude the
possibility that AP-1B ablation in other tissues might
cause intestinal inflammation, we generared mice with an
IEC-specific deletion of Aplm2 (Villin-Cre Aplm2iox/iex),
Villin-Cre ApIm2°°/8x mice also spontaneously developed
colitis with pathologic changes identical to those observed
in the conventional ApIm2~/~ mice (Supplementary Fig-
ure 1A and B). Thus, colitis development in Ap1m2~/~
mice is a direct consequence of the ablation of AP-1B in
IECs.
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Figure 1. Ap7m2~'~ mice spontaneously develop colitis. (4) Macroscopic view of the intestines of 8-week-old ApTm2~'~ and control ApTm2+/-
litermate mice. (B) Colon weight from 3- and 8-week-old Ap7m2-'~ and control Ap1m2+~ mice (n = 14 or 18 at 3 weeks of age;n = 28 or 32 at
8 weeks of age, respectively). Data are pooled from 9 independent experiments (mean and standard error of the mean). *P < .001. (C and D) Colonic
tissue sections were stained with (C) H&E or with (D) alcian blue and nuclear fast red. Scale bars, 100 pm. (E) Histologic scores from ApTm2~'~ mice
and control ApTm2*+/~ littermates (n = 46 per each group) were calculated based on the criteria described in the Materials and Methods section.
Data are representative of 3 independent experiments (mean and standard deviation). **P =< .01. (F) Expression of cytokine mRNA in colonic tissue
from 3- and 8-week-old mice was analyzed by quantitative polymerase chain reaction, Data were normalized to expression of Actb (encoding
B-actin), and are presented as fold change relative to the normalized value in ApT1m2*/~ mice. Data are pooled from 3 independent experiments with
a total of 5-7 mice per group (mean and standard error of the mean). *P = .05, *P < .01.
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