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Involvement of aquaporin-7 in the cutaneous primary
immune response through modulation of antigen
uptake and migration in dendritic cells

Mariko Hara-Chikuma,* ' Yoshinori Sugiyama,” Kenji Kabashima,* Fisei Sohara,*
Shinichi Uchida,* Sei Sasaki,’ Shintaro Inoue,” and Yoshiki Miyachi*

“Department of Dermatology, Graduate School of Medicine, Kyoto Univessity, Kyoto, Japan;
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Nephrology, Tokyo Medical and Dental University, Tokyo, Japan

ABSTRACT Dendritic cells (DCs) have the ability to
present antigen and play a critical role in the induction
of the acquired immune response. Skin DCs uptake
antigen and subsequently migrate to regional draining
Iymph nodes (LNs), where they activate naive T cells.
Here we show that the water/glycerol channel protein
aquaporin 7 (AQP7) is expressed on epidermal and
dermal DCs and involved in the initiation of primary
immune responses. AQP7-deficient DCs showed a de-
creased cellular uptake of low-molecular-mass com-
pounds (fluorescein isothiocyanate and Lucifer yellow)
and high-molecular-mass substances (ovalbumin and
dextran), suggesting that AQP7 is involved in antigen
uptake. AQP7-deficient DCs also exhibited reduced
chemokine-dependent cell migration in comparison to
wild-type DCs. Consistent with these in vitro results,
AQP7-deficient mice demonstrated a reduced accumu-
lation of antigen-retaining DCs in the LNs after antigen
application to the skin, which could be attributed to
decreased antigen uptake and migration. Coinciden-
tally, AQP7-deficient mice had impaired antigen-in-
duced sensitization in a contact hypersensitivity model.
These observations suggested that AQP7 in skin DCs is
primarily involved in antigen uptake and in the subse-
quent migration of DCs and is responsible for antigen
presentation and the promotion of downstream im-
mune responses.—Hara-Chikuma, M., Sugiyama, Y.,
Kabashima, K., Sohara, E., Uchida, S., Sasaki, S., Inoue,
S., Miyachi, Y. Involvement of aquaporin-7 in the
cutaneous primary immune response through modula-
tion of antigen uptake and migration in dendritic cells.
FASEB J. 26, 211-218 (2012). www.fasebj.org
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THE SKIN PROVIDES A PERMEABILITY barrier and a
highly refined system of immune surveillance to protect
the body against unwanted substances, such as infec-
tious agents, pathogens, or antigens from the environ-
ment. The immune system of the skin relies on a rich
network of antigen-presenting dendritic cells (DCs)
that localize in the epidermis and the dermis. Cur-

0892-6638/12/0026-0211 © FASEB

rently, skin DCs are divided into 3 subsets: epidermal
Langerhans cells (LCs) and Langerin® or Langerin~
dermal DCs (dDGs) (1, 2). DCs residing in the skin
capture foreign antigens or pathogens, then mature
and migrate to draining lymph nodes (LNs), where
they present antigen to naive T cells and initiate
immune responses (3-5). Immature DCs can constitu-
tively uptake antigens by several pathways, such as
macropinocytosis of soluble antigens; phagocytosis of
particles, including viruses and bacteria; and receptor-
mediated endocytosis (6, 7). Although the relative
contributions of LCs or dDCs in antigen capture and
processing remain undefined (8, 9), both are pre-
sumed to have key roles in eliciting cutaneous immune
responses.

Aquaporins (AQPs) are integral membrane channel
proteins that form a barrellike structure surrounding
pores, allowing the transport of water and other small
solutes. To date, 13 AQPs (named AQP0-12) have been
identified in mammals, and these are classified into 3
major subtypes according to their transport capabilities:
water-selective AQPs (AQPs 1, 2, 4, and 5); aquaglycero-
porins that transport water and possibly other small
solutes, such as glycerol (AQPs 3, 7, 9, and 10); and
unorthodox AQPs (AQPs 6, 8, 11, and 12) (10-12). The
selectivity of the AQPs results both from a steric mecha-
nism because of the pore size and from specific amino
acid substitutions that regulate the preference for a hy-
drophobic or hydrophilic substrate (13, 14). Numerous
studies have revealed the potental roles of AQPs in
several organs and their functions, for example, AQPs 1-3
in the urinary concentrating system (15), AQP1 in angio-
genesis (16), AQP3 in tumorigenesis (17), and AQP4 in
neuromyelitis optica and brain edema (18, 19).

With regard to expression of AQPs in DCs, some

! Correspondence: Center for Innovation in Immunoregu-
lative Technology and Therapeutics, Graduate School of
Medicine, Kyoto University, Yoshida Konoe-cho, Sakyo-ku,
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AQPs have been identified in DCs, including AQP3, 5,
7, and 9 in human DCs generated from peripheral
blood mononuclear cells (PBMCs) (20, 21) and AQPS
in mice bone marrow monocyte-derived DCs (BMDCs)
(22). Morcover, our preliminary experiment found
that AQP3 and 7 were expressed in mice skin DCs. The
study using AQP inhibitors in human PBMC-derived
DGs suggested that AQPs might play a role in the
process of antigen uptake wia fluid phase macropinocy-
tosis (20). The experiment on AQP5-knockout mice
showed the decrease in endocytotic ability in AQPS-
deficient BMDCs (22). These previous studies sug-
gested the involvement of AQPs in antigen uptake in
monocyte-derived DCs; however, a functional charac-
terization of specific AQPs in cutaneous DCs has not yet
been elucidated.

This study focuses on the role of AQP7 in skin DCs
because another study from our laboratory found that
AQP3 expression had little effect on DC function
(unpublished results). We tested the hypothesis that
AQP7 is involved in macropinocytosis and/or phagocy-
tosis, specifically antigen uptake, which is required for
antigen-induced cutaneous immune responses. For
these studies, we utilized AQP7-deficient mice (23) and
isolated LCs and dDCs from mouse skin. We found that
AQP7 is functionally expressed in mouse skin DCs and
is involved in antigen uptake, cell migration, and the
subsequent initiation of an immune reaction. Our data
suggest that AQP7 may play an important role in allergy
induction and immune surveillance in the skin and in
other tissues in which DCs are localized.

MATERIALS AND METHODS
Mice

AQP7-knockout (AQP7"/') mice (C57BL/6 genetic back-
ground) were generated by targeted gene disruption (23). All
animal experiments were approved by the Committee on
Animal Research of Kyoto University.

Cutaneous cell preparation and cultures

Skin was incubated with dispase (5 U/ml; Life Technologies,
Grand Island, NY, USA) for 1 h at 37°C to separate the dermis
and epidermis. The epidermis was incubated in enzyme-free
cell dissociation buffer (20 min, 37°C; Millipore, Bedford,
MA, USA) to isolate single cells. The dermis was incubated in
collagenase type II (500 U/ml; Worthington Biochemicals,
Lakewood, NJ, USA) for 1 h at 37°C. All solutions were
dissolved in complete RPMI (cRPMI) containing 10% heat-
inactivated fetal calf serum (Invitrogen, Carlsbad, CA, USA),
50 pM 2-mercaptoethanol (Sigma, St. Louis, MO, USA), 2
mM r-glutamine, 25 mM HEPES, 100 pM nonessential amino
acids, and 10 pM sodium pyruvate (Invitrogen).

Quantitative RT-PCR
CDl1lc™ cells were isolated from epidermal or dermal cell
suspensions using CDllc microbeads with the AutoMACS

system (Miltenyi Biotech, Gladbach, Germany) per the man-
ufacturer’s protocol. Total RNA was extracted using TRIzol
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(Invitrogen). The ¢DNA was reverse transcribed from total
RNA samples using the Prime Script RT reagent kit (Takara
Bio, Otsu, Japan). Quantitative RT-PCR was performed using
SYBR Green I (Takara Bio) and the Light Cycler real-time
PCR apparatus (Roche, Mannheim, Germany).

Immunofluorescence

The isolated LCs were cultured on polylysine-coated cover-
slips and were fixed with 4% formalin in PBS. Cells were
permeabilized with 0.1% saponin and stained with anti-AQP7
(AB15568; Millipore) and a FITC-conjugated anti-rabbit IgG
secondary antibody (Invitrogen).

Flow cytometry analysis

To determine AQP7 expression, single-cell suspensions were
stained with monoclonal antibodies (Abs) against CDl1lc,
MHC class IT, and EpCAM (eBioscience, San Diego, CA, USA)
and were fixed in 4% formalin. Cells were permeabilized with
0.1% Triton X-100 and incubated with anti-AQP7 (Millipore)
and a FITC-conjugated anti-rabbit IgG secondary antibody
(Invitrogen). The samples were analyzed using a Fortessa flow
cytometer (BD Biosciences, Franklin Lakes, NJ, USA). For the
analysis of DCs, cell suspensions were stained with antibodies
recognizing CD1lc, MHC class 1I, EpCAM, CD80, CDS86,
CCR7, and CXCR4 (eBioscience). Information regarding
antibodies is available in Supplemental Table S1.

Macropinocytosis and phagocytosis assay

Freshly isolated epidermal or dermal cell suspensions were
incubated in cRPMI for 1 h, followed with a Lucifer yellow CH
potassium salt (LY, 0.1 mg/ml; Sigma), fluorescein isothio-
cyanate (FITC; 0.1-1 mg/ml; Invitrogen), FITC-dextran (mo-
lecular mass ~4, 40, 250 kDa, 0.5 mg/ml; Sigma), or FITC-
ovalbumin (FITC-OVA; 0.25 mg/ml; Invitrogen) in cRPMI
for 45 min (87°C, 5% CO,). The cells were washed 4 times
with cold PBS containing 1% BSA, stained with anti-MHC
class II, and analyzed on a flow cytometer.

Water and glycerol permeability of LCs

Water and glycerol permeability were measured using a SX20
stopped-flow spectrometer (Applied Photophysics, Surrey,
UK). Isolated LCs in RPMI medium (1X10° cells/ul) were
subjected to a 150 mM inwardly directed mannitol or glycerol
gradient at 22°C. Water uptake was measured by the kinetics
of the decrease in cell volume, as measured by the 90°
scattered light intensity at a wavelength of 450 nm, over the
time course (24, 25). Glycerol uptake was estimated by a
single exponential fit on the second part of the curve, as
described previously (26). Reciprocal exponential time con-
stants (77 ") were calculated.

Chemotaxis assay

Epidermal or dermal cell suspensions (10° cell/100 wul) were
deposited into the upper chamber of a polycarbonate trans-
well membrane filter (5 pm pore size; Corning Costar,
Cambridge, MA, USA). The lower chamber contained
CXCLI2 (100 ng/ml) or CCL2l (100 ng/ml) in cRPMI
medium. After incubation for 3 h at 37°C, the recovered cells
were analyzed using flow cytometry.
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Contact hypersensitivity

Mice were sensitized by application of 20 pl of 2,4-dinitrofluo-
robenzene (DNFB; 0.5%) solution on the abdomen. After
5d, 20 pul of DNFB (0.3%) was applied to the left ear, and the
vehicle (acetone/olive oil, 4:1) was applied to the right ear.
Ear swelling was measured with a thickness gauge (Teclok,
Nagano, Japan) at 24 h after challenge.

DNFB-dependent cell proliferation and cytokine produc-
tion were examined with cells (5X10”) isolated from the
axillary and inguinal LNs at 5 d after sensitization. The LN
cells were cultured in the absence or presence of trinitrochlo-
robenzene (TNCB; 50 pg/ml) for 3 d, pulsed with 0.5 nCi
[*H]-thymidine for 24 h, and subjected to liquid scintillation
counting. IFN-y release into the culture supernatant during
the entire 3-d period was determined using an ELISA kit
(eBioscience).

For the adoptive transfer, cell suspensions obtained from
the LNs of DNFB-sensitized mice were injected subcutane-
ously (2X10° cells/20 1 PBS) into the ears of naive WT mice.
The ears were immediately challenged by applying 20 ul of
0.3% DNFB or vehicle to either side of the ear. Ear thickness
was measured after 24 h.

Antigen-induced cutaneous DC migration

Mice were painted with 200 pl FITC (10 mg/ml in acetone
and dibutyl phthalate, 1:1; Invitrogen) or 100 ul FITC-OVA (2
mg/ml in 50% ethanol; Invitrogen), and the number of
migrated cutaneous DCs in the draining LNs was analyzed by
flow cytometry. Before application of FITC-OVA, the stratum
corneum was removed by tape stripping (3 or 10 times) to
disrupt the skin permeability barrier, and the transepidermal
water loss (TEWL) value was monitored with a Tewameter
Vapo Scan (Asahi Biomed, Tokyo, Japan) as an index of
barrier function (Asahi Biomed, Tokyo, Japan).

Statistical analysis

Statistical analysis was performed using a 2-tailed Student’s ¢
test or ANOVA.

RESULTS

AQP7 expression in mouse cutaneous DCs

To characterize the expression of AQP7 in cutaneous
DCs, we analyzed AQP7 expression levels in mouse
DGs, including epidermal LCs and dermal DCs (dDCs).
The epidermis and dermis were separated by dispase
treatment and digested into single-cell suspensions by
an enzyme-free cell dissociation buffer or collagenase
treatment, respectively. CD11c” cells were selected by
AutoMACS bead separation from freshly isolated, func-
tionally immature cells, and we analyzed AQP7 mRNA
levels by quantitative real-time RT-PCR. An AQP7 tran-
script was identified in both LCs and dDCs as well as in
CD4" T cells (Fig. 14). We also found that AQP3 was
expressed in LCs and dDCs, while we did not identify
AQP5 and AQP9 expression in skin DCs, implying that
skin DCs might have different expression patterns of
AQPs from BMDGCs (Supplemental Fig. S1).

Using a germline AQP7~/~ mouse as a control (23),
we verified the expression of AQP7 protein in MHC
class II" CD11c™ EpCAM™ LC populations from the
epidermal cell suspension by flow cytometry analysis
(Fig. 1B). Immunofluorescence microscopy showed
that AQP7 was mainly localized on the plasma mem-
brane of CD11c™ LCs (Fig. 1C).

To examine the function of AQP7 in the develop-
ment of skin DCs, we analyzed the cell density and size
of DCs isolated from the epidermis and dermis. We
observed comparable cell numbers and cell size be-
tween wild-type (WT) and AQP7 /™ mice, indicating
that AQP7 deficiency does not affect the generation of
LGs or dDGCs (Fig. 1D).

A 0.031 B C y
= ++
5 100 -
o ﬂ Py
S o.02f 1 [ |
5 I 2
oo /
] Lo .
< oot} 1 [
2 o
g li //: 3\% ‘\
oL E. 1 0 e - ~ o )
Epi  Der T-cell 10 10 10 10 10" Figure 1. AQP7 expression in murine cutaneous
CD11c* dendritic cells. Ay mRNA expression of AQP7 in
epidermal and dermal CD11c™ cells by real-time
1200 PCR (means * sg, n=4). CD1lc" cells were
O 4r isolated from the epidermal (Epi) or dermal
E 1000 - ® (Der) cell suspensions by AutoMACS bead sepa-
= 800+ < 3F ration. CD4™ T cells were isolated from LNs. Data
2 2 are expressed as the AQP7/GAPDH ratio.
E 600 - X221 B) Flow cytometric analysis of AQP7 expression
£ 400+ L in LC (CD1lc™ MHC class II" EpCAM ™) pop-
B 200 - o1 ulations from the skin of WT (+/+, red) and
O 8 0 AQP77/~ mice (—/—, blue). ) Immunofluo-
ot - rescent staining of AQP7 (green) in freshly
H ?/' Hr - Sk _/ Y isolated LCs from WT and AQP7™/7 mice.
Epi Der Epi Der Nuclei stained with DAPI (blue). Scale bar = 10

pwm. D) Number and size of CD11¢™ MHC class II" cells in the epidermal or dermal cell suspensions (means = SE, n=4).
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