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mice were fed low-K* diets, significant hypokalemia was main-
tained, supporting that KSP-OSR1~~ mice had renal K* wasting,

In conclusion, the analysis of global OSR1*/~ and KSP-OSR17~
mice sheds some light on the physiological role of OSR1 in BP
regulation and renal Na® handling. OSR1*/~ mice exhibit hy-
potension associated with the reduced p-SPAK and p-NKCC1
abundance in aortic tissue and decreased p-NKCC2 with an in-
crease in both p-SPAK and p-NCC in the kidney, which is in-
dicative of a salt-wasting phenotype. KSP-OSR1™~ mice show
markedly decreased p-NKCC2 expression in the TAL with a
blunted response to furosemide and enhanced p-NCC expression
in the DCT, supporting the notion that NKCC2 is the main target
of OSR1 and accounts for the BS-like phenotype. These results
show that OSRI1 plays a dual role in arterial tonicity and renal
Na™ reabsorption, primarily through NKCC1 and NKCC2, re-
spectively. The development of OSRI1 inhibitors suppressing
vascular NKCC1 and renal NKCC2 may be a promising direction
for antihypertensive therapy in the future.

Materials and Methods

Blood and Urine Analysis and BP Measurement. The phenotype of male mice was
evaluated at the age of 12-14 wk. Mice were kept in metabolic cages for 24-h
urine collection. Urine osmolarities under ambient conditions were determined
using spot urine samples. Blood pressure, plasma and urine electrolytes, and
hormone were obtained and measured as previously described (17, 33).

Na* and K* Balance Study. The mice were raised on a 12-h day/night cycle, fed
a normal rodent chow diet, and given plain drinking water ad libitum. For the
evaluation of renal Na* and K* handing, a low-Na* diet or low-K* diet was fed
for 6 d (34).
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HCTZ and Furosemide Challenge Studies. HCTZ (12.5 mg/kg) and furosemide
(15 mg/kg) were administered i.p., respectively, to the mice (19). Urine sam-
ples in the 4 h after a single-dose treatment were collected for analysis.

IB and Immunofluorescence Stain. Semiquantitative IB and immunofluores-
cence (IF) microscopy was carried out as previously described (17, 33). Inaddition
to our previously generated rabbit anti-p-NCC (T53, T58, and $71) (17, 35), an
antibody that could recognize both p-OSR1(S325) and p-SPAK(S383) simulta-
neously (14, 18), and rabbit anti-p-NKCC2 (T96), which could also recognize
p-NKCC1(T206) (19), other commercially available primary antibodies used in-
cluded rabbit anti-SPAK (Cell Signaling) (14, 18, 36), NKCC2 (Alpha Diagnostic)
(19), NCC (Millipore) (17), mouse anti-OSR1 (Abnova) (14, 18), and NKCC (T4)
(37). Alkaline phosphatase-conjugated anti-lgG antibodies (Promega) were
used as secondary antibodies for IB, and Alexa 488 or 546 dye-labeled (Mo-
lecular Probes) secondary antibodies were used for IF microscopy. IF images
were obtained using a LSM510 confocal microscope (Carl Zeiss).

Statistical Analysis. All results are expressed as mean + SD. Results obtained
for the OSR1*~ or KSP-OSR1~'~ mice were compared with those from their
WT littermates by means of the Student t test or, if the data violated
a normal distribution, the nonparametric Mann-Whitney test. A P value less
than 0.05 was considered to be statistically significant.
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Involvement of aquaporin—7 in the cutaneous primary
immune response through modulation of antigen
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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
lymph 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 vilro 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

Key Words: macropinocytosis + phagocytosis * chemotaxis

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). DGs 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 dDGCs 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 potential 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
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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 AQP5
in mice bone marrow monocyte-derived DCs (BMDCs)
(22). Moreover, our preliminary experiment found
that AQP3 and 7 were expressed in mice skin DCs. The
study using AQP inhibitors in human PBMC-derived
DCs suggested that AQPs might play a role in the
process of antigen uptake via fluid phase macropinocy-
tosis (20). The experiment on AQP5-knockout mice
showed the decrease in endocytotic ability in AQP5-
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 (AQP77/7) 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 wM 2-mercaptoethanol (Sigma, St. Louis, MO, USA), 2
oM r-glutamine, 25 mM HEPES, 100 M nonessential amino
acids, and 10 pM sodium pyruvate (Invitrogen).

Quantitative RT-PCR

CD1lc™ cells were isolated from epidermal or dermal cell
suspensions using CD1lc 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 cDNA 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 CDllc,
MHC class II, 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 II, EpCAM, CD80, CD86,
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 (37°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 Photo é)hysms Surrey,
UK). Isolated LCs in RPMI medium (1X10° cells/pl) 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 (771 were calculated.

Chemotaxis assay

Epidermal or dermal cell suspensions (10° cell/100 wl) 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
CXCL12 (100 ng/ml) or CCL21 (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 wl 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 ng/ml) for 3 d, pulsed with 0.5 pCi
[*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 (2X 10° cells/20 wl PBS) into the ears of naive WT mice.
The ears were immediately challenged by applying 20 pl 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 pl 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
DCs, 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 dDGCs, 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 7~ 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
LCs or dDCs (Fig. 1D).
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CD11c* dendritic cells. A) mRNA expression of AQP7 in
epidermal and dermal CD11c™ cells by real-time
— PCR (means *= sk, n=4). CD1llc* cells were
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Impaired water/glycerol transport and antigen uptake an effect on the uptake of 4- to 40-kDa FITC-dextran
in AQP7-deficient DCs molecules (Fig. 2D).

The FITC-dextran assay tests receptor-mediated en-
docytosis in the internalization of dextran because DCs
express pattern recognition receptors that bind to
carbohydrate moieties such as dextran (6, 29). We next
el utilized FITC and LY to more precisely examine mac-
glycerglhper.meablhty.m isolated LGs from WT and ropinocytosis. Both FITC and EY upta};«a were signifi-
AQP7™™ mice. The kinetics of the change in scattered cantly decreased in AQP7-deficient DCs compared to

light intensity in response to an osmotic challenge were WT cells (Fig. 2F, F). These results indicate that AQP7
measured as described previously (24, 25). Water trans- ;¢ involved in macropinocytosis in DCs.

port in response to a 150 mM inwardly directed man-

nitol gradient was significantly higher in WT than in . o .
AQP7-deficient cells (Fig. 24). Glycerol permeability, ~— Impaired chemotaxis in AQP7-deficient DCs
measured by the stopped-flow technique, as described

previously (26), was also decreased in the absence of  Immune responses are initiated when antigen-bearing
AQP7 as compared to WT cells (Fig. 2B). DCs migrate from skin to LNs and activate T cells (3-5).

We next tested the hypothesis that AQP7 is involved ~ Therefore, we examined the chemotaxis of skin DCs
in macropinocytosis and/or phagocytosis in DCs. First,  toward the ligands CXCL12 and CCL21 (30). Che-
we utilized FITC-labeled dextran, which is a commonly  motaxis was significantly impaired in AQP7-deficient
used model substance for pinocytosis and phagocytosis ~ LCs and dDCs compared to WT cells (Fig. 34). The
(6, 29). Epidermal or dermal cell suspensions were  expression levels of the maturation markers CD80 and
incubated with FITC-dextran, and the mean fluores- CD86 and of the chemokine receptors for migration,
cence intensity (MFI) of ingested FITC gated on MHC ~ CCR7 and CXCR4, were comparable between WT and
class II'" cells was analyzed. Figure 2C shows that  AQP7-deficient DCs (Fig. 3B, C). These findings sug-
AQP7-deficient LCs had a reduced cellular uptake of  gested that AQP7 is involved not only in antigen uptake
FITC-dextran, which has components with molecular ~ but also in the migration of DCs.

Previous studies using Xenopus oocytes expressing
AQP7 found that AQP7 facilitates water and glycerol
uptake (27, 28). We determined the osmotic water and

masses ranging from 4 to 250 kDa. In dDCs, AQP7 had Because AQP7 was detected in CD4™ T cells (Fig.
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Figure 2. Impaired water/glycerol transport and macropinocytosis in AQP7-deficient DCs. A) Osmotic water permeability of LCs
from WT and AQP7™/" mice was measured by scattered light intensity over the time course in response to a 150 mM inwardly
directed mannitol gradient by stopped flow at 22°C. Reciprocal exponential time constant 7~ * was calculated (n=4). *P < 0.01.
B) Glycerol permeability was measured in response to a 150 mM inward glycerol gradient by stopped flow at 22°C (n=4). *P <
0.01. G, D) Cellular uptake of FITC-dextran. Epidermal (C) or dermal (D) cell suspensions were incubated with FITC-dextran
(4, 40, or 250 kDa, 0.5 mg/ml) for 45 min at 37°C. Mean fluorescence intensity (MFI) of internalized FITC in MHC class IT*
cells was monitored (n=5). *P < 0.05, **P < 0.01. E, F) FITC (E) and LY (F) uptake by LCs and dDCs from WT and AQP7~/~
mice. FITC or LY (0.1-1 mg/ml) was incubated in the cell suspension from the epidermis or dermis (45 min, 37°C). FITC or
LY uptake was monitored by measuring the MFI of internalized FITC or LY in MHC class IT* cells (n=4). *P < 0.01. Data are
presented as means * SE.
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Figure 3. Impaired chemotaxis in AQP7-deficient DCs. A) Chemotaxis assay. Migration of DCs (epidermal or dermal cell
suspensions) to the ligands CXCL12 (100 ng/ml) or CCL21 (100 ng/ml) was examined using a transwell chamber with
5-pm pores. Graphs show percentages of cells that migrated (n=5). *P < 0.01. B, C) Expression levels of maturation
markers (B) and chemokine receptors involved in migration (C). Epidermal (for LCs) and dermal (for dDCs) cell
suspensions were incubated in cRPMI for 2 d. MFI of CD80-APC™, CD86-FITC", CCR7-PC7", and CXCR4-FITC™ cells
within the MHC class I cell gate was determined (n=4). D) Osmotic water permeability in isolated CD4™ T cells from
WT and AQP7™/~ mice (n=4). E) Chemotaxis assay of T cells. Migration of CD4* T cells to the ligands CCL19 (100
ng/ml) and CCL17 (100 ng/ml) was examined using a transwell chamber with 5-pm pores. Graphs show percentages of
cells that migrated (n=>5). Data are presented as means * SE.

1A), we conducted a phenotypic analysis of T cells in  ciency on the response to the application of OVA on
the spleen, LNs, and thymus. CD4™" and CD8" lympho- skin lesions, such as atopic dermatitis, the skin perme-
cyte numbers (Supplemental Fig. S2) and the cell  ability barrier was disrupted by tape stripping (3 or 10
populations of CD3, CD25, CD44, and CD62L (not times) to remove the stratum corneum, and FITC-OVA
shown) in the LNs and thymus were similar between  was applied. The TEWL values of WT and AQP7 /"
WT and AQP7-deficient mice. The water permeability ~ skin were comparable after tape stripping, indicating
of CD4™" T cells (Fig. 3D) and chemotaxis toward CD4™ that barrier disruption occurred equally (Fig. 4B, left
T-cell ligands (Fig. 3E) were also comparable between panel). The numbers of FITC™ LCs and dDCs that
WT and AQP7-deficient T cells, indicating that the  migrated into the LNs were significantly impaired in
expression of AQP7 likely has little effect on T-cell ~ AQP7~/~ mice compared to WT mice (Fig. 4B, right

development or function. panel). We next examined sensitization to OVA. We

isolated a similar number of lymphocytes from the
Impaired OVA-induced sensitization in AQP7/~ draining LNs of WT and AQP7~/~ mice at 48 h after
mice applying FITC-OVA, and the lymphocytes were incu-

bated with OVA for 2 d. As shown in Fig. 4C, OVA-
We next investigated the effect of AQP7-mediated  specific cell proliferation, as measured by [*H]-thymi-
antigen uptake and cell migration on antigen-induced  dine incorporation, was impaired in AQP7-deficient
sensitization. Here we utilized FITClabeled OVA. OVA  cells compared to WT cells. These findings suggest that
is the main protein in egg whites and is an established =~ AQP7 is essential for antigen entry into the LNs follow-
model allergen. Fluorescence microscopy showed the  ing antigen-induced sensitization.
cellular uptake of FITC-OVA in LCs after a 1-h incuba- To investigate the involvement of AQP7 in antigen
tion (Fig. 44, left panel). Flow cytometry analysis dem-  entry into the LNs using a different system, we utilized
onstrated that AQP7-deficient LCs and dDCs had im-  a FITC sensitization model wherein a FITC solution
paired incorporation of FITC-OVA (Fig. 4A, right is applied to the skin, and cutaneous DCs take up FITC
panel). and migrate to the LNs for antigen presentation.
We next sought to determine whether AQP7 has a  Analysis of the skin-draining regional LNs at 24 h after
role in antigen entry into the body, a process required  FITC application showed a decrease in the accumula-
for sensitization. To examine the effect of AQP7 defi-  tion of FITC* LCs and dDCs in AQP7~/~ mice com-
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Figure 4. Impaired OVA-induced sensitization in AQP7 /~ mice. A) Left panel: immunofluorescence microscopy of LCs
incubated with FITC-OVA for 1 h at 37°C. Nuclei were stained with DAPI (blue). Right panel: cellular uptake of FITC-OVA.
Epidermal or dermal cell suspensions were incubated with FITC-OVA (0.25 mg/ml) for 45 min at 37°C. MFI of internalized
FITC was monitored (n=4). B) FITC-OVA migration in vivo. Skin permeability barrier was disrupted by tape stripping to remove
the stratum corneum (3 or 10 times), and FITC-OVA was applied (100 pl of 2 mg/ml, 2X2 cm?). Left panel: TEWL was
measured as an index of barrier function after tape stripping. (Right panel: numbers of migrated LCs (CD11c* MHC class I
EpCAM™) and dDCs (CD11c™ MHC class II™ EpCAM™) 48 h after applying FITG-OVA (n=4). C) Antigen-specific cell
proliferation was measured by [*H]-thymidine incorporation. Lymphocytes (1X10° cells) isolated from the regional LNs of mice
onto which FITC-OVA had been applied were incubated with vehicle or OVA (10 pg or 1 mg/ml) for 2 d (n=6). D) Skin DC
migration into the draining LNs after FITC painting. WT and AQP7~/ ™ mice were painted with 1% FITG solution (acetone and
dibutylphthalate, 1:1) on the flank skin. At 24 h, LN cells were analyzed for the number of LCs (CD11c" MHC class II'*
EpCAM™) or dDCs (CD11c* MHC class II" EpCAM ™) among FITC" cells by flow cytometry (n=5). Data are presented as

means * SE. *P < 0.01.

pared to WT mice (Fig. 4D). These data suggest the
involvement of AQP7 in the induction of the primary
immune response.

Impaired hapten-induced contact hypersensitivity and
sensitization in AQP7~/~ mice

To further determine the role of AQP7 in cutaneous
immune reactions, we utilized a well-established hap-
ten-induced contact hypersensitivity (CHS) model (31,
32). The WT and AQP7 /™ mice were sensitized by
applying DNFB to the abdomen, and the mice were
challenged on the ear 5 d later. Ear swelling in response
to the challenge, evidence of CHS, was significantly
decreased in AQP7 /~ mice compared to WT mice
(Fig. 5A). Histological examination confirmed that
edema and the infiltration of lymphocytes into the
dermis were attenuated in AQP7 7~ mice, whereas
these measures of inflammation were pronounced in
WT skin (Fig. 5A, bottom panel).

To examine sensitization during the CHS response,
antigen-specific cell proliferation and IFN-y production
were assayed. The lymphocytes from the draining LNs
of WT and AQP7 7~ mice were isolated at 5 d after
DNFB sensitization, and the lymphocyte responses to
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TNCB, a water-soluble compound with the same anti-
genicity as DNFB, were compared in vitro. We observed
a significant repression of antigen-induced cell prolif-
eration and IFN-y production in cells from AQP7/~
mice, indicating that T-cell activation during the sensi-
tization period is impaired in the AQP7~/~ mice.

Finally, we verified the impaired sensitization in AQP7/~
mice using subcutaneous adoptive transfer experiments. LN
cells from sensitized WT and AQP7 /™ mice were injected
subcutaneously into the ears of naive recipient WT' mice,
which were challenged immediately with DNFB. As shown in
Fig. 5, the injected AQP7 /™ cells suppressed ear swelling,
and WT cells induced a strong CHS response. Collectively,
these findings provide evidence that AQP7 expression is
required for antigen-induced sensitization during the CHS
response and that AQP7 might be responsible for antigen
entry into the body.

DISCUSSION

Here we found that AQP7 is functionally expressed in
skin DCs and is required for initiating cutaneous im-
mune responses, such as CHS. An assay of macropi-
nocytosis and/or phagocytosis showed that AQP7 defi-
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were sensitized with DNFB and challenged
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gen-specific cell proliferation (top panel) and IFN-y production (bottom panel) during CHS. [*H]-thymidine incorpora-
tion and IFN-y production were determined in lymphocytes (1X10° cells) isolated from the regional LNs of DNFB-
sensitized WT and AQP7 /™ mice (n=5). C) Adoptive transfer experiments by subcutaneous injection. LN cells from
sensitized donor WT and AQP7 ™/~ mice (donor) were injected subcutaneously (2 10° cells) into the ear of naive recipient
WT mice. Graph quantifies ear swelling at 24 h after challenge (n=4). Data are presented as means * sk. *P < 0.01.

ciency decreased the cellular uptake of LY, FITC,
FITC-OVA, and FITC-dextran into the skin DCs, includ-
ing LCs and dDCs, suggesting the involvement of AQP7
in the capture of antigen. We also observed reduced
cell migration toward ligands in AQP7-deficient DCs. In
addition, AQP7 /" mice exhibited impaired antigen-
induced sensitization after OVA or hapten application,
and this impaired response was accompanied by sup-
pressed lymphocyte proliferation. After application of a
fluorescent antigen (FITC or FITC-OVA), the accumu-
lation of antigen-retaining DCs in the LNs was de-
creased in AQP7~/~ mice, which could be attributed to
both the reduced captured of antigen and the reduced
cell migration from skin to the LNs. Our findings
provide the first evidence of the requirement for AQP7
in antigen-induced sensitization during an immune
response.

DCs are antigen-presenting cells and are critical for
the induction of primary immune responses. A previ-
ous study using human DCs derived from PBMCs
showed that a mercury drug, one of the AQP inhibitors,
blocked the macropinocytosis of LY but did not affect
receptor-mediated endocytosis of FITC-dextran via the
mannose receptor, suggesting that AQPs have a selec-
tive effect on macropinocytosis (20). In the study
presented here, we demonstrated that AQP7 is involved
in the cellular uptake of LY (MW 521), FITC (MW 389),
FITG-conjugated dextran (MW ranging from 4 to 40
kDa), and FITG-OVA (MW ~45 kDa) into both LCs
and dDCs, although it remains to be determined
whether macropinocytosis, phagocytosis, or endocytosis
was responsible for the uptake of these molecules. DCs
express pattern-recognition receptors and bind to gly-
coproteins and other carbohydrate regions that are
commonly expressed by pathogens (6, 33). Although
the internalization of a soluble carbohydrate such as
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dextran into DCs occurs largely through receptor-
mediated internalization, the assay using LY or FITC is
thought to accurately examine macropinocytosis (6,
29). Therefore, our findings demonstrate that AQP7 is
involved at least in macropinocytosis by skin DCs. After
the intake of extracellular fluids by macropinocytosis,
macrosolutes are concentrated and accumulate in a
lysosomal compartment, which might depend on the
selective transport of ions and water. We also demon-
strated that AQP7 is required for water transport in
DCs. AQP7-mediated water efflux might be responsible
for regulating cell volume during macropinocytosis.
Although further experiments are necessary to investi-
gate the mechanism of AQP7-mediated antigen uptake,
our data support the involvement of AQP7 in macropi-
nocytosis.

In our studies, AQP7 was required for the chemotaxis
of DCs, which might be important for antigen presen-
tation and the subsequent initiation of the immune
response. Previous studies have shown the involvement
of some AQPs (AQPI1, 3, and 4) in cell migration, for
example, in angiogenesis or wound healing, in several
endothelial and epithelial cell types (34, 35). The
researchers of these studies proposed that AQP-medi-
ated water transport was connected to actin dynamics
during cell migration, although the cellular and molec-
ular mechanisms that underlie this process are unclear.
Again, macropinocytosis was found to be an actin-depen-
dent process that requires the Rhofamily GTPases, in-
cluding Racl and Cdc42, for actin cytoskeletal rearrange-
ments (33, 36). AQP7 might regulate the dynamics of
actin reorganization, which regulates cell migration and
macropinocytosis, and future studies will define the mech-
anism of AQP7-mediated DC migration.

In summary, our data provide the first evidence that
AQP7 is required for the induction of primary cutane-
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ous immune responses. Our findings suggest that AQP7
is primarily involved in antigen uptake and subse-
quently in the migration of epidermal LCs and dDGs,
which are responsible for antigen processing and pre-
sentation and promote immune responses. Because
DCs are localized not only in the skin but in most
tssues of the body, AQP7 might have a causal role in
allergy or unwanted immune reactions. Our findings
suggest that blocking AQP7 by the use of topical drugs
might be useful for the suppression of undesirable
immune responses.
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