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A Novel Monoclonal Antibody
Against the C-Terminal Region of Aquaporin-4

Julia Ramadhanti! Ping Huang! Osamu Kusano-Arai?*® Hiroko lwanari? Toshiko Sakihama?
Tasturo Misu,* Kazuo Fujihara,* Takao Hamakubo? Masato Yasui! and Yoichiro Abe'

Aquaporin-4 (AQP4), the most abundant water channel in the brain, plays a central role in water homeostasis,
neuronal activity, and migration of astrocytes in the central nervous system. Recent studies have demonstrated
that AQP4 is a target of an autoantibody specifically detected in an autoimmune neurologic disease called
neuromyelitis optica. Here we have generated a monoclonal antibody (MAD) against the C-terminal region of
AQP4 using a baculovirus expressing mouse AQP4 as an immunogen. This antibody (clone E5206) recognized
both human and mouse AQP4s in a denaturing condition and was able to precipitate AQP4 from cell lysates of
CHO cells stably expressing AQP4. Western blot analysis using deletion mutants revealed that the epitope was
located within a region between Asp®®® and Leu®” in the C-terminal tail of AQP4. Although clone E5206 could
not be used for immunostaining when cells or tissues were fixed with 4% paraformaldehyde or 10% formalin, it
could be used when cells were fixed with 10% trichloroacetic acid and when a formalin-fixed tissue section was
pretreated with antigen-retrieval reagents. This MAD can be a valuable tool for analysis of AQP4 in a variety of
physiological and pathophysiological contexts, in human tissues and organs as well as in rodent models, both

in vitro and in vivo.

Introduction

A QUAPORIN-4 (AQP4) 1s A WATER CHANNEL EXPRESSED in
the brain, spinal cord, kidney, lung, skeletal muscle,
stomach, and small intestine.("? In the brain, it is a predom-
inant water channel mainly expressed in the subpial and
perivascular endfeet of astrocytes® and plays a central role in
water homeostasis, neuronal activity, and migration of as-
trocytes in the central nervous system.(‘%) AQP4 functions as
a tetramer consisting of two main isoforms, M1 and M23,
produced by the difference in the transcriptional start sites;
the longer isoform, M1, has an extra 22 amino acids at the N
terminus of the M23 isoform.”™ These two isoforms have
opposing roles in forming an orthogonal array of particles
(OAPs), a unique feature of AQP4, whose physiological roles
remain to be elucidated; while M23 tends to form OAPs, M1
tends to disrupt them.?

Recent studies have demonstrated that an autoantibody
found in patients with the autoimmune neurologic disease
neuromyelitis optica (NMO), which is characterized by optic
neuritis and acute myelitis,(“) recognizes the extracellular
domains of AQP4.(12'13) Loss of astrocytic markers, including
AQP4, is evident. Complement-dependent disruption of as-

trocytes prior to demyelination has been suggested in the
tissue of human patients as well as in rodent models, both
in vitro and in vivo.1*2?

AQP4 is a highly conserved membrane protein; therefore, it
is difficult to establish a good MAb against AQP4. The only
exception is clone 3/D2 raised against a synthetic %)e tide
corresponding to amino acids 301-318 of rat AQP4.?" Un-
expectedly, this MAb recognizes human AQP4 (hAQP4) but
does not do so for mouse or rat AQP4 (mAQP4 or rAQP4,
respectively). Here, we established a new MAb, E5206, using
mice with AQP4-null background in combination with ba-
culovirus expressing mAQP4 as an immunogen, which can be
used for a wide range of techniques, including Western blot
analysis, immunoprecipitation, and immunostaining of both
human and mouse cells and tissues.

Materials and Methods

Hybridoma preparation

Monoclonal anti-AQP4 antibodies were established ac-
cording to the previous report.m) In brief, the cDNA encoding
mAQP4 M23 isoform was inserted into a pBlueBac4.5 plasmid
transfer vector (Invitrogen, Carlsbad, CA) to produce budded
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baculovirus (BV) expressing mAQP4 M23. gp64 transgenic
mice crossed with AQP4-null mice (acc. no. CDB0758K,
www.cdb.riken jp/arg/mutant%20mice%20list.html)* were
immunized intraperitoneally with the BV expressing mAQP4
M23 in PBS in the presence of pertussis toxin. The fusion of NS-
1 myeloma cells was carried out using standard methodology.
After screening by flow cytometry and an enzyme-linked im-
munosorbent assay (ELISA) using CHO cells stably expressing
mAQP4 M23, as well as by Western blotting using lysate de-
rived from a membrane fractions of mouse cerebella, clone
E5206 (IgG1) was obtained.

Plasmid construction

As reported recently, AQP4 M23 isoform can be translated
from the AQP4-M1 mRNA through a leaky scanning mech-
anism.?®® Thus, to express M1 isoform exclusively, cDNAs
encoding hAQP4 and mAQP4 M1, in which Met® was
changed to Leu (M23L-hAQP4 M1 and M23L-mAQP4
M1, respectively) were constructed by a QuickChange site-
directed mutagenesis kit (Agilent Technologies, Santa Clara,
CA) wusing primers 5-GTGTACCAGAGAGAACATCCT
GGTGGCTTTCAAAGGGGTC-3" and 5-GACCCCTTITGAA
AGCCACCAGGATGTTCTCTCTGGTACAC-3" for M23L-
hAQP4 M1; and 5-CTGCAGTAGAGAGAGCATCCTGG
TGGCTTTC-3" and 5-GAAAGCCACCAGGATGCTCTCTC
TACTGCAG-3’ for M23L-mAQP4 M1.

To identify the epitope of E5206, two deletion mutants of
mAQP4 A303-323 and A321-323 were constructed by PCR
using oligonucleotides 5-CCGCGGTCAAATCACATGCA
CCACTC-3" and 5-CCGCGGTCACAATACCTCTCCCGAA
GAGTC-3, respectively, as antisense primers and 5'-
GGATCCTATACCGGTGCCAGCATGAATCCAGC-3" as a
sense primer. Obtained PCR products were subcloned into
pGEM-T vector (Promega, Madison, WI). After confirmation
of the sequence, the fragments were excised with Sacl and
Sacll followed by insertion into the corresponding region of
wild-type mAQP4 M1 cDNA subcloned into a pIRES2-EGFP
mammalian expression vector (Clontech Laboratories,
Mountain View, CA).

Cell culture and transfection

CHO cells were maintained in Ham'’s F12 nutrient mixture
supplemented with 10% fetal bovine serum and 50 U/mL
penicillin and 50 pg/mL streptomycin. Cells seeded onto 60-
mm dishes (1x10° cells/dish) were transiently transfected
with AQP4 and its derivatives inserted into the pIRES2-
EGFP, using Lipofectamine and Plus reagents (Invitrogen)
according to the manufacturer’s instructions. At 48h after
transfection, cells were lysed with a buffer containing 20 mM
Tris-Cl (pH 7.4), 1mM EDTA, 1% Triton X-100 and Com-
plete™ protease inhibitor cocktail tablets (Roche Diagnostics,
Indianapolis, IN). Thirty pg of cellular protein was subjected
to Western blot analysis as described previously,*® using
MADb E5206 (1:20 for supernatant of hybridoma culture),
rabbit polyclonal anti-AQP4 C-terminal domain (1:1000;
Sigma, St. Louis, MO), monoclonal anti-green fluorescent
protein (1:500; clone mFX75, Wako Pure Chemical Industries,
Osaka, Japan), or polyclonal rabbit anti-actin (1:5000, Sigma)
as primary antibodies. Secondary antibodies used were HRP-
conjugated goat anti-mouse and goat anti-rabbit antibodies
(Sigma).
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Immunoprecipitation

Immunoprecipitation was performed as described previ-
ously,aé) with slight modification. In brief, confluent mono-
layers of CHO cells stably expressing either M23L-mAQP4
M1 or mAQP4 M23 seeded onto 60-mm dishes were lysed
with 250 pL Blue Native (BN)-buffer, vortexed, and centri-
fuged at 20,000 g for 5 min at 4°C. Supernatants were collected
and incubated in the presence of 10ug of either E5206 or
monoclonal anti-hAQP4 extracellular domain antibody clone
C9401®” on a mechanical rotator overnight at 4°C. The next
day, 20 pL of pre-washed nProtein A Sepharose 4 Fast Flow
beads (GE Healthcare, Waukesha, WI) were added to the
samples. To isolate the immunocomplexes, the samples were
centrifuged at 11,000 g for 1 min at 4°C, and the beads were
washed four times with washing buffer. mAQP4 was eluted
by adding 20 pL of 2 x Laemmli buffer at 37°C for 30 min and
subjected to Western blotting using the rabbit polyclonal anti-
AQP4 C-terminal domain (1:1000; Sigma). One-twentieth
(12.5 pL) of each supernatant was used as an input.

Immunofluorescent staining
and immunohistochemistry

CHO cells stably expressing either M23L-mAQP4 M1 or
mAQP4 M23 isoform were fixed with either 4% paraformal-
dehyde (PFA) or 10% trichloroacetic acid (TCA).®® After
washing with PBS, cells were permeabilized with 0.1% Triton
X-100 in PBS, followed by blocking with 0.1% BSA in PBS.
Binding of the MAb to AQP4 was visualized with Alexa Fluor
555-conjugated goat anti-mouse IgG (Invitrogen).

For immunofluorescent microscopy of mouse tissues, wild-
type and AQP4-null mice were anesthetized with 40 mg/kg
sodium pentobarbital and perfused through the left cardiac
ventricle with 0.9% saline followed by 4% neutral buffered
PFA. Cerebral cortices, cerebella, and kidneys were removed
and post-fixed in 4% neutral buffered PFA followed by serial
dehydration in 20% and 30% sucrose solutions. Organs were
embedded in Tissue Tek OCT compound. Ten-mm frozen
sections were prepared using a CM3050S cryostat (Leica Mi-
crosystems, Wetzlar, Germany). After antigen retrieval in
0.01 M sodium citrate buffer, tissues were blocked with 10%
normal goat serum and stained with 1mg/mL E5206 fol-
lowed by Alexa Fluor 555-conjugated goat anti-mouse IgG
(Invitrogen). All animal experiments were performed ac-
cording to the Guidelines for the Care and Use of Laboratory
Animals of Keio University School of Medicine (09084-4).

For immunohistochemistry of human brain sections, sec-
tions from the parietal lobes of normal controls (n=3) were
used. First, the paraffin sections on slides were immersed in
xylene for 5min three times; then they were immersed in
100% ethanol, 95% ethanol, and 90% ethanol for 5 min each.
After washing with distilled water, we washed the slides
three times with phosphate buffer saline (PBS). Non-specific
binding was blocked with 10% goat serum for 15 min at room
temperature. In addition, antigen retrieval was performed in
citrate buffer (Diva Decloaker, Biocare Medical, Concord, CA)
for 5min at 100°C, where applicable. The slides were covered
with primary antibodies—anti-AQP4 antibody (E5206, di-
luted at 1:20 for supernatant of hybridoma culture) or anti-
AQP4 antibody (H-80, diluted at 1:500; Santa Cruz
Biotechnology, Santa Cruz, CA)—and incubated for 8h at
4°C. Then, after washing, the slides were incubated with an
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HRP-conjugated anti-mouse EnVision system (Dako, Car-
pinteria, CA) for 1 h at room temperature followed by staining
with diaminobenzidine hydrochloride (DAB). The slides
were counterstained with hematoxylin and mounted with
VectaMount (Vector Labs, Burlingame, CA). This use of
human specimens was approved by the ethical committee of
the Tohoku University Graduate School of Medicine (no.
2011-74).

Results
Establishment of E5206

To circumvent immunological tolerance, BALB/c mice
with AQP4-null background were immunized with baculo-
virus expressing mAQP4. One of the obtained clones, E5206
(IgG1), specifically recognized both the M1 and M23 isoforms
of AQP4 in a lysate of mouse cerebellar membrane fraction in
a denaturing condition (Fig. 1A). To examine the specificity of
E5206, cDNA encoding either mouse or human AQP4 M1
(M23L) or M23 isoform inserted into pIRES2-EGFP was
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with commercially available rabbit polyclonal antibody
against the C-terminal domain of rAQP4 (Sigma). As shown
in Figure 1B, E5206 recognized both hAQP4 and mAQP4,
regardless of the difference in isoforms (Fig. 1B, lanes 1-4).
E5206 also recognized GST-fusion protein containing a pep-
tide corresponding to Glu**-Val®® of rAQP4, which is the
immunogen to raise Sigma’s antibody (Fig. 1B, lane 5), indi-
cating that the epitope for E5206 is located within the intra-
cellular C-terminal domain of AQP4.

Epitope of E5206

To determine the epitope of E5206, two deletion mutants of
mAQP4 M1 (Fig. 1D) were transiently expressed in CHO cells,
and lysates of the cells were examined to determine whether
E5206 would recognize them by Western blot analysis. While
E5206 recognized mAQP4 M1 (A321-323), which lacks the
last three amino acids of mAQP4 (Fig. 1C, lane 2), it did not do
so for mAQP4 M1 (A 303-323), which lacks the last 21 amino

acids (Fig. 1C, lane 1), thus indicating that the epitope is
303 320
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FIG. 1. Establishment of MADb against the C-terminal domain of AQP4. (A) Western blotting of lysates of a cerebellar
membrane fraction derived from either wild-type (lane 1) or AQP4-null (lane 2) mouse using conditioned medium of a

hybridoma clone E5206 (1:20). (B) Western blotting of lysates

from CHO cells transiently transfected with M23L-mAQP4 M1

(lane 1), mAQP4 M23 (lane 2), M23L-hAQP4 M1 (lane 3), or hAQP4 M23 (lane 4). The GST-fused rAQP4 C-terminal domain,
which is the immunogen to raise the polyclonal anti-AQP4 C-terminal domain antibody from Sigma, was also electro-
phoresed (lane 5). (C) Western blotting of CHO cells transiently transfected with mAQP4 M1 (A 301-323, lane 1), mAQP4 M1
(A321-323, lane 2), or wild-type mAQP4 M1 (lane 3). Lysate of CHO cells without transfection was also electrophoresed as a
negative control (lane 4). (D) Alignment of protein sequences from Glu** to Val**® of human, rat, and mouse AQP4, which
corresponds to the region used as an immunogen to develop polyclonal rabbit anti-AQP4 C-terminal antibody derived from

Sigma. Amino acids conserved among these three species

are represented as dots. Amino acids immediately after the

truncated site of two deletion mutants are indicated by arrows. The predicted epitope for E5206 is indicated with a box.
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FIG. 2. Immunoprecipitation of mAQP4 by E5206. Lysates
from CHO cells stably expressing mAQP4 M23 (lanes 1-3) and
M23L-mAQP4 M1 (lanes 4-6) were incubated without (lanes
1, 4) or with either MAb C9401 (lanes 2, 5) or E5206 (lanes 3, 6),
followed by precipitation with nProtein A Sepharose 4 Fast
Flow beads. Precipitates (IP, upper panel) and input (lower
panel) were subjected to Western blot analysis using rabbit
polyclonal anti-AQP4 C-terminal domain antibody.

Immunoprecipitation

Next we examined whether E5206 is applicable to immu-
noprecipitation. Lysates derived from CHO cells stably ex-
pressing mAQP4 M23 or M23L-mAQP4 M1 were incubated

A

FIG. 3.
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with E5206 followed by precipitation with nProtein A Se-
pharose 4 Fast Flow beads. As shown in Figure 2, although
C9401, a MAD specific to hAQP4 extracellular domains,®” did
not precipitate mAQP4 (lanes 2, 5), E5206 efficiently precipi-
tated both M1 and M23 isoforms of mAQP4 (lanes 6, 3, re-
spectively). Consistent with the result of Western blot analysis
(Fig. 1B), E5206 also precipitated hAQP4 from CHO cells
stably expressing hAQP4 M23 isoform (data not shown).

Immunostaining

We also addressed whether E5206 can be used for im-
munostaining of AQP4-expressing cells and tissues. First we
stained CHO cells stably expressing either M23L-mAQP4 M1
or mAQP4 M23, which were the same cell lines used for im-
munoprecipitation, with E5206. When cells were fixed with
4% PFA, they were not stained with the MAb, even in the
presence of membrane permeabilization with Triton X-100
(Fig. 3A). However, when cells were fixed with 10% TCA,
both cells expressing M23L-mAQP4 M1 and mAQP4 M23
were clearly stained with E5206 in a dose-dependent manner
(Fig. 3B).

E5206 can also be used for paraffin-embedded human tis-
sue samples. As expected from the result of immunofluores-
cent staining of AQP4-expressing CHO-cell lines, in the
absence of antigen retrieval, E5206 did not work when cortex
or subcortical white matter of human parietal lobes were
stained (Fig. 4A). However, after treatment with antigen re-
trieval reagent, E5206 clearly stained AQP4 (Fig. 4B) with the
same pattern as commercially available rabbit polyclonal
antibody against the C-terminal 80 amino acids (244-323) of
human AQP4 (H-80) in several regions in the human brain
(Fig. 4C-H). Similarly, E5206 specifically stained the peri-
vascular endfeet of astrocytes in the cerebral cortices (Fig. 5A,
B) and in the cerebellar granular layers (Fig. 5C, D), as well as
the kidney collecting ducts (Fig. 5E, F) in antigen-retrieval
reagent-treated mouse frozen sections.

Immunofluorescent staining of CHO cells stably expressing mAQP4 with E5206. (A) CHO cells stably expressing

either M23L-mAQP4 M1 (M1) or mAQP4 M23 (M23) isoform were fixed with 4% PFA (A) or 10% TCA (B) and permeabilized
with 0.1% Triton X-100 in PBS. Conditioned medium of the hybridoma clone E5206 was serially diluted and added to the cells.
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Immunohistochemistry of the paraffin section of human brain with E5206. Cortex and subcortical white matter from

human parietal lobes was stained with E5206 in the absence (A) or presence (B-H) of antigen retrieval. White matter (C, D),
cortex adjacent to a sulcus (E, F), and a region surrounding a sulcus (G, H) stained with either E5206 (C, E, G) or rabbit
polyclonal anti-AQP4 C-terminal domain antibody H-80 (D, F, H) are shown magnified (x200).

Cortex

Cerebellum

FIG. 5.
E5206. Frozen sections with antigen retrieval of cerebral
cortices (A, B,x200), cerebella (C, D,x100), and kidneys (E,
F,x100) derived from wild-type (A, C, E) or AQP4-null (B,
D, F) mice were stained with E5206.

Immunofluorescent staining of mouse tissue with

Discussion

In this study, we have developed a MAb against the C-
terminal region of mAQP4 designated as clone E5206. E5206
recognized not only mAQP4 but also hAQP4, and therefore
could be used for a wide variety of techniques, including
Western blot analysis, immunoprecipitation, and im-
munostaining of cells and tissues.

Previously, Nagy and colleagues developed a similar MAb
(clone 3/D2) against synthetic peptide corresponding to
amino acids 301-318 of rAQP4.?" Epitope mapping of E5206
(Fig. 1B) demonstrated that its epitope was found in almost
the same region as the immunogen peptide of 3/D2. There-
fore, it is likely that the amino acid sequence of this region is
suitable as an antigen. In addition, this region is the most
divergent in the C-terminal domain of AQP4 among species
(Fig. 1D); therefore, 3/D2 could be developed by immuniza-
tion of wild-type mice with the synthetic peptides. Never-
theless, despite the fact that 3/D2 was raised against the
peptide with a rat sequence, it does not recognize rAQP4 or
mAQP4. In contrast to the strategy of Nagy’s group, we
succeeded in developing a MAb recognizing both hAQP4 and
mAQP4 by using AQP4-null mice.

In immunostaining of cells and tissues with E5206, form-
aldehyde-based fixation did not lead to good results. But
antigen retrieval or using another fixative such as TCA greatly
improved the performance of E5206. Two possibilities may
explain this phenomenon. One is modification of the epitope
by reactions of three lysine residues located within it with
formaldehyde as well as following intramolecular cross-
linkage between intracellular domains, which affects the
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antibody binding. The other is cross-linkage of AQP4-associated
proteins, whose binding site overlaps with the epitope for
E5206, with the C-terminal domain of AQP4, which masks the
epitope and interferes with antibody binding. Since AQP4 has a
motif for PSD95-Discs large-ZO1 (PDZ)-binding at the C-
terminus, it is highly likely that proteins containing the PDZ-
domain are associated with the C-terminal region of AQP4.
One candidate, o-syntrophin, regulates expression level and
subcellular localization of AQP4.%” Thus, E5206 can be a
valuable tool to examine the function of AQP4-associated
protein by microinjection of this MAD as a competitor into cells
endogenously expressing AQP4 and its associated proteins.
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