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(Background: Complement-dependent cytotoxicity (CDC) plays a central role in neuromyelitis optica (NMO), in which
NMO autoantibodies (NMO-IgG) bind to AQP4 on astrocytes.
Results: NMO-IgG produced CDC only when AQP4 was assembled in orthogonal arrays of particles (OAPs).
Conclusion: AQP4 assembly in OAPs is required for CDC by a mechanism involving multivalent C1q binding.
Significance: Our results establish a new mechanism of OAP-dependent pathogenesis in NMO and suggest a novel therapeutic
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Neuromyelitis optica (NMO) is an inflammatory demyelinat-
ing disease of the central nervous system in which binding of
pathogenic autoantibodies (NMO-IgG) to astrocyte aqua-
porin-4 (AQP4) causes complement-dependent cytotoxicity
(CDC) and inflammation. We previously reported a wide range
of binding affinities of NMO-IgGs to AQP4 in separate tetra-
mers versus intramembrane aggregates (orthogonal arrays of
particles, OAPs). We report here a second, independent mech-
anism by which CDC is affected by AQP4 assembly. Utilizing
lactate dehydrogenase release and live/dead cell cytotoxicity
assays, we found in different cell lines, and with different mono-
clonal and patient-derived NMO-IgGs, that CDC was greatly
(>100-fold) reduced in cells expressing M1- versus M23-AQP4.
Studies using a M23-AQP4 mutant containing an OAP-disrupt-
ing mutation, and in cells expressing AQP4 in different M1/M23
ratios, indicated that NMO-IgG-dependent CDC requires
AQP4 OAP assembly. In contrast, antibody-dependent cell-me-
diated cytotoxicity produced by natural killer cells did not
depend on AQP4 OAP assembly. Measurements of C1q binding
and complement attack complex (C9neo) supported the conclu-
sion that the greatly enhanced CDC by OAPs is due to efficient,
multivalent binding of C1q to clustered NMO-IgG on OAPs. We
conclude that AQP4 assembly in OAPs is required for CDC in
NMO, establishing a new mechanism of OAP-dependent NMO
pathogenesis. Disruption of AQP4 OAPs may greatly reduce
NMO-IgG dependent CDC and NMO pathology.

Neuromyelitis optica (NMO)? is an inflammatory demyeli-
nating disease of the central nervous system (CNS) with pre-
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ponderance for lesions in spinal cord and optic nerve, leading to
paralysis and blindness (1, 2). NMO lesions show prominent
perivascular deposition of complement, as well as leukocyte
infiltration and myelin loss (3, 4). A defining feature of NMO is
the presence of autoantibodies (NMO-IgG) targeting aqua-
porin-4 (AQP4) (5, 6), a water channel expressed at the plasma
membrane of astrocytes (7, 8). Evidence from cellular and
rodent models suggests that NMO-IgG is pathogenic in NMO
(9-12). NMO-IgG binding to AQP4 causes complement-de-
pendent cytotoxicity (CDC), which initiates an inflammatory
cascade involving cytokine release, leukocyte infiltration,
microglial activation, and myelin loss (13, 14). Antibody-de-
pendent cell-mediated cytotoxicity (ADCC) may also be
involved. Current NMO therapies target the NMO-IgG load
and inflammatory reaction (15, 16); also, the complement
inhibitor Eculizumab is in an open label clinical trial. We
recently introduced a monoclonal antibody (“aquaporumab”)
strategy to treat NMO in which a tight-binding, nonpathogenic
anti-AQP4 antibody blocks NMO-IgG binding to AQP4 (17).
The target of the NMO autoantibody, AQP4, forms supra-
molecular assemblies in membranes called orthogonal arrays of
particles (OAPs) (18, 19). We discovered the involvement of
AQP4 in OAPs by showing OAPs in AQP4-transfected cells
(20, 21) and the absence of OAPs in mice lacking AQP4 (22).
We recently showed that NMO-IgG binding to AQP4 can be
quite different when AQP4 is present in membranes as separate
tetramers versus OAPs (23). Binding measurements were done
using polyclonal NMO-IgG in NMO patient sera, as well as
monoclonal recombinant NMO antibodies (NMO-rAb)
derived from clonally expanded plasma blasts in cerebrospinal
fluid of NMO patients. Although some antibodies bound simi-
larly to AQP4 tetramers and OAPs, most antibodies bound with
substantially higher affinity to AQP4 OAPs than tetramers.
Mutagenesis studies and measurements of NMO-Fab binding
suggested that OAP assembly causes a conformational change

binant antibody; NK, natural killer; LDH, lactate dehydrogenase; TIRFM,
total internal reflection fluorescence microscopy; BSS, balanced salt
solution.
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at the external AQP4 surface that influences NMO-IgG binding
(23, 24).

Here, we investigated the role of OAP assembly by AQP4 in
NMO-IgG-dependent cell killing by complement and natural
killer cells, testing the hypothesis that efficient CDC requires
OAP formation by AQP4 but that ADCC does not. The moti-
vation for this study is the known multivalent interaction of
complement protein C1q with antibody Fc region (25-27). We
found greatly increased CDC for OAP-assembled AQP4, estab-
lishing a second mechanism by which NMO pathology is influ-
enced by AQP4 assembly, independent of NMO-IgG binding.

EXPERIMENTAL PROCEDURES

DNA Constructs, Cell Lines, and Transfection—DNA con-
structs encoding full-length human AQP4 (M1 and M23 iso-
forms) and the M23 mutant G28P were generated and cloned
into mammalian expression vector pcDNA3.1, as described
(28). CHO-K1 cells (American Type Culture Collection
(ATCC) CCL-61) were stably transfected with M1- and M23-
AQP4 as described (21) and grown at 37 °C in 5% CO,, 95% air
in Ham’s nutrient mix supplemented with 10% fetal calf serum,
100 units/ml penicillin, and 100 pg/ml streptomycin. U87MG
cells (ATCC HTB-14) were stably transfected with M1- and
M23-AQP4 as described (23) and cultured in Eagle’s minimum
essential medium containing 10% fetal bovine serum, 100
units/ml penicillin, and 100 pg/ml streptomycin. For transient
transfections, U87MG cells were plated onto 96-well micro-
plates (Costar, Corning Inc., Corning, NY) and transfected in
antibiotic-free medium using Lipofectamine 2000 according to
the manufacturer’s instructions. Experiments were done 24 h
after transfection. Human natural killer (NK) cells stably trans-
fected with the Fc receptor CD16 (CD16-176V-NK92, Fox
Chase Cancer Center, Philadelphia, PA) were cultured in @ Min-
imum Essential Medium (Invitrogen) supplemented with 10%
FBS, 10% horse serum, 2.5 mM L-glutamine, 100 uM 3-mercapto-
ethanol, 1 mM sodium pyruvate, 2.5 um folic acid, 0.2 mm myo-
inositol, 100 units/ml penicillin, 100 ng/ml streptomycin, and 200
IU of human recombinant IL-2 (GenScript, Piscataway, NJ).

NMO Antibodies—NMO patient IgG (denoted NMO-IgQ)
was purified from serum of three NMO patients using a Melon
gel IgG purification kit (Thermo Fisher Scientific) and concen-
trated using Amicon Ultra centrifugal filter units (Millipore,
Billerica, MA). Recombinant monoclonal NMO antibodies
(NMO-rAb; rAb-53; rAb-58) were generated from clonally
expanded plasma blasts in cerebrospinal fluid of seropositive
NMO patients as described (9). A non-NMO rAb (rAb-2B4)
against measles virus nucleocapsid protein was used as a nega-
tive control antibody.

Binding Measurements—AQP4-expressing U87MG or
CHO-K1 cells were incubated for 20 min in live cell blocking
buffer (PBS containing 6 mm glucose, 1 mm sodium pyruvate,
1% bovine serum albumin, 2% goat serum) and then for 30 min
with NMO-IgG or NMO-rAb in blocking buffer, as described
(23). Cells were then rinsed in PBS, fixed in 4% paraformalde-
hyde for 15 min, and permeabilized with 0.1% Triton X-100.
Cells were then blocked again and incubated for 30 min with 0.4
pg/ml polyclonal, C-terminal specific rabbit anti-AQP4 anti-
body (Santa Cruz Biotechnology, Santa Cruz, CA). Cells were
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then incubated for 30 min with 4 ug/ml goat anti-human IgG-
conjugated Alexa Fluor 488 and goat anti-rabbit IgG-conju-
gated Alexa Fluor 555 (Invitrogen) in blocking buffer. Red and
green fluorescence was imaged on a Nikon Eclipse TE2000S
inverted epifluorescence microscope (Nikon, Melville, NY), and
binding affinities were determined by nonlinear regression of
background-subtracted green/red fluorescence intensity ratios.

Internalization Measurements—Cells cultured as described
above were incubated with 50 ug/ml rAb-58 for 60 min at 23
and 37 °C. Cells were then washed extensively with cold PBS
supplemented with 6 mm glucose and 1.1 mg/ml sodium pyru-
vate and blocked for 20 min in 1% BSA at 4 °C. As described
(29), remaining AQP4 at the cell surface was labeled with 50
pg/ml rAb-58 at 4 °C for 1 h and then incubated with goat
anti-human IgG-conjugated Alexa Fluor 555 (1:200, Invitro-
gen). The plasma membrane was stained using a fluorescent
lectin, wheat germ agglutinin-conjugated Alexa Fluor 488
(1:400, Invitrogen). Cells were then washed and fixed for 15 min
in 4% paraformaldehyde, and surface AQP4 was quantified as
the (background-subtracted) ratio of red (surface AQP4) to
green (plasma membrane) fluorescence. In some experiments,
cells were exposed to 250 ug/ml NMO-IgGs purified from
three different NMO sera for 60 min at 23 and 37 °C. Before
labeling of surface AQP4 with rAb-58, bound purified IgGs at
the cell surface were removed by acid wash in 0.2 M glycine, pH
2.5, for 15s.

Total Internal Reflection Fluorescence Microscopy (TIRFM)—
TIRFM was done on a Nikon Eclipse TE2000E microscope with
a through-objective TIRF attachment and a 100X TIRF oil
immersion objective (numerical aperture 1.49) mounted on a
perfect focus module (Nikon), as described (23). Alexa Fluor
555-labeled AQP4 was excited using an argon ion laser through
a Z514/10X excitation filter and imaged at 605 nm using a
QuantEM 512SC deep-cooled CCD camera (Photometrics,
Tucson, AZ).

CDC—CHO-K1 and U87MG cells were plated onto 96-well
microplates (Costar, Corning) at 30,000 and 20,000 cells/well,
respectively, and grown at 37 °C/5% CO, for 18 -24 h. Cells
were washed with Hanks’ balanced salt solution (BSS) (without
phenol red) and incubated at 23 or 37 °C for 60 min with NMO-
IgG or NMO-rAb in Hanks’ BSS containing 2% pooled normal
human complement serum (Innovative Research, Novi, MI) in
afinal volume of 50 ul. To measure LDH release, the microplate
was cooled to room temperature for 10 min, and 50 ul of Cyto-
Tox-ONE homogeneous membrane integrity assay solution
(Promega, Madison, W1I) was added according to the manufac-
turer’s protocol. Complete (100%) LDH release was measured
by the addition of 0.5 ul of 1% Triton X-100 to lyse cells. Back-
ground (0% lysis) LDH release was measured in cells incubated
with complement but no NMO-IgG or NMO-rAb. LDH con-
centration was assayed from resorufin fluorescence measured
ona TECAN Infinite M1000 plate reader (TECAN Groups Ltd.,
Mannedorf, Switzerland) (excitation/emission 560/590 nm).
For live/dead cell staining, cells were washed with Hanks’ BSS
and then incubated with 1 um calcein-AM (live cells, green
fluorescence) and 2 uMm ethidium homodimer-1 (dead cells, red
fluorescence) (Invitrogen) in PBS for 15 min prior to imaging.
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FIGURE 1. Characterization of M1- and M23-AQP4-expressing CHO-K1 and

U87MG cells. A, confocal fluorescence microscopy (top) and TIRFM (bottom) of

indicated cells immunostained for AQP4 using a C terminus anti-AQP4 antibody. B, SDS-PAGE (top) and Blue Native-PAGE (BN-PAGE, bottom) of cell homoge-

nates. C, left, surface AQP4 expression quantified in live cells by immunostaini

ng with 50 wg/ml rAb-58 for 1 h at 4 °C. Plasma membranes were stained with

wheat germ agglutinin (WGA). Right, data are reported as the ratio of red (surface AQP4) to green (wheat germ agglutinin) fluorescence. (S.E,.n = 5,* p < 0.01).

ADCC—CHO-KI cells were plated onto 96-well microplates
(Costar, Corning) at 20,000 cells/well and grown at 37 °C/5%
CO, for 18 —24 h. Cells were then washed with PBS and incu-
bated for 120 min at 37 °C with rAb-53 or rAb-58 (10 and 100
pg/ml), or control-rAb 2B4, and effector NK cells (effector:
target ratio 30:1). Cells were washed gently with PBS to remove
the remaining NK cells. 1 um calcein-AM and 2 um ethidium
homodimer-1 were added for 30 min to stain live cells green and
dead cells red.

Clg and C9neo Immunofluorescence—CHO-K1 cells were
plated onto coverslips in 24-well plates and grown at 37 °C/5%
CO, for 18-24 h. For Clq immunofluorescence, cells were
washed with Hanks” BSS and incubated at room temperature
for 30 min with 400 ul of Hanks’ BSS containing 40 ug/ml
rAb-58 and 120 pg/ml human Clq protein (Abcam, Cam-
bridge, MA). Cells were washed with PBS, fixed in 4% parafor-
maldehyde for 15 min, and permeabilized with 0.1% Triton
X-100. Cells were blocked with 1% BSA for 30 min and incu-
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bated for 60 min with 1:200 dilution of FITC-conjugated rabbit
polyclonal anti-Clq antibody (Abcam, Cambridge, MA) and
0.4 ug/ml polyclonal, C-terminal specific rabbit anti-AQP4
antibody (Santa Cruz Biotechnology). Cells were incubated for
30 min with 5 ug/ml goat anti-rabbit IgG-conjugated Alexa
Fluor 555 (Invitrogen) in 1% BSA. For C9neo immunofluores-
cence, cells were incubated with rAbs as above, together with
2% pooled normal human complement serum. After fixation
and permeabilization, cells were incubated for 60 min with 0.1
png/ml mouse monoclonal anti-C5b-9 (C9neo) antibody and 0.4
pg/ml polyclonal, C-terminal specific rabbit anti-AQP4 anti-
body (both from Santa Cruz Biotechnology). Cells were then
incubated for 30 min with 5 pg/ml donkey anti-mouse IgG-
conjugated Alexa Fluor 488 and goat anti-rabbit IgG-conju-
gated Alexa Fluor 555 (Invitrogen) in 1% BSA.

Electrophoresis and Immunoblot Analysis—Cells were lysed
in Blue Native buffer (500 mm e-aminocaproic acid, 50 mm
imidazole, pH 7.0, 12 mm NaCl, 10% glycerol, 1% Triton X-100,
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FIGURE 2. Cells expressing M1-AQP4 are resistant to NMO-rAb/complement-mediated cytotoxicity. A, LDH cytotoxicity assay showing LDH release from
M1- and M23-AQP4-expressing CHO-K1 cells treated for 60 min at 37 °C with rAb-53 or rAb-58 (20 wg/ml) and/or complement (2%). Total LDH content
determined by treatment with Triton X-100 (S.E., n = 4,*, p < 0.01). B, dependence of CDC on rAb concentration in CHO-K1 (left) and U87MG (right) cells in the
presence of 2% complement (S.E., n = 4). Cells were incubated for 60 min with NMO-rAb and complement at 23 or 37 °C as indicated. Data were fitted to a
single-site saturation model. C, dependence of CDC on complement concentration (left) and incubation time (right) in CHO-K1 and U87MG cells in the presence
of 2.5 and 5 ug/ml rAb-58, respectively (S.E., n = 4). D, representative fluorescence micrographs showing live/dead (green/red) cell staining after a 60-min

incubation with control or NMO rAbs and complement.

protease inhibitor mixture) and centrifuged at 22,000 X g for 45
min. Samples (10 ug protein) were mixed with 5% Coomassie
Blue G-250 and gels were run and blotted with rabbit anti-
AQP4 antibody as described (24).

RESULTS

Cells Expressing M1-AQP4 Are Resistant to CDC Caused by
NMO-rAbs—Experiments were done on two different AQP4-
transfected cell types to ensure robustness of the conclusions:
CHO-K1 cells and U87MG cells (a human astrocyte-derived
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line). Fig. 1A shows plasma membrane targeting of the M1 and
M23 isoforms of AQP4 in stably transfected CHO-K1 and
U87MG cells as seen by confocal fluorescence microscopy (top)
and TIRFM (bottom). AQP4 immunofluorescence was absent
in nontransfected cells (not shown). M1-AQP4, which does not
form OAPs, showed a smooth pattern of fluorescence, whereas
M23-AQP4, which assembles in OAPs at the plasma mem-
brane, showed a characteristic punctate pattern of fluores-
cence. SDS-PAGE confirmed that the transfected cells
expressed exclusively M1-AQP4 or M23-AQP4 (Fig. 1B, top),

RS
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FIGURE 3. Differences in NMO-rAb binding or AQP4 surface expression cannot account for low CDC for M1-AQPA4. A, top, representative fluorescence
micrographs showing NMO-rAb (green) and AQP4 (red) immunofluorescence at 100 ng/ml rAb-53 and rAb-58 in M1- and M23-AQP4-expressing CHO cells.
Bottom, binding curves for rAb-53 (left) and rAb-58 (right) to M1- versus M23-AQP4 (S.E., n = 3) showing green-to-red fluorescence ratios as a function of

NMO-rAb concentration. Data were fitted to a single-site saturation model with fitted K, =

44 nmand 2.6 um (rAb-53) and 83 nm and 202 nm (rAb-58), for M23-

and M1-AQP4, respectively. B, cell surface AQP4 expression at 60 min after incubation with 50 uwg/ml rAb-58. Data are shown as the percentage of remaining

AQP4 at the cell surface at 60 versus 0 min (S.E., n = 5, % p < 0.01).

as expected. Native, nondenaturing gel electrophoresis (Blue
Native-PAGE) showed a single band for M1-AQP4, indicating
individual tetramers, whereas multiple high order bands were
seen for M23-AQP4 because of its membrane clustering in
OAPs (Fig. 1B, bottom). Fig. 1C shows cell surface expression of
M1- and M23-AQP4. NMO antibody rAb-58, which binds to
both M1-AQP4 and M23-AQP4 with similar affinity (23), was
used to immunostain cell surface AQP4. The cell surface mem-
brane marker wheat germ agglutinin was used as reference to
compute the fluorescence ratio (29). There was slightly greater
cell surface expression (by ~20%) of M23- as compared with
M1-AQP4 in both cell lines.

An LDH fluorescence release assay was developed to quan-
tify CDC. Fig. 2A shows fluorescence in the extracellular solu-
tion following cell incubation for 60 min at 37 °C with recom-
binant monoclonal NMO antibodies (rAb-53 or rAb-58) at 20
pg/ml and 2% human complement. Control studies (buffer
alone, rAb or complement alone) showed low background sig-
nal. Incubation of M23-AQP4-expressing cells with NMO-
rAbs and complement increased the LDH release fluorescence
signal as compared with controls (Fig. 24, left), whereas LDH
release by M1-AQP4 cells was not increased (Fig. 24, right),
demonstrating resistance of M1-AQP4-expressing cells to
CDC mediated by NMO-rAb. Antibody rAb-53 binds to M23-
AQP4 with >10-fold greater affinity than to M1-AQP4,
whereas rAb-58 binds to both isoforms with similar affinity
(23). Fig. 2B summarizes cytotoxicity (percentage of LDH
release referenced to 100% measured with Triton X-100) as a
function of antibody concentration. LDH release was seen in
cells expressing M23-AQP4 following incubation with comple-
ment and NMO antibody, but not in cells expressing M1-AQP4
at 37 and 23 °C (a temperature where AQP4 endocytosis does
not occur, see below).

Cytotoxicity was measured in AQP4-expressing CHO-K1
and U87MG cells as a function of complement concentration
(Fig. 2C, left) and incubation time (Fig. 2C, right). Although
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greater complement concentration or longer incubation time
produced greater cytotoxicity in both M23-AQP4-expressing
cell types, little cytotoxicity was seen in the M1-AQP4-express-
ing cells. Fig. 2D shows CDC using a different cytotoxicity assay
involving live/dead cell staining. At high antibody concentra-
tion, many dead (red fluorescent) cells were seen in antibody-
treated cells expressing M23-AQP4, but not in cells expressing
M1-AQP4.

The resistance of M1-AQP4-expressing cells to NMO-rAb
mediated CDC could be due to differences in: (i) NMO-rAb
binding to M1- versus M23-AQP4; (ii) internalization of M1-
versus M23-AQP4 upon NMO-rAb binding, which would pro-
tect cells against CDC; and/or (iii) complement activation by
antibody bound to AQP4. NMO antibody binding to cell sur-
face AQP4 under the conditions of our experiment was deter-
mined using a quantitative immunofluorescence assay in which
NMO antibody is labeled green (using anti-human secondary
antibody) and AQP4 is labeled red (using rabbit anti-AQP4
antibody). Fig. 3A shows representative fluorescence micro-
graphs (top) and deduced binding curves (bottom) for binding
of rAb-53 and rAb-58 to M1- and M23-AQP4-expressing
CHO-K1 cells. NMO rAb-53 binding was greater to M23- ver-
sus M1-AQP4 (K, 44 nMm versus 2.6 um), whereas rAb-58 bind-
ing was more similar (83 versus 202 nm). Importantly, under the
conditions of the CDC measurements, at high antibody con-
centration, similar amounts of rAb-58 were bound to the M1-
and M23-AQP4-expressing cells. Therefore, the resistance of
M1-AQP4 to CDC cannot be explained by reduced NMO anti-
body binding alone.

To determine whether NMO antibody binding causes differ-
ential internalization of M1- versus M23-AQP4 under the con-
dition used for CDC, we measured cell surface AQP4 after incu-
bation with 50 ug/ml NMO rAb-58 for 1 h at both 23 °C and
37 °C, using our quantitative cell surface expression assay (29).
Fig. 3B shows that at 37 °C, ~30 and 60% reduced cell surface
AQP4 was seen for M1- and M23-AQP4 following incubation
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FIGURE 4. Cells expressing M1-AQP4 are resistant to CDC caused by NMO-
IgG in human NMO sera. Total IgG was isolated from human NMO (and
control) sera. A, dependence of cytotoxicity on total IgG concentration in the
presence of 2% complement (S.E., n = 4). M1- and M23-AQP4-expressing
CHO-K1 cells were incubated for 60 min with NMO-IgG and complement at 23
or 37°C. B, representative fluorescence micrographs showing live/dead
(green/red) cell staining after a 60-min exposure of cells to complement and
control or NMO-IgGs (each 100 wg/ml). C, binding of NMO-IgG (each 100
ng/ml, green) to AQP4 (red) in UB7MG cells expressing M1- or M23-AQP4.
D, surface AQP4 expression in CHO-K1 cells at 60 min after incubation with
250 ug/ml NMO-IgG from NMO sera. Data are shown as the percentage of
remaining AQP4 at the cell surface at 60 versus 0 min (S.E., n = 5,* p < 0.01).

with rAb-58. Similar results were found in U87MG cells at
37 °C. However, cell surface AQP4 was minimally changed for
both M1-AQP4 and M23-AQP4 at 23 °C in both cell lines (Fig.
3B). Therefore, the resistance of M1-AQP4-expressing cells to
CDC is not due to reduced M1-AQP4 at the cell surface follow-
ing NMO-rAb binding.

Cells Expressing M1-AQP4 Are Resistant to CDC Caused by
NMO-IgG in NMO Patient Sera—Similar experiments were
done with IgG isolated from NMO patient sera, which consists
of a polyclonal mixture of NMO-IgGs comprising up to ~1% of
total IgGs. Fig. 44 shows LDH release by M1- and M23-AQP4-
expressing cells as a function of IgG concentration. As found for
the recombinant NMO antibodies, concentration-dependent
cytotoxicity was seen in cells expressing M23-AQP4 that were
incubated with complement and IgG isolated from serum of
three different NMO patients. Cytotoxicity was absent in cells
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expressing M1-AQP4. Live/dead cell staining showed inde-
pendently that M1-AQP4-expressing cells were resistant to
CDC (Fig. 4B). Cytotoxicity was absent in cells expressing M1-
or M23-AQP4 with control (non-NMO) IgG. As done for the
recombinant antibodies, we studied NMO antibody binding to
M1- and M23-AQP4 under the conditions of CDC measure-
ments. Fig. 4C shows that although serum NMO-IgG bound
more tightly to M23- versus M1-AQP4, strong binding was
found at relatively high concentrations, indicating that differ-
ences in NMO antibody binding cannot account for the near
zero CDC in cells expressing M1-AQP4. We also measured cell
surface AQP4 following incubation for 1 h with 250 pg/ml puri-
fied IgGs from NMO sera. Fig. 4D shows that cell surface M23-
AQP4 was only minimally reduced under the conditions of the
CDC experiments, supporting the conclusion that resistance of
M1-AQP4 cells to CDC is not due to a reduced surface
M1-AQP4 expression.

Resistance of M1-AQP4-expressing Cells to CDC Is Due to
Absence of OAP Formation—Differences in NMO antibody-
mediated CDC with M1- versus M23-AQP4 could be due to
OAP formation by M23-AQP4 but not M1-AQP4 or to intrin-
sic differences in M23 versus M1 protein structure. To distin-
guish between these possibilities, CDC was measured in
U87MG cells transiently expressing a point mutant of M23-
AQP4 (G28P) that cannot form OAPs because of impaired N
terminus intermolecular interactions (30). TIRFM (Fig. 5A)
showed that G28P-M23-AQP4 does not form OAPs, exhibiting
a smooth pattern of fluorescence similar to M1-AQP4, whereas
M23-AQP4, which assembles in OAPs at the plasma mem-
brane, showed a characteristic punctate pattern of fluores-
cence. Similar punctate fluorescence was also seen in U87MG
cells transiently cotransfected with M23- and M1-AQP4 at
ratios of 3:1 and 1:1 (Fig. 54). LDH release measurements in
transiently transfected cells incubated with rAb-58 and com-
plement showed significant cytotoxicity in cells expressing
M23-AQP4, but not M1-AQP4 or G28P M23-AQP4 (Fig. 5B).
Binding measurements showed that the absence of cytotoxicity
in cells expressing G28P-M23 was not due to greatly reduced
NMO antibody binding (Fig. 5C). CDC was also measured in
cells transiently transfected with M1- and M23-AQP4 in differ-
ent ratios. We previously showed that the resultant cells coex-
press M1- and M23-AQP4 protein in approximately the same
ratios as those of the plasmids used for transfection (23).
Although cotransfection of M23 and M1 at a ratio of 3:1 had
little effect on cytotoxicity as compared with cells expressing
M23 alone, cytotoxicity was reduced at an M23 to M1 ratio 1:1
(Fig. 5B), with little effect on NMO antibody binding (Fig. 5C).
Analysis of immunostaining data showed similar cell surface
expression of M1-, M23-, and G28P-M23-AQP4 in the tran-
siently transfected U87MG cells, as well as AQP4 at the differ-
ent M1:M23 ratios. Together, these studies support the conclu-
sion that AQP4 assembly in OAPs is required for CDC.

ADCC Is Not Dependent on OAP Formation by AQP4—Al-
though CDC is probably the principal mechanism of cytotoxic-
ity in NMO, there is evidence as well for ADCC involving NK
cells and perhaps granulocytes as effector cells (9). We investi-
gated whether OAP assembly by AQP4 is required for ADCC.
AQP4-expressing cells were incubated with NMO antibody

RS
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FIGURE 5. AQP4 assembly in OAPs is required for CDC. U87MG cells were transiently transfected with M1- or M23-AQP4, G28P-M23-AQP4 (OAP-disrupting
mutation), or the indicated mixtures of M1- and M23-AQP4. A, TIRFM of transfected cells immunostained with anti-AQP4 antibody. B, CDC assay on transfected
cells (S.E.,n = 4, % p < 0.001). C, fluorescence micrographs of transfected cells stained with 20 ug/ml rAb-58 (green) and anti-AQP4 antibody (red). Values for
relative AQP4 cell surface expression are shown, normalized to that of M1-AQP4 (S.E., n = 3).

and human NK cells. Cytotoxicity was assayed by live/dead cell
staining (as LDH measurements are confounded by LDH
released from effector cells). In contrast to the results for CDC,
efficient ADCC was found in cells expressing M1- or M23-
AQP4 (Fig. 6A). At high antibody concentration (100 pg/ml),
where NMO rAb-58 binding is comparable in cells expressing
M1-and M23-AQP4, ADCC was comparable. ADCC was more
efficient in M23- than in M1-AQP4-expressing cells when
incubated with rAb-53, as expected from its differential binding
(as was shown in Fig. 34). Our results indicate that in contrast
to CDC, ADCC was observed in both M1-AQP4-expressing
and M23-AQP4-expressing cells, whose efficiency was deter-
mined by NMO antibody binding but not by AQP4 OAP
formation.

AQP4 OAPs Increase Clq Binding and Complement Activa-
tion by AQP4-bound NMO-IgG—We postulated that AQP4
OAPs are required for CDC but not ADCC because CDC
involves multivalent binding of complement protein Clq to
clustered NMO-IgG on OAPs, whereas ADCC involves mon-
ovalent interaction of NMO-IgG to Fc receptors on effector
cells. C1q binding to AQP4-bound rAb-58 was measured using
an anti-Clq antibody following incubation of AQP4-expressing
cells with NMO antibody and purified C1q protein. Fig. 7A (left)
shows comparable binding of 40 ug/ml rAb-58 to M1- and
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FIGURE 6. ADCC does not depend on AQP4 OAP formation. A, live/dead
(red/green) staining of M1- and M23-AQP4-expressing CHO-K1 cells incu-
bated with NK cells and 10 or 100 wg/ml control rAb, rAb-53, or rAb-58. B, the
percentage of dead cells (red/(red + green)) (S.E., n = 4-6,* p < 0.01).

M23-AQP4-expressing cells. Fig. 7A (center panels) shows sub-
stantially greater Clq binding to cells expressing M23 versus
M1-AQP4 when rAb-58 was present. Fig. 7A (right) shows sim-
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in CHO-K1 cells with 40 wg/ml NMO rAb-58. Center panels, C1q staining. Cells were incubated with 40 ug/ml rAb-58 (or control rAb) and 120 ug/ml purified
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fluorescenceratio (S.E., n = 4,% p <0.001). B, C9neo immunostaining. Left, cells were incubated with 20 ng/ml rAb-53 or rAb-58 and 2% complement for 30 min,
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4,% p < 0.001).

ilar AQP4 expression. Data were quantified as green-to-red flu-
orescence ratios (Fig. 7A, right). Reduced Clq binding is pre-
dicted to translate to reduced formation of the complement
attack complex and consequent cytotoxicity. Fig. 7B confirms
greatly reduced complement attack complex on M1-AQP4-ex-
pressing cells following incubation with NMO-rAbs and com-
plement, as revealed by C9neo antibody immunofluorescence.

DISCUSSION

Complement-dependent cytotoxicity in NMO depends on
the level of AQP4 expression at the cell surface and its supra-
molecular assembly state, NMO antibody binding, and poten-
tially other factors such as complement regulator proteins. We
reported previously that the affinity of NMO antibody binding
to AQP4 is generally much greater when AQP4 is assembled in
OAPs than as separate tetramers, sometimes by a factor of 10 or
greater, although some antibodies recognize OAP-assembled
and tetrameric AQP4 with comparable affinity (23). We discov-
ered here a second mechanism, independent of NMO antibody
binding, by which AQP4 assembly in OAPs greatly increases
CDC. As such, maneuvers that interfere with AQP4 association
in OAPs may greatly reduce CDC in NMO by acting on two
separate steps, producing multiplicative effects.

Our results support the conclusion that the greatly enhanced
CDC for OAP-assembled AQP4 is the consequence of the mul-
tivalent interaction of complement protein Clq with array-as-
sembled NMO-IgG. Complement protein C1 is composed of
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three glycoproteins, Clq, Clr, and Cls. C1q contains six glob-
ular heads, each having a binding site for the Fc region of IgG
and connected to a central subunit by a collagen-like strand
(31-33). Cl1r and Cls, which bind at the connecting region of
Clq, are proenzymes that are converted to active proteases
upon binding to Clq (26). Complement activation requires at
least bivalent binding of C1q to IgG (34). The low binding affin-
ity of C1q to an IgG monomer (1-5 X 10* M~ ") allows rapid
dissociation of the C1q-IgG complex, preventing conversion of
Cl1r-Cls into active proteases (25, 35). The binding affinity of
Clq to IgG increases by at least 1000-fold (5 X 107 m ! for
bivalent binding, 10" m ™~ * for trivalent binding) (36) when C1q
binds to two (or more) adjacent IgG molecules. Formation of
relatively stable multivalent C1q-IgG complexes allows for effi-
cient activation of C1r-Cls to initiate complement activation.
As diagrammed in Fig. 8, the size and geometry of AQP4 OAPs,
bound NMO-IgG, and Clq allow for multivalent C1q interac-
tion with NMO-IgG when clustered on AQP4 OAPs. Multiva-
lent Clq binding to NMO-IgG on separate AQP4 tetramers,
which would require at least dimerization of separate, mobile
AQP4 tetramers, is an inefficient process. We note that the
complement pathway can also be activated by mannose-bind-
ing protein binding to a specific glycoform of IgG (33). Man-
nose-binding protein has a tetravalent structure with similar
geometry to that of Clg, also allowing multivalent interaction
with OAP-assembled NMO-IgG.
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FIGURE 8. Schematic showing multivalent binding of C1q to Fc regions of
NMO-IgG bound to OAP-assembled AQP4. Side view (top) and en-face view
(bottom) are shown. Proteins in each view shown on the same size scales as
indicated.

In contrast to CDC, interaction of effector cells with NMO
antibody in ADCC does not involve multivalent interaction
(38) and so does not require AQP4 clustering in OAPs. It is
generally believed that CDC is more important than ADCC in
NMO disease pathogenesis (1, 39, 40); however, direct evidence
remains lacking. Involvement of ADCC in NMO would have
important implications for NMO therapeutics targeting AQP4
supramolecular assembly.

Several prior studies have reported CDC in primary astro-
cytes and various AQP4-transfected cell lines using human
NMO sera, although the significance of OAP-dependent CDC
was not appreciated because of differences in the expressed
constructs, cell types, NMO sera, complement incubation con-
ditions, and cytotoxicity read-outs. CDC was demonstrated
using a tetrazolium-based viability assay in primary astrocyte
cultures, which expresses both M1-AQP4 and M23-AQP4
when exposed to a 1:50 dilution of NMO serum and 1% com-
plement (41). Propidium iodide viability assays showed CDC in
HEK?293 cells transfected with a green fluorescent protein-M1-
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AQP4 chimera and exposed to a 1:5 dilution of NMO serum
and 20% active complement (42). CDC was also observed by
flow cytometry following a 12-h incubation of M1-AQP4-
transfected LN18 astrocytoma cells with NMO-IgG and com-
plement (9). Although these studies showed NMO-IgG-depen-
dent CDC in AQP4-expressing primary and transfected cells,
they did not consider AQP4 isoform effects or OAPs. During
the preparation of our manuscript, Hinson et al. (43) reported
reduced CDC in HEK293 cells transfected with M1- versus
M23-AQP4 following incubation with NMO patient serum and
complement. They speculated that the difference was due to
reduced cell surface expression of M1-AQP4 because of inter-
nalization. Our data show that the difference in CDC efficiency
is not due to AQP4 internalization or differences in NMO-IgG
binding affinity, but is instead the consequence of enhanced
Clq binding to clustered NMO-IgG on AQP4 OAPs.

The assembly of M23-AQP4 in OAPs involves intermolecu-
lar N terminus interactions of residues just downstream of M23
(30). M1-AQP4 does not form OAPs by itself because of disrup-
tion of these N terminus interactions by residues upstream of
M23. M1- and M23-AQP4 comingle in heterotetramers when
coexpressed (44, 45), producing smaller OAPs with increasing
ratio of M1:M23-AQP4 protein (28, 46). Mathematical model-
ing provided a quantitative explanation of M1:M23 ratio-de-
pendent OAP size, in which M1-AQP4 monomers localize to
the periphery of OAPs, preventing their growth (47). The mod-
eling also made the experimentally verified prediction that
OAP shape depends on M1:M23 ratio, with relative elongation
of intermediate-size OAPs. Based on modeling considerations,
we predict reduced CDC for an elongated versus square OAP of
the same area. With regard to CDC and NMO disease patho-
genesis, AQP4 OAPs in astrocytes coexpress M1-AQP4 and
M23-AQP4 and are of intermediate size, such that relatively
minor changes in M1:M23 ratio may considerably alter CDC
efficiency. In addition, AQP4 OAPs are dynamic structures in
which altered M1-AQP4 palmitoylation can reduce OAP size,
as can various intracellular signaling events involving protein
kinases and calcium signaling (44, 48). A consequence of the
dual effect of OAP assembly on NMO antibody binding and
CDC is the potential utility of targeting OAP formation by
AQP4 for NMO therapy. OAP-targeted therapies might
include small-molecule disrupters of OAP assembly, transcrip-
tional regulators that increase M1-AQP4 expression, or effec-
tors of palmitoylation or other signaling processes. An OAP-
targeted therapy is predicted to reduce NMO pathology by
itself or in conjunction with conventional therapies such as
immunosuppression or plasmapheresis, or therapies under
development such as monoclonal antibody blockers of NMO-
IgG binding to AQP4.

The targeting of pathogenic autoantibodies to a stably aggre-
gated target makes NMO a unique CDC-dependent autoim-
mune disease. There are autoimmune diseases associated with
excessive complement activation (49), including paroxysmal
nocturnal hemoglobinuria, in which erythrocyte resistance to
complement is reduced because of defective complement reg-
ulator protein function (50), and a subgroup of atypical hemo-
lytic-uremic syndrome caused by deficiency of complement
regulatory protein factor H (51, 52). More closely related com-
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plement-dependent autoimmune diseases include myasthenia
gravis, where autoantibodies targeting the nicotinic acetylcho-
line receptor cause complement activation, decreased receptor
expression, and muscle weakness (53), and anti-neutrophil
cytoplasmic antibody-associated vasculitis, producing Churg-
Strauss syndrome, microscopic polyangiitis, and Wegener
granulomatosis (37). The targeting of NMO-IgG to stable
aggregates of surface-exposed AQP4 makes NMO a unique
autoimmune disease in which AQP4 OAP assembly confers
strong sensitivity to complement.

In conclusion, our results establish a second mechanism by
which AQP4 assembly in OAPs regulates NMO-IgG-depen-
dent CDC in NMO. Our data suggest OAP disruption as a ther-
apeutic approach in NMO to reduce astrocyte cytotoxicity
without altering AQP4-dependent water permeability and
hence astrocyte function.
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