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Unique Neuromyelitis Optica Pathology Produced in Naive Rats
by Intracerebral Administration of NMO-IgG

Nithi Asavapanumas, Julien Ratelade, and A. S. Verkman
Departments of Medicine and Physiology, University of California, San Francisco, CA

Abstract

Animal models of neuromyelitis optica (NMO) are needed for elucidation of disease mechanisms
and for testing new therapeutics. Prior animal models of NMO involved administration of human
anti-aquaporin-4 immunoglobulin G antibody (NMO-1gG) to rats with pre-existing
neuroinflammation, or to naive mice supplemented with human complement. We report here the
development of NMO pathology following passive transfer of NMO-IgG to naive rats. A single
intracerebral infusion of NMO-1gG to adult Lewis rats produced robust lesions around the needle
track in 100% of rats; at 5 days there was marked loss of aquaporin-4 (AQP4), glial fibrillary
acidic protein (GFAP) and myelin, granulocyte and macrophage infiltration, vasculocentric
complement deposition, blood-brain barrier disruption, microglial activation and neuron death.
Remarkably, a distinct ‘penumbra’ was seen around lesions, with loss of AQP4 but not of GFAP
or myelin. No lesions or penumbra were seen in rats receiving control 1gG. The size of the main
lesion with loss of myelin was greatly reduced in rats made complement-deficient by cobra venom
factor or administered NMO-IgG lacking complement-dependent cytotoxicity (CDC) effector
function. However, the penumbra was seen under these conditions, suggesting a complement-
independent pathogenesis mechanism. The penumbra was absent with NMO-IgG lacking both
CDC and antibody-dependent cellular cytotoxicity (ADCC) effector functions. Finally, lesion size
was significantly reduced after macrophage depletion with clodronate liposomes. These results: (i)
establish a robust, passive-transfer model of NMO in rats that does not require pre-existing
neuroinflammation or complement administration; (ii) implicate ADCC as responsible for a
unique type of pathology also seen in human NMO; and (iii) support a pathogenic role of
macrophages in NMO.
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Introduction

Neuromyelitis optica (NMO) is an inflammatory demyelinating disease of the central
nervous system that can produce significant motor and visual impairment [11,12,45].
Immunoglobulin G autoantibodies against aquaporin-4 (AQP4) are found in the serum of
most NMO patients [13,19]. AQP4 is a water channel expressed in astrocytes throughout the
central nervous system, as well as in a subset of skeletal muscle cells and of epithelial cells
in kidney, lung and the gastrointestinal tract [8,9,25,27]. It is thought that anti-AQP4
autoantibodies (NMO-1gG) cause NMO pathology by binding to AQP4 on astrocytes, which
results in complement-dependent cytotoxicity (CDC) and downstream inflammation and
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blood-brain barrier disruption, leading to secondary oligodendrocyte injury, demyelination
and neuronal injury [17,23,26]. The major pathological features of NMO lesions in the
human central nervous system include inflammation with marked granulocyte and
macrophage infiltration, loss of AQP4 and glial fibrillary acidic protein (GFAP),
vasculocentric deposition of activated complement, and demyelination [32].

Animal models of NMO that closely recapitulate human NMO pathology are needed to
investigate NMO pathogenesis mechanisms, such as the role of specific effector leukocytes,
and to test novel therapeutics, such as monoclonal antibody blockers of NMO-1gG binding
to AQP4 [40] and enzymatic NMO-1gG inactivation [38,39]. Early work showed that
intraperitoneal injection of 1gG purified from NMO patient serum exacerbated CNS
inflammation and produced perivascular astrocyte depletion and complement deposition in
rats with experimental autoimmune encephalomyelitis (EAE) [15] or in rats pre-treated with
complete Freund's adjuvant [16]. Though these studies provided evidence that NMO-IgG
can worsen pathology, the pre-existing inflammation in these models precluded
unambiguous interpretation, as EAE involves a targeted response of myelin-sensitized T-
cells, very different from the AQP4-targeted humoral response in NMO.

Mouse models involving intracerebral injection or infusion of NMO-IgG and human
complement have generated lesions with pathology similar to that of human NMO [34], and
have been used to address complement- and cell-mediated pathogenesis mechanisms,
including the role of neutrophils and eosinophils [35,48]. However, the mouse models
required administration of human complement directly into brain. Attempts to develop
mouse models of NMO based on peripheral NMO-IgG administration were not successful,
despite efficient access of serum NMO-IgG to brain tissue in circumventricular organs [30].
In addition to the known weak activity of the mouse complement system [3], we found that
mouse serum strongly inhibits the classical complement pathway, preventing complement-
dependent cytotoxicity (unpublished results). As complement activation through the
classical pathway is central in NMO pathogenesis, mice thus have limited utility as models
of NMO.

Building on methods developed in mice, here we report robust NMO pathology in rat brain
following intracerebral injection of NMO-1gG, without complement supplementation and
without preexisting T cell-related neuroinflammation. The model was characterized and
applied to investigate the role of macrophages in NMO pathology. In addition, an
unexpected pathological feature, a penumbra with selective AQP4 loss, was identified and
characterized, and evidence was obtained supporting a novel role for antibody-dependent
cellular cytotoxicity (ADCC) in NMO pathology.

Materials and Methods

Rats

Lewis rats were purchased from Charles River Lab (Wilmington, MA). Experiments were
done using weight-matched rats (200-300 g), age 8 to 12-weeks. Protocols were approved
by the University of California San Francisco Committee on Animal Research.

Antibodies and sera

Recombinant monoclonal NMO antibody rAb-53 (referred to as NMO-1gG) was generated
from a clonally expanded plasma blast population from cerebrospinal fluid of an NMO
patient, as described and characterized previously [2,6]. NMO serum was obtained from
seropositive individuals who met the revised diagnostic criteria for clinical disease [46].
Non-NMO (seronegative) human serum was used as control. In some studies 1gG was
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purified from NMO or control serum using a Protein A-resin (GenScript, Piscataway, NY)
and concentrated using Amicon Ultra Centrifugal Filter Units (Millipore, Billerica, MA).

Chinese hamster ovary (CHO) cells stably expressing human M23-AQP4 were generated as
described [28] and cultured at 37 °C in 5% CO, 95% air in F-12 Ham's Nutrient Mixture
medium supplemented with 10% fetal bovine serum, 200 pg/ml geneticin (selection
marker), 100 U/ml penicillin and 100 pg/ml streptomycin. Primary astrocyte cultures were
generated from cortex of newborn rats, as described [1,4]. After 8-10 days in culture, cells
were treated for two weeks with 0.25 mM dibutyryl cAMP (Sigma-Aldrich, St. Louis, MO)
to induce differentiation. Greater than 95% of cells were positive for the astrocyte marker
GFAP.

NMO-IgG binding and cytotoxicity assays

Cells were grown on glass coverslips for 24 h. After blocking with 1% bovine serum
albumin in phosphate-buffered saline (PBS), cells were incubated with NMO-IgG or
purified 1gG from NMO serum for 1 h at room temperature. Cells were washed with PBS
and incubated with AlexaFluor 488 goat anti-human 1gG secondary antibody (1:200;
Invitrogen, Carlsbad, CA). For AQP4 immunostaining, cells were fixed in 4%
paraformaldehyde (PFA) and permeabilized with 0.2% Triton-X. Rabbit anti-AQP4
antibody (1:500; Santa Cruz Biotechnology, Santa Cruz, CA) was added followed by Alexa
Fluor-555 goat anti-rabbit 1gG secondary antibody (1:200, Invitrogen), as described [6]. For
assay of CDC, cells were incubated for 60 min at 28 °C with NMO-1gG or NMO serum with
5% human or rat complement (Innovative Research, Novi, MI). Cytotoxicity was measured
by the Alamar Blue assay (Invitrogen).

Quantification of cell surface AQP4

Rat astrocyte cultures and AQP4-transfected cells were grown on coverglasses until
confluence and incubated for specified times with 100 pg/ml rAb-53 at 37 °C. Cells were
then washed extensively in cold PBS and blocked for 20 min in 1% BSA at 4 °C. Remaining
AQP4 at the cell surface was labeled with 100 pg/ml rAb-53 at 4 °C for 1 h. Subsequently,
rAb-53 was labeled by incubation for 1 h at 4 °C with goat anti-human 1gG-conjugated
Alexa Fluor 555 (1:200, Invitrogen), and the plasma membrane was stained using a
fluorescent lectin, wheat germ agglutinin (WGA)-conjugated Alexa Fluor 488 (1:400;
Invitrogen). Cells were then washed in cold PBS and fixed for 15 min in 4%
paraformaldehyde (PFA). Surface AQP4 was quantified as the (background-subtracted) ratio
of red (surface AQP4) to green (plasma membrane) fluorescence using ImageJ, as described
[29].

Intracerebral injection protocols

Adult rats (200-300 g) were anesthetized with intraperitoneal ketamine (75-100 mg/kg) and
xylazine (5-10 mg/kg) and mounted in a stereotaxic frame. Following a midline scalp
incision, a burr hole of diameter 1 mm was made in the skull 3.5 mm to the right of the
bregma. A 30-gauge needle attached to 50-ul gas-tight glass syringe (Hamilton, Reno, NV)
was inserted 5 mm deep to infuse 10 pg NMO-IgG (in a total of 21 rats) or control 1gG (21
rats) in a total volume of 10 pl (at 2 pl/min). In some experiments, purified 1gG from NMO
or control serum (1 mg) was injected in a total volume of 30 pul (3 rats per group). After 5
days, rats were anesthetized and perfused through the left cardiac ventricle with 100 ml PBS
and then 25 ml of PBS containing 4% PFA.
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For macrophage depletion experiments, clodronate-liposomes were used as previously
described [22,41]. Briefly, clodronate or control (PBS) liposomes (2 ml) (3 rats per group)
were injected intraperitoneally twice, at 48 h before and 48 h after intracerebral injection of
NMO-IgG. In some studies rat complement was depleted by intraperitoneal injection of
cobra venom factor (350 U/kg; Quidel Corporation, Santa Clara, CA) 24 h before and 48 h
after intracerebral injection of NMO-IgG (3 rats) [20,42].

Immunofluorescence

Brains were post-fixed for 2 h in 4% PFA. Five micrometer-thick paraffin sections were
immunostained at room temperature for 1 h with antibodies against rat AQP4 (1:200, Santa
Cruz Biotechnology), GFAP (1:100, Millipore), myelin basic protein (MBP) (1:200, Santa
Cruz Biotechnology), ionized calcium-binding adaptor molecule-1 (Ibal; 1:1,000; Wako),
albumin (1:200, Santa Cruz Biotechnology), Ly-6G (1:100, Santa Cruz Biotechnology),
C5b-9 (1:50, Hycult Biotech), CD45 (1:10, BD Biosciences), CD163 (1:50, Bio-Rad
Laboratories), neurofilament (1:200, Millipore), iNOS (1:100, BD Biosciences), or
arginase-1 (1:50, Santa Cruz Biotechnology) followed by the appropriate fluorescent
secondary antibody (1:200, Invitrogen) or biotinylated secondary antibody (1:500, Vector
Laboratories). Tissue sections were examined with a Leica (Wetzlar, Germany) DM 4000 B
microscope at 25% magnification. AQP4, GFAP and MBP immunonegative areas were
defined by hand and quantified using ImageJ. Data are presented as area (mm?2) of
immunonegative area.

Fluoro Jade-C staining

Coronal brain sections through the injection tract were deparaffinized, rehydrated, incubated
in 0.06% potassium permanganate solution for 15 min, water-rinsed and transferred for 30
min to a 0.0001% solution of Fluoro Jade-C (FluoroJade) (Chemicon) dissolved in 0.1%
acetic acid. Slides were then rinsed with distilled water, air-dried at 25 °C and coverslipped
with VectaMount mounting medium (Vector Laboratories) [34].

Statistical analysis

Results

Comparisons between two groups were performed using an unpaired t-test. P < 0.05 was
considered statistically significant. VValues are presented as mean + S.E.

NMO-IgG binds to AQP4 in rat astrocytes and causes CDC with rat complement

Many of the studies were done using a human recombinant monoclonal NMO antibody,
rAb-53 (referred to as NMO-1gG), which binds tightly to human and mouse AQP4 and
produces CDC [6,28]. Well-differentiated primary astrocyte cultures expressing high levels
of AQP4 and GFAP were generated from brain cortex of neonatal rats (Fig. 1a, top). Fig. 1la
(bottom) shows that NMO-IgG, as well as purified IgG from NMO patient serum (visualized
with a green fluorescent secondary antibody that recognizes human IgG), binds to rat AQP4
(visualized using a primary anti-C-terminus AQP4 antibody and red fluorescent secondary
antibody) on the primary astrocyte cultures. Binding of the recombinant and serum NMO-
1gG to rat AQP4 produced CDC in the presence of rat complement, as shown using an
Alamar Blue cytotoxicity assay (Fig. 1b).

The binding and distribution of NMO-IgG in rat brain was determined following
intracerebral administration 5 mm beneath the brain surface using a small needle. At 3 h
after injection, NMO-1gG was seen in an ~6.2 mm? brain area around its injection site,
representing ~20% of the area of a brain hemi-slice (Fig. 1c, left). At high magnification the
distribution of NMO-1gG overlapped with that of AQP4, which was concentrated at the end-
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feet of astrocytes around the blood capillaries (Fig. 1c, right). No AQP4 binding was seen of
a control, isotype-matched human antibody (control 1gG).

Intracerebral injection of NMO-IgG in rats produces NMO pathology

Rats were administered NMO-1gG (or control 1gG) by a single intracerebral injection that
involved insertion of a 30-gauge needle 5 mm deep into brain and infusion of 10 ug NMO-
IgG in a 10 pL volume over 5 min. Fig. 2a (left) shows immunofluorescence for AQP4,
GFAP and myelin basic protein (MBP) at 5 days after antibody injection. A NMO-like
lesion was seen with loss of AQP4, GFAP and MBP immunofluorescence around the site of
antibody injection in rats receiving NMO-1gG, but not control 1gG. Interestingly, a large
area (referred to as ‘penumbra’) was observed around the lesion in the NMO-IgG-injected
mice, characterized by decreased AQP4 but intact GFAP and myelin staining (Fig. 2a, left).
The lesion and penumbra areas were well-demarcated as seen at high magnification (Fig. 2a,
center). Fig. 2a (right) summarizes lesion and penumbra size from a series of rats. The lesion
observed in rats administered NMO-IgG was a typical demyelinating lesion with loss of
myelin but preserved axons as seen by intact neurofilament staining (Fig. 2b).

Fig. 2c shows immunostaining for additional markers in the lesion, penumbra and
contralateral hemisphere of NMO-1gG-injected rats. The NMO-like lesion with near
complete loss of AQP4 showed vasculocentric deposition of activated complement (C5b-9),
leukocyte infiltration (CD45), consisting mainly of neutrophils (Ly-6G) and macrophages
(CD163), microglial activation (Ibal), and neuronal degeneration (FluoroJade). The
contralateral hemisphere (and rats receiving control antibody, not shown) did not show these
changes. Complement deposition and neuronal degeneration were absent in the penumbra,
though there was mild inflammation (mainly neutrophils and macrophages). Fig. 2d shows
albumin immunofluorescence in the brain as a measure of blood-brain barrier integrity. Rats
receiving NMO-1gG showed marked albumin extravasation in the lesion as well as in the
penumbra.

To characterize the kinetics over which NMO pathology develops, rats receiving NMO-1gG
or control antibody were sacrificed at 1 day after antibody injection. Fig. 3a shows loss of
AQP4 and GFAP immunofluorescence following NMO-IgG administration, indicating early
astrocyte damage with marked disruption of the blood-brain barrier seen by aloumin
extravasation. However, little or no myelin loss was seen at 1 day after NMO-1gG
administration. Complement deposition and inflammation were also seen at 1 day (Fig. 3b).

The characteristic NMO pathology produced by the recombinant NMO-IgG was also seen
following intracerebral injection of IgG purified from NMO patient serum. Fig. 3c (left)
shows marked loss of AQP4, GFAP and MBP immunofluorescence at 5 days after injection
of 1 mg 1gG purified from NMO patient serum, which was not seen in rats receiving the
same amount of IgG from control (hon-NMO) serum. A penumbra with decreased AQP4
immunoreactivity was seen as well. Because only a small fraction of serum 1gG is NMO-
1gG (AQP4-reactive), and because polyclonal NMO-IgGs bind less tightly to AQP4 than
rAb-53 (which was selected for tight binding), substantially more serum 1gG than rAb-53
was needed to produce comparable NMO pathology (as quantified in Fig. 3c, right).

NMO lesion formation is complement-dependent

The involvement of rat complement in our model was tested using a mutated NMO-IgG in
which complement effector function was abolished, and, in separate studies, using cobra
venom toxin to inactivate rat complement. The rAb-53 mutant S239D/A330L/1332E (NMO-
IgGCPC-) was shown previously to lack CDC effector function, without impairment of
ADCC effector function or AQP4 binding [40]. Rats were administered NMO-1gG by
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intracerebral injection in one hemisphere, with the same quantity of NMO-1gGCPC- in the
contralateral hemiphere. Fig. 4a shows remarkably reduced lesion size (as seen by loss of
AQP4, GFAP and myelin) in the brain hemisphere receiving the antibody lacking CDC
effector function. Interestingly, the penumbra with decreased AQP4 immunoreactivity was
observed in the hemisphere injected with NMO-1gGCPC-,

In another set of studies rat complement was inactivated by peripheral administration of
cobra venom factor, a well-established approach to investigate the involvement of
complement in disease pathogenesis [20,42]. Rats were injected with cobra venom factor at
days -1 and 2, as diagrammed in Fig. 4b (top), and NMO-1gG was administered at day 0 by
intracerebral injection. Assay of complement activity in rat serum (by CDC in NMO-1gG-
treated AQP4-expressing cells) showed near zero complement activity at days 3 and 5 (Fig.
4B, bottom). Fig. 4c shows remarkably reduced lesion size at 5 days after NMO-IgG
administration of NMO-IgG in the cobra venom toxin-treated rats compared with control
rats. The penumbra area was seen in rats treated with cobra venom toxin. Fig. 4d shows near
absence of activated complement (C5b-9) deposition in the penumbra of the cobra venom-
treated rats, though leukocyte infiltration (CD45) was seen.

These data support the conclusion that complement is required for development of a full
lesion but not for the penumbra.

Absence of a penumbra in mice administered NMO-IgG lacking CDC and ADCC effector

functions

The pathogenic mechanisms involved in the penumbra were further investigated. Upon
binding to its target, an antibody can mediate several effector functions, including target
internalization, CDC and ADCC. The results above showed that administration of a mutant
NMO-IgG lacking CDC effector function produced a penumbra. We also tested NMO-IgG
made deficient in both CDC and ADCC effector functions by enzymatic deglysosylation
using endoglycosidase S, as previously reported [39]. Binding of the deglycosylated
antibody (NMO-1gGCL-) was similar to that of control NMO-IgG (Fig. 5a, top). NMO-
IgGCL- did not produce CDC (Fig. 5a, bottom) or ADCC (not shown). Intracerebral
injection of NMO-IgGC®L- produced very minimal pathology around the needle tract
compared to NMO-IgG, and, importantly, no penumbra was seen (Fig. 5b). To confirm
these findings by an independent approach, we administered a mutant rAb-53 (NMO-
IgGCPC-/ADCC- " ref [40]) lacking both CDC and ADCC effector functions. Injection of
NMO-1gGCPC-ADCC- i rat brain did not produce penumbra pathology (Fig. 5b). These
results implicate the involvement of ADCC mediated in generation of the penumbra lesion.

Similar pathology was reported in human NMO, with loss of AQP4 but intact GFAP and
myelin immunofluorescence [24], in which the authors proposed a mechanism involving
AQP4 internalization in response to NMO-IgG binding. We previously demonstrated that
NMO-IgG binding did not cause internalization of AQP4 in primary cultures of mouse
astrocytes and in mouse brain in vivo [29]. Studies were done here in rat astrocytes.
Evidence against significant AQP4 internalization in rat astrocytes is the finding above (Fig.
5b) that intracerebral administration of NMO-IgG®L- or NMO-1gGCPC/ADCC- each of
which bound as strongly to AQP4 as the original antibody, did not alter AQP4 expression.
Further, surface AQP4 in rat primary astrocyte cultures was quantified in response to NMO-
IgG incubation (Fig. 5¢), as done previously in other culture models [29]. In this assay, cells
were incubated for indicated times with NMO-IgG or a control IgG at 37 °C, washed, and
cooled to 4 °C to inhibit internalization. Surface AQP4 on live cells was then labeled with
NMO-IgG and a fluorescent secondary antibody (red), and plasma membrane was labeled
with fluorescently labeled wheat germ agglutinin (WGA, green). Surface AQP4 was
quantified by the ratio of red-to-green fluorescence. Fig. 5¢ shows similar surface AQP4 in
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control and NMO-1gG-treated cultures. Results are quantified in Fig. 5d. As a positive
control for internalization, CHO cells stably expressing the M23 isoform of human AQP4
and incubated with NMO-1gG showed marked reduction in cell surface AQP4 (Figs. 5c, d).

Macrophage depletion in rats reduces NMO pathology

Human NMO lesions are characterized by prominent infiltration of granulocytes
(neutrophils and eosinophils) and macrophages. Prior studies have implicated the
involvement of neutrophils and eosinophils in NMO pathogenesis by ADCC and
complement-dependent cell-mediated cytotoxicity (CDCC) mechanisms [18,35,48]. Like
granulocytes, macrophages can produce ADCC and CDCC [37]. We showed previously that
macrophages exacerbated NMO pathology in spinal cord slice cultures exposed to low
concentrations of NMO-1gG and complement [47].

Here, to investigate the role of macrophages in vivo, NMO pathology was studied in rats
following intraperitoneal injection of clodronate-containing liposomes, an established
approach to deplete monocytes and macrophages [41]. Fig. 6a (left) shows a ~ 4-fold
reduction in serum monocyte count at 3 days following the second clodronate liposome
injection. Neutrophil and eosinophil counts did not change significantly. Fig. 6a (right)
shows depletion of peripheral macrophages as assessed by Ibal immunofluorescence in
liver.

Fig. 6b shows reduced NMO pathology in the monocyte/macrophage-depleted rats
compared to control rats at 5 days after intracerebral injection of NMO-IgG. The size of the
main lesion, with loss of AQP4, GFAP and myelin, was reduced in the macrophage-depleted
rats, whereas the penumbra remained. Leukocyte infiltration in the lesion was reduced in
clodronate liposome-treated rats compared to control rats (Fig. 6¢). Both M1 and M2
macrophages were present in the lesion at 5 days (Fig. 6d), with a predominance of the M2
sub-type as seen by co-staining with the macrophage markers Ibal, iNOS (M1) or
arginase-1 (M2). Treatment with clodronate liposomes reduced both sub-types in the lesion.

Discussion

The major pathological features of human NMO, including loss of AQP4, GFAP and
myelin, perivascular deposition of activated complement, blood-brain barrier disruption, and
inflammation with granulocyte and macrophage infiltration and microglial activation, were
produced in rat brain by passive transfer of NMO-1gG, without the need for pre-existing
neuroinflammation or administration of human complement. In contrast to prior mouse
models of NMO that require complement administration, NMO pathology in rats utilizes
endogenous complement, as shown by the protective effect of complement inactivation by
cobra venom toxin and of a CDC-disrupting NMO-IgG mutation. The robust and
reproducible pathology in this model make it suitable for investigation of NMO-IgG-
dependent pathogenesis mechanisms, such as the role of specific effector cells or cytokines,
and for in vivo testing of potential therapeutics, such as small molecules or biologics
targeting AQP4, NMO-1gG or complement. As the study design here was focused on
pathogenic mechanisms triggered by NMO-IgG binding to AQP4, this model does not
address the immune mechanisms triggering NMO-IgG generation or its access into the CNS,
nor does it address the preferential localization of NMO pathology in spinal cord and optic
nerve. Rat NMO models based on peripheral administration of NMO-1gG may address some
of these questions.

An unanticipated and interesting finding was the presence of a penumbra around the central
lesion, which, as seen in the central lesion, showed reduced AQP4 expression, but, in
contrast to the central lesion did not show loss of GFAP or myelin, or complement
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deposition. Inactivation of rat complement by cobra venom factor or neutralization of
antibody CDC effector function by NMO-IgG mutation produced selective AQP4 loss
resembling that of the penumbra. However, complete neutralization of antibody CDC and
ADCC effector functions by endoglycosidase S digestion or antibody mutation prevented all
pathology, including the complement-independent lesion with selective AQP4 loss. These
findings suggest that the penumbra lesion is dependent on the ADCC but not the CDC
effector function of NMO-1gG.

The molecular-level mechanisms for selective loss of AQP4 and its relationship to ADCC
are unclear. There is conflicting evidence that NMO-1gG-induced AQP4 endocytosis may be
responsible for AQP4 loss in astrocytes [10]. However, work from our lab did not find
significant NMO-IgG-induced AQP4 endocytosis and loss in mouse astrocyte cultures or
live mice [29], and, here, in rat astrocyte cultures. Also, the absence of reduced AQP4
following administration of NMO-IgGs lacking CDC and ADCC effector functions argues
against an endocytosis mechanism as accounting for the selective loss of AQP4. We
previously reported that a pure ADCC mechanism produced by intracerebral injection of
NMO-IgG and natural-killer cells in mice produced lesions with loss of AQP4 but not
myelin [31]. Perhaps certain inflammatory mediators produced by infiltrating granulocytes
or macrophages trigger accelerated degradation of AQP4 transcript or protein in astrocytes.

The penumbra lesion seen in our rat model likely has relevance to human NMO pathology
and pathogenesis mechanisms. A recent study described multiple distinct pathological
lesions in NMO patients, one of which (‘type 4 pathology’, ref. [24]) is a lesion with
selective loss of AQP4 but not of GFAP or myelin. The lesions showed mild-to-moderate
perivascular inflammatory infiltration but no complement deposition, as in the penumbra
pathology here. With regard to NMO pathogenesis, the penumbra lesion supports a growing
body of evidence implicating the involvement of ADCC in NMO. In addition to showing
that a pure ADCC mechanism can produce NMO-like pathology as mentioned above [31],
there is evidence for involvement of neutrophils and eosinophils in NMO pathogenesis as
discussed just below. Also, we recently found that mice administered a mutated NMO-IgG
lacking ADCC effector function but with enhanced CDC effector function, together with
human complement, developed only minimal NMO pathology (Ratelade et al., unpublished
results). We conclude that ADCC is an underappreciated mechanism in NMO pathogenesis
and suggest ADCC as a potential target for development of a new class of NMO
therapeutics.

The heterogeneous responses of astrocytes within the lesion may also play a role in NMO
pathogenesis. After the initial attack by NMO-I1gG and complement, astrocytes at the lesion
core are injured by a CDC mechanism, which promotes inflammatory cell infiltration,
oligodendrocyte damage and myelin loss. This mechanism is consistent with transgenic loss-
of-function studies in which ablation of proliferating, reactive astrocyte produces marked
tissue invasion by inflammatory cells, including macrophages and neutrophils, in both EAE
and spinal cord injury models [5,7]. In the penumbra, GFAP-positive reactive astrocytes
were present, myelin was preserved, and a lesser inflammatory reaction was seen. Perhaps
these reactive astrocytes form a barrier-like structure surrounding the lesion that restricts
leukocyte influx into CNS [43,44].

The rat model of NMO established here was used to investigate the role of macrophages in
NMO pathogenesis. Granulocytes and macrophages are the major leukocyte types found in
human NMO lesions, with few lymphocytes, cytotoxic T cells and natural killer cells
[21,23,32,33]. Prior studies in mice have implicated the involvement of granulocytes, both
neutrophils and eosinophils, in NMO pathogenesis. In a mouse model involving
intracerebral injection of NMO-IgG and complement, NMO lesion size was reduced in mice
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made neutropenic with anti-neutrophil antibody, or made hypoeosinophilic with anti-I1L-5
antibody or by genetic mutation of Gatal promoter [35,48]. NMO lesion size was also
reduced by inhibition of neutrophil elastase and by small-molecule inhibitors of eosinophil
degranulation. NMO lesion size was increased in mice made neutrophilic by gm-GSF [35]
and in hypereosinophilic IL-5 Tg mice [48]. In contrast, NMO lesions were not reduced in
T-cell deficient (nude) mice [36]. These results suggested the potential utility of
granulocyte-targeted inhibitors as adjunctive therapy in NMO. Here, we found that depletion
of monocytes and macrophages (both M1 and M2 sub-types) in rats by clodronate liposomes
reduced the severity of NMO pathology produced by intracerebral injection of NMO-IgG.
Macrophages can exacerbate astrocyte damage by several mechanisms, including generation
of oxidative metabolites (such as nitric oxide and superoxide) and of proinflammatory
cytokines, as well as by phagocytosis, which can be enhanced by binding of complement
components to receptors on macrophage [14,37].

In conclusion, our results establish a novel passive-transfer model of NMO in rats that does
not require complement administration or pre-existing inflammation. The model was applied
to establish a pathogenic role of macrophages in NMO, and the model produced an
unexpected pathological lesion with relevance to human NMO.
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Figure 1. NMO-IgG bindsto AQP4 in rat astrocytes and produces CDC in the presence of rat
complement

a. (Top left) AQP4 and GFAP immunofluorescence in well-differentiated primary cultures
of rat astrocytes. (Bottom) Binding of NMO-1gG (recombinant human antibody rAb-53) or
control 1gG purified from NMO patient serum (each stained green with anti-human
secondary antibody) to AQP4 (red). b. CDC (by Alamar blue assay) in rat astrocyte cultures
following 3-h incubation with 5% rat complement and NMO-1gG or IgG purified from
NMO patient serum (S.E., n=6). c. (Left) Immumofluorescence of brain sections at 3 h after
intracerebral injection of 10 ng NMO-1gG showing area of antibody diffusion (white line).
(Right) Expanded micrograph of boxed region along with data for control 1gG.
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Figure 2. Intracerebral injection of NMO-IgG in rats produces NM O pathology

a. Brains were injected with 10 pg NMO-1gG or control 1gG. (Left) AQP4, GFAP and MBP
immunofluorescence at 5 days after injection. In this and subsequent figures the needle tract
shown as a yellow line, white line demarcates region with loss of immunofluorescence, and
white dashed line demarcates the penumbra (reduced AQP4 but normal GFAP and MBP
immunofluorescence). (Middle) Higher magnification of indicated regions. (Right)
Summary of lesion areas showing data for individual rats (S.E., n=6, ** P < 0.01). b. MBP
and neurofilament [5] immunofluorescence. White line demarcates region with loss of
immunofluorescence. c. (Left) Immunostaining for AQP4, activated complement (C5b-9),
leukocytes (CD45), neutrophils (Ly6-G), macrophages (CD163), microglia (Ibal), and
degenerating neurons (Fluorojade) in indicated regions. (Right) Number of infiltrating
leukocytes per 0.01 mm? (S.E., n=3). d. (Top) Albumin immunofluorescence. (Bottom)
Avrea of albumin extravasation (S.E., n=3, ** P < 0.01).
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Figure 3. Characterization of early pathology and pathology produced by intracerebral injection
of NMO patient serum

a. Brains were injected with 10 pg NMO-IgG or control 1gG. (Left) AQP4, GFAP, MBP and
albumin immunofluorescence at 1 day after injection. Needle track shown as yellow line and
lesion demarcated by white line. (Right) Summary of lesion areas (S.E., n=3, ** P < 0.01).
b. (Left) Immunohistochemistry in lesions from A. (Right) Number of infiltrating leukocytes
per 0.01 mm? (S.E., n=3). c. Brains were injected with 1 mg of purified 1gG from NMO
patient serum or control serum. (Left) AQP4, GFAP and MBP immunofluorescence at 5
days after injection. Summary of lesion areas (S.E., n=3, ** P < 0.01).
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Figure 4. Generation of NM O lesionsin ratsis complement-dependent

a. Brains were injected with 10 pg of NMO-19G or NMO-lgGCPC- (lacking CDC effector
function). (Left) AQP4, GFAP and MBP immunofluorescence at 5 days after injection.
(Right) Summary of lesion areas (S.E., n=3, ** P < 0.01, * P<0.05). b. Cytotoxicity (by
Alamar blue assay) in AQP4-expressing CHO cells incubated with 5 pg/ml NMO-1gG and
5% serum from control and cobra venom factor-treated rats (S.E., n=3, ** P< 0.01). c. (Left)
AQP4, GFAP and MBP immunofluorescence at 5 days after injection of 10 pg NMO-IgG in
control and cobra venom factor-treated rats. (Right) Summary of lesion areas (S.E., n=3, **
P <0.01, * P<0.05). d. (Top) C5b-9 and CD45 immunohistochemistry. (Bottom) Number of
CD45-positive cells per 0.01 mm? (S.E., n=3, ** P< 0.01).
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Figure 5. M echanisms of penumbra pathology

a. (Top) Binding of control and deglycosylated NMO-1gG (NMO-IgGC®L-) to AQP4-
expressing CHO cells showing red-to-green fluorescence ratio (R/G) at indicated NMO-1gG
concentrations. (Bottom) Cytotoxicity (by Alamar blue assay) following incubation for 1 h
with NMO-1gG or NMO-IgGC®L- and 5% complement (S.E., n=3). b. AQP4, GFAP and
MBP immunofluorescence at 5 days after injection with NMO-1gG, NMO-1gGCL- or NMO-
IgGCDC/ADCC- (Right) Summary of lesion areas (S.E., n=3, ** P < 0.01). c. Internalization
of AQP4 in rat primary astrocyte cultures. Cells were incubated for 1 or 3 h at 37 °C with
100 pg/ml NMO-1gG or control IgG. Surface AQP4 immunofluorescence shown in red,
with plasma membrane marker (WGA) in green. AQP4 internalization in AQP4-expressing
CHO cells shown as positive control. d. R/G ratios from experiments as in ¢ (S.E., n=3, ** P
< 0.01).
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Figure 6. Pathogenic role of macrophagesin NMO

a. Macrophages were depleted by intraperitoneal injection of clodronate liposomes. (Left)
Peripheral monocyte, eosinophil and neutrophil counts at day 5 in control (non-injected),
and PBS-liposome and clodronate-liposome injected rats (S.E., n=3, ** P < 0.01). (Right)
Liver sections immunostained for macrophages (green) with DAPI (blue) counterstain. b.
AQP4, GFAP and MBP immunofluorescence at 5 days after intracerebral injection of 10 g
NMO-IgG in rat treated with control or clodronate liposomes. (Right) Summary of lesion
areas (S.E., n=3, ** P < 0.01, * P < 0.05). c. (Top) Immunohistochemistry showing
infiltrating leukocytes (arrows) in lesions. (Bottom) Number of CD45, CD163 and Ly-6G
positive cells per 0.01 mm? (S.E., n=3, ** P < 0.01, * P < 0.05). d. Ibal, M1 (M1 mac) and
M2 (M2 mac) macrophage staining in rats treated with PBS- or clodronate-liposomes.
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