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Abstract

the treatment of acute NMOSD attacks.

Remyelination

Cumulative disability in neuromyelitis optica spectrum disorder (NMOSD) results from incomplete recovery
following inflammatory, demyelinating attacks. Retrospective case studies and current clinical practice indicate that
rapid treatment of acute attacks with apheresis limits injury and improves recovery. We evaluated the effects of
apheresis and complement inhibition on lesion progression and recovery in a murine ex vivo cerebellar explant
model of NMOSD injury. While both strategies reduced lesion formation relative to vehicle treatment, we observed
that anti-C5 complement inhibition with eculizumab rapidly halted astrocyte destruction and immediately curtailed
lesion extension; whereas an experimental mimic of immunoadsorption (IA), allowed for continued low level
astrocyte destruction. During lesion recovery, C5 complement inhibition resulted in a faster rate of oligodendrocyte
repopulation and improved myelin repair compared to IA. Complement inhibition may offer multiple benefits for
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Introduction

Neuromyelitis optica spectrum disorder (NMOSD) is
a rare autoimmune inflammatory disorder of the cen-
tral nervous system (CNS) that causes significant neu-
rologic morbidity [15]. 90% of patients are seropositive
for pathogenic autoantibodies targeting the aquaporin-4
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water channel on astrocytes (AQP4-IgG) [26]. AQP4-IgG
binding to astrocyte foot processes initiates complement-
dependent cytotoxicity (CDC), antibody dependent cell-
mediated cytotoxicity (ADCC), and internalization of
plasma membrane AQP4 [12, 27, 28]. Beyond membrane
attack complex (MAC) formation, AQP4-IgG activation
of the classical complement pathway drives polymorpho-
nuclear (PMN) cell recruitment, activation, and degranu-
lation [23].

Current treatments for acute NMOSD attacks
include high dose corticosteroids and apheresis (plasma
exchange [PLEX] or immunoadsorption [IA]) [15]. The
aim of apheresis is to lower the concentration of circulat-
ing pathogenic AQP4-IgG and proinflammatory mediat-
ing serum factors. At initiation, PLEX reduces circulating
complement factors and CDC; however, the duration
may be limited due to the rapid reconstitution of serum
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complement factors [11, 33]. Early treatment of relapsing
NMOSD patients with PLEX or IA results in improved
clinical outcomes and a higher likelihood of complete
recovery from an attack [3, 16]. Targeted complement
inhibition, however, offers an alternative approach to
treating acute NMOSD relapse that may improve out-
comes by rapidly blocking tissue injury and thereby
minimizing the loss of neurologic function. Inhibition
of complement C5 activity, however, has been reported
to be detrimental to tissue recovery in some models of
CNS injury [4, 29]. Hence, direct investigation of impact
of complement inhibition on both NMOSD lesion forma-
tion and recovery is warranted.

Tissue explants offer a rapid and reproducible model
for investigating AQP4-IgG mediated tissue injury
and recovery [19, 36, 37]. We used a murine cerebellar
explant model to evaluateNMOSD lesion recovery after
treatments that independently deplete AQP4-IgG or
inhibit CDC. When compared to immunoglobulin deple-
tion, rapid treatment with complement inhibitor resulted
in immediate and complete inhibition of tissue injury
followed by accelerated and improved remyelination.
Complement inhibition may offer a promising approach
to minimize injury and facilitate repair following acute
NMOSD relapse.

Methods

Animal care

The care and euthanasia of animals were in accordance
with University of Colorado Institutional Animal Care
and Use Committee policy for animal use in agreement
with the NIH Guide for the Care and Use of Laboratory
Animals.

AQP4 Recombinant antibody

AQP4-specific recombinant monoclonal AQP4 antibody
(rAb#53) was derived from a plasmablast clone from
the cerebrospinal fluid of a patient with NMOSD and
expressed as full length bivalent human IgG1 antibody
as previously described [2]. Recombinant antibody was
purified from culture supernatant at 4 °C on an AKTA
pure 25 system using a HiTrap MabSelect affinity column
and HiPrep 26/10 desalting column (Cytiva). Structural
and functional integrity was confirmed by nondenaturing
gel electrophoresis and immunohistochemistry.

Organotypic cerebellar explant culture

Ex vivo cerebellar explants were prepared as previously
described [19]. Cerebella were dissected from male and
female P10 C57B6/] or PLP-eGFP mice (Jax #33357) [21],
sliced at 300 um on a Mcllwain Tissue Chopper, and cul-
tured on MilliCell 0.4 pm membrane inserts (Millipore)
in slice media containing 25% Hank’s balanced salt solu-
tion (HBSS), 15% heat-inactivated horse serum, 50%
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minimum essential media (MEM), 125 mM HEPES, 28
mM D-Glucose, 2 mM LGlutamine, 10U/ml penicillin/
streptomycin (Life Technologies) at 37 °C. Slices were
incubated for 7-10 days prior to treatments, and media
was exchanged every 2—3 days.

Human serum, complement inhibitors, and antibodies

Human serum (HC) and C5-depleted HC were obtained
from Complement Technology, Tyler, TX. Complement
C5-inhibitor, eculizumab (Ecu), was supplied by Alexion,
AstraZeneca Rare Disease. Primary and secondary anti-
bodies were as follows: rabbit anti-glutathione S-trans-
ferase pi (GSTpi) (1:500, RRID: AB_10617246), rabbit
anti-AQP4 (1:1000, RRID: AB_2827426), mouse anti-
AQP4 (1:1000, RRID: AB_307299), mouse anti-glial fibril-
lary acidic protein (GFAP) (1:1000, RRID: AB_477010),
chicken anti-GFAP (1:1000, RRID: AB_304558),
chicken antimyelin basic protein (MBP) (1:1000, RRID:
AB_2737018), rabbit anti-neurofilament heavy chain
(NFH) (1:1000, RRID: AB_2936371), mouse anti-NFH
(1:1000, RRID: AB_1620067), and rabbit anti-SRY-box
transcription factor 9 (Sox9) (1:500, RRID: AB_2789127),
mouse anti-C5b-9 (1:500 RRID_AB:1139825), don-
key anti-rabbit (1:1000, RRID: AB_2340619, RRID:
AB_2340622, RRID: AB_2340625, RRID: AB_2922888),
donkey anti-chicken (1:1000, RRID: AB_2340375, RRID:
AB_2340377, RRID: AB_2340379), donkey anti-goat
(1:1000, RRID: AB_2340434, RRID: AB_2340438), don-
key anti-mouse (1:1000, RRID: AB_2340850, RRID:
AB_2340858, RRID: AB_2340866, RRID: AB_2922892),
goat anti-mouse IgG1 (1:1000, RRID: AB_2340619).

Treatment of cerebellar explants

NMO lesions were initiated in cerebellar explants by the
addition of rAb#53+10% (vol/vol) HC [19]. To assess
the efficacy of eculizumab in preventing CDC, 20 pg/
ml rAb#53 was premixed with 10% HC +/- 25 pg/ml
eculizumab and applied to explants for 24 h. As a con-
trol, rAb#53 was premixed with 10% C5-depleted HC.
For all other experiments, anti-AQP4 rAb#53 (20 pg/ml)
was applied 30 min prior to the addition of HC at 10%
vol/vol to allow for tissue penetration of the rAb. After
4 h incubation at 37 °C, one of 4 treatments was applied:
Veh (addition of phosphate-buffered saline [PBS]), Ecu
(addition of eculizumab to 25 pg/ml), immunoadsorp-
tion (IA) (media removed and replaced with fresh media
containing 10% HC), and media change (AMedia) (media
removed and replaced with fresh media without HC).
24 h after the initial addition of HC, media from all wells
were removed and replaced with fresh media without
HC. The Ecu condition maintained 25 pg/ml eculizumab
in the media for the full recovery period.
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Immunostaining

Treated cerebellar explants were fixed in 4% parafor-
maldehyde in PBS for 30 min. Explants were rinsed in
PBS, cut out of the inserts, and stained free floating in
a 24-well plate. Tissues were blocked and permeabilized
in 5% normal donkey serum (NDS) in PBS plus 1% Tri-
ton X-100 (PBSTx 1%) for 30 min. Primary antibodies
were applied in 1% NDS in PBSTx 0.3% at room tem-
perature overnight. Following 3 x5 min washes in PBS,
Alexa-Fluor labeled secondary antibodies were applied
in 1% NDS in PBSTx 0.3% for 2 h at room temperature.
Explants were washed 3 x5 min, mounted on slides and
covered with Fluoromount G (RRID: SCR_015961) and
glass slips.

Control: No Treatment

Veh: aAQP4 + HC

Ecu: cAQP4 + HC + Ecu
C5-dep: aAQP4 + C5-dep HC

Fixation
IHC

Ecu

SOX9
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Imaging and quantification

Images were acquired using a Leica Stellaris 5 confo-
cal microscope. Images of astrocytes were acquired in
the folia at the boundary of the molecular layer and the
granule cell layer (Fig. 1b). Images of oligodendrocytes
and myelin are acquired in the granule cell layer. Mul-
tiple folia per slice were imaged and data was compiled
by imaging a minimum of 6 slices from 2 to 3 indepen-
dent experiments are represented. Sox9+, PLP-eGFP+,
and GSTpi+cells were hand counted by two blinded
observers in Image] utilizing the cell counter plug-in.
Quantification of myelination and aberrant myelin was
accomplished using Cell Profiler pipelines. To quantify
the percentage of myelinated NFH, we threshholded
NFH + pixels and MBP + pixels, and calculated the area
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Fig. 1 Eculizumab rapidly inhibits AQP4-IgG-driven complement-dependent cytotoxic astrocyte loss in ex vivo cerebellar explant cultures. (a) Experi-
mental design: anti-AQP4 rAb (aAQP4) + 10% human complement (HC, normal or C5-depleted) were premixed with PBS (Veh) or eculizumab (Ecu) and
applied for 24 h prior to fixation (IHC, immunohistochemistry). (b) Photomicrograph of cerebellar explant (left, scalebar=400 pum) with boxed inset
depicting the region of analysis at the boundary of the molecular layer and the granule cell layer (right, scalebar=30 um). () Immunostaining for GFAP
(cyan), AQP4 (yellow) and Sox9 (green), scalebar=50 um. (d) Quantification of Sox9+ astrocytes. (e) Quantification of %Tissue Area Lost (Supplemental
Fig. 1). The mean + standard deviation is indicated in the graph. Statistics: differences between treatment groups were compared using a one-way ANOVA

with a Tukey’s multiple comparison. (**p <0.01, ***p <0.001, ****p <0.0001)
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of each. We then masked the MBP +signal on top of
the NFH +signal to identify areas of MBP/NFH overlap,
and then determined the area of NFH with MBP overlap
(myelinated NFH).

The myelinated NFH + pixel area was expressed as a
percentage over the total NFH + pixel area (% Myelin-
ated NFH). To calculate aberrant myelin, we swelled the
NFH + pixels by 2 pixels and then masked the expanded
NFH on top of MBP + pixels and inverted the mask. The
remaining pixels are MBP +that are not aligned with
NFH + pixels (aberrant myelin). The aberrant myelin was
expressed as a percentage of the total MBP + pixels (%
aberrant myelin). To measure % tissue area lost, we cap-
tured the full area of the cerebellar explant with 10x tile
scans. To identify the pre-lesioned area, the remnants
of the tissue boundary were visualized by enhancing the
gain and contrast of the image (Supplemental Fig. 1). We
utilized both GFAP and Sox9 immunostaining to mark
tissue area boundaries. In preliminary analyses, we found
that in samples that were dual labeled for both GFAP and
Sox9, the area measurements of the two stains were not
different from one another (data not shown). Areas were
drawn and measured in Image].

Statistical analyses were performed using GraphPad
Prism (V9) or SAS version 9.4. Two sample compari-
son tests were performed using one-way ANOVA with
a Tukey’s multiple comparison or unpaired ¢-tests with
a Holm-Sidak method for correction (a=0.05). Data are
expressed as means+SD of individual data points col-
lected from n=2-3 independent experiments. Signifi-
cance is reported for p<0.01. The changes in NFH area
from R1 to R7 were compared using an ANOVA regres-
sion model, with separate residual variances for each
treatment-time combination. Omnibus F tests were used
to evaluate for changes over time within each group and
for treatment-time interaction. Multiple comparisons
were accounted for using the protective F test method.

Results

Eculizumab prevents AQP4-lgG-driven complement
dependent cytotoxic astrocyte loss

To assess the efficacy of eculizumab (Ecu) to inhibit
AQP4-IgG-mediated CDC, we premixed rAb#53, with
HC +/- Ecu and applied it to cerebellar explants for
24 h (Fig. 1a). We have previously shown that cerebellar
explants treated with HC alone for 48 h show no changes
in astrocyte number or morphology [20]. As a control for
inhibition of C5 cleavage, we utilized C5-depleted HC
plus rAb#53 (C5-Dep). To assess astrocyte morphology
and survival, we immunostained for GFAP, AQP4 and
Sox9 (expressed in astrocyte nuclei). In the absence of
complement inhibitor (Veh), we observed loss and disor-
ganization of GFAP filaments, diminished AQP4 immu-
noreactivity, and loss of Sox9 +astrocytes (Fig. 1c). In
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contrast, treatment with Ecu or C5-Dep showed robust
and orderly GFAP and AQP4 immunostaining, similar
to untreated control explants (Fig. 1c). Quantification of
remaining astrocytes after 24 h indicated a significant
reduction in Sox9 + cells/mm? in the Veh (1077 +738.3)
condition compared to control explants (3814+357.0;
p<0.0001), or explants treated with Ecu (3701 +543.9;
p<0.0001) or C5-Dep (3691 +458.7; p<0.0001) (Fig. 1d).
Sox9 + cell counts in explants treated with Ecu or C5-Dep
were not different from control. The addition of Ecu also
limited the amount of overall tissue damage, measured
by the percent tissue loss (%Tissue Area Lost) between
pre- and post-lesion explants (Fig. le, Supplemental
Fig. 1). Ecu treatment prevented terminal membrane
attack complex (MAC) formation on astrocytes to a level
equivalent to C5-Dep (Supplemental Fig. 2). Ecu there-
fore resulted in complete inhibition of AQP4-IgG-driven
CDC of target astrocytes.

Inhibition of complement activity during NMO-like lesion
formation limits tissue loss
We next examined how inhibition of complement activ-
ity or immunoglobulin depletion after lesion initia-
tion impacted NMO lesion formation and recovery. We
allowed CDC to progress for 4 h to initiate submaximal
injury, and then examined explant structure and histo-
pathology after inhibiting CDC by the addition of com-
plement inhibitor, IgG depletion, or complete media
exchange (Fig. 2a, b). Complement inhibition was ini-
tiated by the addition of 25 pg/ml Ecu. IgG depletion,
mock immunoadsorption (IA), was mediated by the
replacement of complete media with media contain-
ing 10% HC but lacking AQP4-IgG (Fig. 2b). Full media
exchange (AMedia) entailed the replacement of com-
plete media with media lacking both HC and AQP4-IgG,
thereby modeling ideal plasma exchange (PLEX) and pro-
viding a control for simultaneous complement inhibition
and IgG depletion (Fig. 2b). All explants underwent com-
plete media exchange at 24 h, fixed one day (1R) or 7 days
(7R) into recovery (Fig. 2a), immunostained for GFAP
and/or Sox9, and the area of the pre- and post-lesioned
tissue measured by GFAP staining (Fig. 2c-d; Figure S1).
All treatment conditions demonstrated significant tis-
sue loss at 1R (p<0.0001) when compared to control
explants lacking AQP4-IgG and HC (Fig. 2d). Explants
receiving vehicle control (35.10+7.60) and those treated
with TA (41.41+10.25) had significantly greater per-
cent tissue loss compared to those treated with Ecu
(22.74+£4.74; p<0.01, Veh vs. Ecu;p<0.001 IA vs. Ecu).
Vehicle- and IA-treated explants showed no difference
in tissue loss (p=0.30); explants treated with Ecu, or
complete media exchange also demonstrated equivalent
areas of tissue loss (p>0.99) (Fig. 2d). Similar differences
in tissue area loss between treatment conditions were
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Fig. 2 Inhibition of complement activity during NMO-like lesion formation reduces tissue loss. (a) Experimental design. (b) Definition of treatment condi-
tions. (c) Immunostaining of astrocytes (GFAP or Sox9) in cerebellar explants (dotted line: outline of explant). Scale bar =250 um. (d) Quantification of the
percent tissue area lost at recovery days 1 (1R) and 7 (7R). The percentage of tissue area lost was quantified by measuring the difference of the pre-lesion
tissue area to the area of tissue remaining, then expressing that difference over the pre-lesioned tissue area. The mean +standard deviation is indicated
in all graphs. Statistics: differences between treatment groups at 1R and 7R were compared using a one-way ANOVA with a Tukey’s multiple comparison
test (Holm-Sidak correction, a=0.05) (*p <0.05, *p<0.01, **p <0.001, **p <0.0001)

observed at 7R: Veh (39.91+6.715) and IA (37.45+9.874)  the explant periphery, demonstrated no cellular replace-

exhibiting roughly twice the area of tissue loss compared
to Ecu (22.51 £5.849; p<0.0001, Veh vs. Ecu; p<0.001, IA
vs. Ecu) and media exchange (19.00+5.769; p<0.0001,
Veh vs. AMedia;p <0.0001, AMedia vs. IA). As noted at
1R, pairwise comparisons of tissue loss between vehicle-
and IA-treated explants (p=0.92) and Ecu-treated and
media exchange explants (p = 0.78) showed no differences
at 7R (Fig. 2d). Therefore, complement inhibition was
superior to immunoglobulin depletion in halting tissue
injury in treated explants.

Within each treatment condition, the area of tissue
loss observed at 7R did not significantly differ from 1R
(Fig. 2d). Areas of astrocyte destruction, most severe at

ment. Conversely, we observed no significant extension
of the area of complete astrocyte loss from 1R to 7R. We
next examined cellular replacement and myelin repair
following initial injury in the remaining viable explant.

Complement Inhibition limits astrocyte, oligodendrocyte,
and neuronal loss in evolving NMO lesions

To characterize the extent of primary and secondary cel-
lular injury under various explant treatment conditions,
we quantified the number and integrity of astrocytes,
oligodendrocytes, and neurons at the lesion periph-
ery using immunostaining: astrocytes (GFAP, AQP4,
Sox9), mature oligodendrocytes (PLP-EGFP), actively
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myelinating oligodendrocytes (GSTpi), myelin (MBP),
and Purkinje cell axons (NFH). Astrocyte damage was
visible in all lesion conditions at 1R; surviving astro-
cytes demonstrated shorter, thicker (yellow arrowheads)
and disordered (orange arrowheads) GFAP-labeled pro-
cesses, as well as disorganized and reduced expression
of AQP4 (magenta arrowheads) (Fig. 3a, b). To assess
astrocyte loss, we quantified Sox9 + cells at 1R (Fig. 3c).
Treatment with vehicle (898.6 +237.9), Ecu (2715 + 1188),
IA (1458+373.0), and complete media exchange
(2289+671.9) showed significantly fewer Sox9+ cells/
mm? compared to control explants (4341 +605.7;
p<0.0001). Treatment with vehicle or IA, however,
exhibited fewer Sox9+cells than Ecu (p<0.0001) and
media exchange (p=0.001, Veh vs. AMedia; IA vs.
AMedia, p =0.024) (Fig. 3d). These data indicate that dur-
ing NMO-like lesion formation, complement inhibition
resulted in increased astrocyte survival compared to IA.

Following lesion formation at 1R, PLP-eGFP + mature
oligodendrocytes and actively myelinating GSTpi + oli-
godendrocytes were imaged at the lesion edge (Fig. 4a).
Mature PLP-eGFP +oligodendrocytes (cells/mm?) were
lower in vehicle- (326.1+67.43; p<0.001) and IA-treated
(350.6 £59.35; p<0.01) explants compared to control
explants (485.7 + 69.23).

In contrast, the number of PLP-eGFP +oligo-
dendrocytes (cells/mm?) following treatment with
Ecu (437.9+83.97, p=0.6437) or media exchange
(404.8 £81.61, p=0.15) were not different from con-
trol (Fig. 4b). Actively myelinating GSTpi+ cells (cells/
mm?) were similarly affected at 1R, with explants treated
with vehicle (103.9+72.13; p<0.0001), IA (160.6 + 66.31;
p<0.0001), or media exchange (184.2+68.82; p<0.001)
showing significantly reduced cell numbers compared
to control explants (324.2+72.13) (Fig. 4c). Ecu-treated
explants (268.1 +64.47; p=0.35) were unchanged relative
to control (Fig. 4c). To assess whether the percentage of
the oligodendrocytes that were actively myelinating dif-
fered immediately following lesion formation, we exam-
ined the ratio of GSTpi/PLP-eGFP + cells. We observed
that only vehicle-treated explants (33.03+15.41)
showed a reduced ratio compared to control explants
(66.72£10.54; p<0.0001); explants treated with Ecu
(61.43+£11.09; p<0.001), IA (45.21+17.44; p=0.027), or
media exchange (45.87 £13.87; p=0.020) were not differ-
ent from controls (Fig. 4d).

We next examined the percentage of myelinated
axons using NFH and MBP immunostaining (Fig. 5a).
The percentage of myelinated axons was lower in vehi-
cle-treated explants than those treated with Ecu or
media exchange (Fig. 5a, b). The percentage of myelin-
ated axons were not different between vehicle- and IA-
treated explants (Fig. 5b). The percentage of aberrant
myelin (the total MBP not associated with NFH) was
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significantly increased in all treated explants compared
to control explants (Fig. 5d). To quantify Purkinje cell
axonal loss, NFH + pixels were measured and expressed
as a percentage of the total pixels. At 1R, the percent-
age of NFH +area was reduced in explants treated with
vehicle (10.89+4.0) and IA (13.54 £ 3.9) when compared
to either control explants (21.1+4.9, Veh vs. Control,
p<0.0001; IA vs. Control, p<0.0001) or explants treated
with Ecu (17.88+5.0, Veh vs. Ecu, p<0.0001; IA vs.
Ecu, p=0.0035) or media exchange (17.95+7.0, Veh vs.
AMedia, p <0.0001; IA vs. A Media, p =0.0029) (Fig. 5c).
Hence, complement inhibition minimized the area of
complete tissue loss and significantly reduced astrocyte,
oligodendrocyte, and axonal loss compared to IA.

Complement Inhibition improves the fidelity of Myelin
repair

We next examined the impact of complement inhibition
on NMO lesion recovery. We examined the number of
astrocytes and oligodendrocytes and extent of remyelin-
ation in the surviving explant after 7 days of recovery. At
7R in all conditions, GFAP-labeled astrocyte processes
appeared less reactive than control explants, albeit with
a similar morphology (Fig. 3a). While the overall expres-
sion of AQP4 in lesioned samples was similar to control
explants at 7R, treatment with vehicle or IA exhibited
larger areas of AQP4 loss than treatment with Ecu or
media exchange (Fig. 3b). At 7R, control explants had
significantly more Sox9 + cells/mm? (3601 +665.4) than
explants treated with vehicle (1507 +555.0; p<0.0001),
IA (1132+573.3; p<0.0001), and media exchange
(2407 +530.2; p<0.0001) (Fig. 3d). Ecu treated explants
showed no difference in Sox9 + cells/mm? from control
explants (3117 £1110; p<0.23) (Fig. 3d). Explants treated
with Ecu or media exchange demonstrated increased
Sox9 + cells/mm? compared to vehicle (p<0.0001,
»=0.0028) and IA treatment (p<0.0001, p<0.0001)
indicating that initial differences in astrocyte loss at 1R
were not recovered by day 7 (Fig. 3d). Across treatment
conditions, we did not observe a significant change in
astrocyte density between 1R and 7R, revealing that once
astrocytes were lost in the explant, they did not recover
(Fig. 3d).

During recovery at 7R, significantly fewer PLP-
EGFP +cells were observed in explants treated with
vehicle or IA compared to either control explants or
those treated with Ecu or media exchange (Fig. 4a, b).
The increased number of PLP-EGFP + oligodendrocytes
in control slices at 7R is a feature of postnatal developing
explants. GSTpi +oligodendrocytes showed comparable
reductions under the same treatment conditions (Fig. 4c).
The ratio of GSTpi/PLP-EGFP + cells was not different
between samples at 7R (Fig. 4d). When we compared oli-
godendrocyte cell numbers at 1R and 7R, we found that
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Fig. 3 Complement inhibition limits astrocyte loss during NMO-like injury formation. Representative images of immunostaining at 1R and 7R for (a)
GFAP, (b) AQP4, and (c) Sox9. Scale bar =50 um. (d) Sox9 + cells are quantified at 1R and 7R. Arrowheads denote disorganized astrocyte fibrillary network
(orange), thickened astrocyte extensions (yellow), and reduced AQP4 expression (magenta). The mean=standard deviation is indicated in all graphs.
Statistics: differences between treatment groups at 1R and 7R (d) were compared using a one-way ANOVA with a Tukey’s multiple comparison test (Holm-
Sidék correction, =0.05) (*p < 0.05, *p <0.01, ***p < 0.001, ***p < 0.0001)
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Fig. 4 Complement inhibition limits oligodendrocyte loss during NMO-like injury and enhances oligodendrocyte recovery. (a) Cerebellar explants were
immunostained at 1R and 7R for GSTpi (magenta) and PLP-EGFP (green). Scale bar =100 um. (b-g) Quantification at 1R and 7R of PLP-EGFP +cells per
mm?, GSTpi + cells per mm?, and the ratio of GSTpi+/PLP-EGFP + cells. The mean + standard deviation is indicated in all graphs. Statistics: differences be-
tween treatment groups at 1R and 7R (b-d) were compared using a one-way ANOVA with a Tukey’s multiple comparison test, and differences within treat-
ment groups between 1R and 7R (e-g) were evaluated using multiple unpaired t-tests (Holm-Sidak correction, a =0.05) (*p <0.05, **p<0.01, ***p <0.001,

w0 £0,0001)

PLP-eGFP +oligodendrocytes only increased in explants
treated with Ecu or media exchange (Fig. 4e). The results
did not change when normalizing to the increased oligo-
dendrocyte numbers observed in control conditions (data
not shown). Conversely, all treatment conditions showed
increased numbers of GSTpi + oligodendrocytes (Fig. 4f).
This disparity may reflect an altered environment for oli-
godendrocyte differentiation or survival in vehicle- and
IA-treated slices. The ratio of GSTpi+/PLP-EGFP + cells
only increased in explants treated with vehicle or media
exchange (Fig. 4g). While all conditions showed a similar

ratio of GSTpi+/PLP-EGFP + cells at 7R, the vehicle- and
IA-treated explants showed a reduced number of total
and actively myelinating oligodendrocytes compared to
those exposed to complement C5 inhibition.

During lesion recovery, we observed an increase in
NFH +axonal area in control explants and all treated
sections (Fig. 5a, ¢, f). Nevertheless, the greater axonal
loss in vehicle- and IA-treated explants relative to Ecu-
and media exchange-treated explants at 1R persisted
at 7R (Fig. 5¢). The magnitude of increase in the axonal
network was significantly greater in explants treated
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Fig. 5 Complement inhibition preserves axon and myelin during NMO-like injury formation. To ascertain myelin loss and recovery, explants were immu-
nostained for the myelin protein MBP (magenta) and NFH (cyan) to label axons (a), and the % myelinated NFH (b), % NFH area (c), and the % Aberrant MBP
(d) calculated as described in the Methods. The changes in % Myelinated NFH (e), % NFH area (f), and % Aberrant Myelin (g) from 1R to 7R are compared
within treatment arms. The mean + standard deviation is indicated in all graphs. Statistics: (b-d) One-way ANOVA with a Tukey’s multiple comparison test;

(e, g) unpaired t-test with a Holm Sidék; () ANOVA regression with Omnibus F tests (@ =0.05) (*p<0.05, *p<0.01, **p<0.001, **p<0.0001)

with media exchange than vehicle-, IA-, or Ecu-treated
explants (p<0.01) (Fig. 5f). Axonal recovery in IA- and
Ecu-treated explants did not differ. Explants treated with
vehicle or IA conditions demonstrated significantly fewer
myelinated axons and significantly greater amounts of
aberrant myelin (myelin deposited outside of axons)
compared to control explants or those treated with
media exchange (Fig. 5b, d, e, g). There was no significant
change in the % myelinated axons from 1R to 7R under

any treatment condition (Fig. 5e); however, at 7R, Ecu-
treated explants demonstrated approximately 50% more
myelinated axons compared to vehicle treated explants
and 15% more myelinated axons than IA-treated explants
(Fig. 5b).

Interestingly, at 7R, we detected significantly less
aberrant myelination in explants treated with Ecu and
media exchange than in vehicle- and IA-treated explants
(Fig. 5¢). When comparing 1R to 7R, explants treated
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with Ecu or media exchange showed a statistically signifi-
cant drop in the percentage of aberrant MBP (20% and
32%, respectively), suggesting active repair of inappropri-
ately placed myelin (Fig. 5g).

Discussion

We have employed an ex vivo cerebellar slice culture
model to examine the impact of C5 complement inhibi-
tion and AQP4-IgG depletion on NMO lesion evolution
and recovery. The interventions were designed to mimic
the potential effects of acute complement inhibition,
immunoadsorption, or ‘idealized’ PLEX in the treatment
of acute NMOSD relapse. Complement inhibition was
mediated by the C5 inhibitor eculizumab or by removal
of both AQP4-IgG and HC from explants (AMedia);
immunoadsorption was mimicked by the isolated deple-
tion of AQP4-IgG. Indeed, serum analyses following
single or multiple rounds of PLEX show variable reduc-
tions in serum complement levels and alterations in com-
plement activity [11, 33, 34]. In the NMOSD cerebellar
slice model, complement inhibition and complete media
exchange, but not immunoadsorption, limited the vol-
ume of tissue damage and astrocyte loss at 1 and 7 days
compared to vehicle control (Figs. 2 and 3). Similarly,
these two treatments lowered subsequent myelin and
axonal loss adjacent to the lesion border (Fig. 5b and c).
The ability of C5 complement inhibition to limit primary
and secondary injury indicates that AQP4-IgG bound to
tissue astrocytes remains poised to initiate CDC when
complement proteins are available, resulting in slow
expansion of the lesion penumbra.

During lesion recovery, immunoadsorption, com-
plement inhibition, and media exchange resulted in
increased numbers of actively myelinating (GSTpi+)
oligodendrocytes and an enhanced fraction of myelin-
ated axons (Figs. 4f and 5b); however, only complement
inhibition and media exchange demonstrated increased
numbers of PLP-eGFP + oligodendrocytes (Fig. 4e). The
emergence of GSTpi+ oligodendrocytes in eculizumab-
treated explants occurred earlier and outnumbered pro-
duction in IA-treated explants, where the timing and
generation of actively myelinating oligodendrocytes were
similar to that in vehicle-treated slices (Fig. 4c). While
the ratio of actively myelinating to total (GSTpi+/PLP-
eGFP+) oligodendrocytes normalized across treatment
groups, the lone expansion of mature oligodendrocytes in
explants treated with eculizumab or media exchange sug-
gests some impediment to maturation in IA- and vehicle-
treated conditions. While this may be due to the delay in
cessation of CDC and a lag in initiation of remyelination,
prior studies using the explant model have demonstrated
an impairment in the development of oligodendrocyte
precursors and actively myelinating oligodendrocytes
[19, 36]. In those studies, however, explants were exposed
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to a longer duration of AQP4-IgG CDC (8-20 h), thereby
possibly resulting in greater axonal injury or extensive
perturbations to the reparative milieu.

While the improved recovery of oligodendrocytes in
the explants treated with complement inhibitor might
simply be the result of more limited injury, the improved
fidelity of remyelination suggests that complement inhi-
bition may promote an environment favorable to remye-
lination. Aberrant myelination following AQP4-IgG CDC
was lower in eculizumab-treated slices than vehicle- or
IA-treated slices (Fig. 5d), and the amount of myelin not
associated with axons continued to reduce over the 7-day
recovery period (Fig. 5g). Aberrant myelination, resulting
in the presence of ectopic myelin, is observed in condi-
tions in which there is a mismatch of myelin supply and
axonal demand. Axonal loss, excessive oligodendro-
genesis, and altered microglial phagocytosis have been
shown to result in abnormal myelin targeting [1, 13]. In
the recovering explants, the increase in axon scaffold was
equivalent between vehicle-, IA-, and Ecu-treated slices
(Figs. 5f); therefore, it is unlikely that decreased ectopic
myelin in Ecu-treated slices resulted simply from axonal
loss. As the fraction of myelinated axons remained con-
stant in each treatment group, the diminishing fraction
of aberrant myelin in Ecu-treated explants may reflect a
direct alteration in the quality of remyelination through
modulation of microglial phagocytosis [13]. Indeed,
modulation of complement activity has been demon-
strated to alter both microglial synaptic engulfment and
myelin phagocytosis [30, 32].

For most metrics, the effects of eculizumab treatment
on NMOSD lesion extension and tissue repair were
indistinguishable from complete media exchange, an
approximation for an idealized single plasma exchange.
C5 complement inhibition and removal of both comple-
ment and AQP4-IgG from media showed no difference
in lesion area, astrocyte loss, oligodendrocyte loss, and
loss of the axonal scaffold, demonstrating the abrupt
and complete abrogation of CDC with eculizumab. The
percentage of myelinated axons in explants treated with
media exchange was greater than those treated with ecu-
lizumab at 7R, and the difference may reflect the signifi-
cantly higher density of axons noted in media exchange
explants at this time point. The amount of aberrant
myelination was not different between explants treated
with eculizumab or media exchange. As media exchange
immediately eliminates AQP4-IgG and complement
products and potentially lowers local proinflammatory
cytokines, the similar rates and quality of remyelination
may reflect the rapid inhibition of C5 cleavage resulting
in reduced secondary injury to oligodendrocytes and
neurons [7, 8, 14] and lower levels of myelin debris [17].

C5 complement inhibition with either eculizumab or
ravalizumab has been shown to markedly reduce the risk
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of NMOSD relapse compared to matching or histori-
cal placebo [24, 25]. Recently, improved recovery from
NMOSD relapse has been reported in patients receiv-
ing complement inhibitors. In case reports, NMOSD
patients with acute optic neuritis or brainstem and spi-
nal cord inflammation unresponsive to intravenous
methylprednisolone and PLEX, demonstrated improved
outcomes following treatment with eculizumab [5, 9].
Similarly, acutely relapsing NMOSD patients treated with
a Cl-esterase inhibitor showed favorable recovery and a
minimal need for PLEX [18].

The observations in our cerebellar explant model, how-
ever, have several limitations. First, lesions are entirely
dependent on CDC and develop independent of a
peripheral immune response [35]. Complement activa-
tion chemoattracts, activates, and degranulates polymor-
phonuclear cells that are prominent component of acute
NMOSD lesions [23, 35, 37]. Second, CNS injury from
AQP4-IgG may develop from complement independent
processes such as antibody-dependent cell-mediated
cytotoxicity [27, 28], AQP4 internalization [12], and
microglial activation [6]. And third, the explant system
may not faithfully recapitulate in vivo capabilities for
lesional repair. Developing cerebellar slices exhibit natu-
ral oligodendrogenesis and myelinogenesis that facilitate
oligodendrocyte repopulation, and the preferential pat-
tern of peripheral destruction in the ex vivo slice model
may limit astrocyte progenitor transformation and rep-
lication as a mechanism for tissue repair [10]. This lack
of astrocyte repopulation (Fig. 3d and e) following slice
injury could represent an artificial barrier to maximal
remyelination [22]. Further investigation of the effects
of acute complement inhibition in an animal model of
NMOSD lesion formation is needed [31].

In summary, complement inhibition with eculizumab
was superior to antibody depletion with mock immuno-
adsorption in limiting the evolution of NMO lesion for-
mation in an acute explant model. Eculizumab abruptly
stopped complement damage and significantly curtailed
astrocyte destruction and secondary injury to oligoden-
drocytes and neurons. In addition, lesion cessation by
complement inhibition enhanced oligodendrocyte recov-
ery and the fidelity of axonal remyelination. Therefore,
complement inhibition may offer unique benefits for
minimizing tissue injury, improving recovery from acute
NMOSD attacks, and optimizing patient care.

Conclusion

NMOSD is a recurrent autoimmune disorder of the CNS
that causes significant visual and neurologic morbidity.
Minimizing patient injury is contingent on both mini-
mizing the frequency and severity of NMOSD attacks.
CNS injury during an NMOSD attack is driven by patho-
genic AQP4-IgG that targets CNS astrocytes through the
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activation of complement-mediated cytotoxicity. Using
an established tissue explant NMOSD lesion model, we
compared the magnitude of tissue injury and extent of
lesion recovery after treatment with either the C5 com-
plement inhibitor, eculizumab, or a model of acute treat-
ment for NMOSD injury, immunoadsorption. In contrast
to immunoadsorption, C5 complement inhibition rapidly
and completely inhibited tissue injury, accelerated oligo-
dendrocyte recovery, and enhanced the fidelity of remy-
elination. Tissue survival and recovery were equivalent
to an idealized single round of plasma exchange. Com-
plement inhibition offers a potential promising clinical
approach to minimize injury and maximize recovery fol-
lowing acute NMOSD relapse.
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