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Abstract

Multiple sclerosis (MS) and neuromyelitis optica (NMO) are inflammatory demyelinating
disorders of the central nervous system (CNS) with evidence of antibody-mediated pathology.
Using ex vivo organotypic mouse cerebellar slice cultures, we have demonstrated that recombinant
antibodies (rAbs) cloned from cerebrospinal fluid plasmablasts of MS and NMO patients target
myelin- and astrocyte-specific antigens to induce disease-specific oligodendrocyte loss and myelin
degradation. In this study, we examined glial cell responses and myelin integrity during recovery
from disease-specific antibody-mediated injury. Following exposure to MS rAb and human
complement (HC) in cerebellar explants, myelinating oligodendrocytes repopulated the
demyelinated tissue and formed new myelin sheaths along axons. Remyelination was
accompanied by pronounced microglial activation. In contrast, following treatment with NMO rAb
and HC, there was rapid regeneration of astrocytes and pre-myelinating oligodendrocytes but little
formation of myelin sheaths on preserved axons. Deficient remyelination was associated with
progressive axonal loss and the return of microglia to a resting state. Our results indicate that
antibody-mediated demyelination in MS and NMO show distinct capacities for recovery
associated with differential injury to adjacent axons and variable activation of microglia.
Remyelination was rapid in MS rAb plus HC-induced demyelination. By contrast,
oligodendrocyte maturation and remyelination failed following NMO rAb-mediated injury despite
the rapid restoration of astrocytes and preservation of axons in early lesions.
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Recovery from MS or NMO damage induces distinct glia responses that result in differential
effects on myelin repair in ex vivo models. Astrocyte recovery is insufficient to drive
oligodendrocyte maturation in NMO lesions.
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INTRODUCTION

Myelin provides electrical insulation, ion homeostasis and trophic support (Menichella et al.,
2006; Morrison, Lee, & Rothstein, 2013; Nave & Trapp, 2008) to ensheathed axons.
Demyelination is critical in the pathogenesis of central nervous system (CNS) disorders such
as multiple sclerosis (MS) and neuromyelitis optica (NMO), severely impacting axonal
integrity and neuronal function (Lassmann, van Horssen, & Mahad, 2012). Following
pathological loss of myelin, remyelination, the formation of new myelin sheaths around
axons, occurs (Verden & Macklin, 2016). This process is performed by newly differentiated
oligodendrocytes, derived from oligodendrocyte progenitors (OPCs), wrapping and
producing myelin around axons. The benefits of remyelination on the restoration of neuronal
function have been well documented (Kremer, Gottle, Hartung, & Kury, 2016). While
remyelination occurs in MS, it is often inefficient, leading to permanent deficits and
dysfunction (Louapre et al., 2015; Lucchinetti et al., 2000). In NMO, remyelination is also
limited (Yao, Su, & Verkman, 2016). Currently, there are no therapies that restore myelin in
MS and NMO; therefore, understanding the mechanisms that promote and inhibit myelin
repair after inflammation injury is vital for developing remyelinative therapies.

Immunoglobulin G (IgG) deposition is a seminal feature of active MS and NMO lesions
(Breij et al., 2008; Lucchinetti et al., 2000; Lucchinetti, Bruck, & Lassmann, 2004). Clinical
and experimental data have demonstrated that AQP4-1gG is specific (range: 96%—99%) for
NMO (Waters et al., 2014) and capable of reproducing disease-specific pathology ex vivo
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and /n vivo. In contrast, the targets of the intrathecal humoral response in MS and their
relationship to disease pathogenesis are poorly understood. In surveys of biopsy- and
autopsy-derived MS tissues (Breij et al., 2008; Lucchinetti et al., 2000), the most prevalent
active lesion subtype (type I1) was defined by deposition of Ig and terminal complement at
the lesion edge and within macrophages indicating that antibody- and complement-mediated
myelin phagocytosis likely play a central role in demyelination in MS patients. A robust and
sustained humoral response within the CNS of MS patients is a biochemical hallmark of
disease as evidenced by persistent CSF IgG oligoclonal bands and B cell clonal expansion
(Hemmer, Cepok, Zhou, & Sommer, 2004; Ritchie et al., 2004).

We have produced 1gG1 monoclonal recombinant antibodies (rAbs) from clonally-expanded
plasmablasts recovered from NMO (Bennett et al., 2009) and MS (Blauth et al., 2015;
Owens et al., 2009) patient CSF. Patient-derived AQP4-specific monoclonal rAbs have been
used to direct targeted destruction of primary murine astrocytes and mixed glial cultures /n
vitro (Liu et al., 2016; Tradtrantip et al., 2012), cerebrum and spinal cord demyelination ex
vivo (Liu et al., 2017; Liu et al., 2016; Tradtrantip et al., 2012; Yao et al., 2016; Yao &
Verkman, 2017; Zhang, Bennett, & Verkman, 2011), and NMO disease-specific
histopathology /n vivo (Bennett et al., 2009; Bradl et al., 2009; Ratelade & Verkman, 2014;
Saadoun et al., 2010; Tradtrantip et al., 2012). NMO lesions in model systems are dependent
on both the AQP4-specificity and effector function of the administered 1gG, consistently
demonstrating that AQP-1gG is necessary and sufficient for NMO lesion formation. By
contrast, CSF-derived rAbs from early active MS patients (Blauth et al., 2015; Liu et al.,
2017) have demonstrated 2 patterns of CNS immunoreactivity. Pattern 1 rAbs bind to
neurons, neuropil and astrocytes in CNS tissues, while Pattern 2 bind to the surface of
oligodendrocyte processes and myelinating axons. When applied to organotypic cerebellar
slice cultures ex vivo, myelin-specific MS rAbs cause robust oligodendrocyte loss,
demyelination, and microglia activation; however, astrocytes, oligodendrocyte progenitors
and neurons remain unaffected (Liu et al., 2017). The injury is distinct from that induced by
AQP4-specific NMO rAb which results in astrocyte destruction, oligodendrocyte loss,
demyelination, microglia activation, and neuronal death (Liu et al., 2017).

In this study, we evaluated the recovery of cerebellar explants following MS and NMO rAb-
mediated injury and observed distinct patterns of glial responses that were coupled with
disparate capacities for remyelination. Our results highlight key differences in MS and NMO
lesion repair and establish a novel model system for evaluating mechanisms and therapies
that may impact recovery in two major human inflammatory demyelinating disorders.

MATERIALS AND METHODS

Animals

The care and euthanasia of animals are in accordance with University of Colorado IUCAC
policy for animal use, which is in agreement with the NIH Guide for the Care and Use of
Laboratory Animals.
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Recombinant Antibodies

Disease-specific and isotype control monoclonal recombinant antibodies (rAbs) MS#30,
NMO#53, and ISO were derived from expanded CSF plasma blast clones recovered from
patients with relapsing—progressive MS (Owens et al., 2009), AQP4-seropositive NMO
(Bennett et al., 2009), and idiopathic chronic meningitis (Blauth et al., 2015), respectively.
All rAbs were expressed as full-length bivalent human IgG1 antibodies using a dual vector
transient transfection system and purified with protein A-sepharose (Sigma-Aldrich, St.
Louis, MO) as previously described (Bennett et al., 2009; Owens et al., 2009). All rAbs
were used at 20ug/ml in the slice cultures.

Cerebellar Slice Culture

Sagittal cerebellar slices (300um) were prepared from PLP-eGFP mice (Mallon, Shick,
Kidd, & Macklin, 2002) at P10 and cultured on MilliCell 0.4pm membrane inserts
(Millipore, Billerica, MA) in slice media (25% Hank’s balanced salt solution (HBSS), 25%
heat-inactivated horse serum, 50% minimum essential media (MEM), 125mM HEPES,
28mM D-Glucose, 2mM L-Glutamine, 10U/ml penicillin/streptomycin, all from Life
Technologies, Carlsbhad, CA) at 37°C (Sheridan & Dev, 2012). Slices were cultured for 7-10
days prior to treatment.

Treatment of Cerebellar Slices

rAbs were applied at 20 ug/ml with 10% (vol/vol) normal human serum (Complement
Technology, Tyler, TX) as a source of complement. Cerebellar slices were exposed to media
containing treatment reagents both on top (50 pl) and below (240 pl) the membrane inserts
for 24 or 48 h, and then were washed and cultured for additional 7-14 days.

Immunostaining

After treatment, cerebellar slices were rinsed twice with PBS and fixed in 4%
paraformaldehyde in PBS for 20 min at room temperature. For immunohistochemistry, slices
were rinsed in PBS and permeabilized in 1.5% or 10% (myelin proteins) Triton X-100 in
PBS for 20 min. Slices were rinsed, blocked with 5% normal donkey serum (NDS) in PBS
with 0.3% Triton X-100 for 1 h, and incubated with primary antibodies overnight at room
temperature. Following 3 washes in PBS, Alexa Fluor-labeled secondary antibodies (Jackson
ImmunoResearch, West Grove, PA) were applied (1:800) overnight at room temperature,
washed 3 times in PBS and mounted in Fluoromount G (Southern Biotech, Birmingham,
AL). The following primary antibodies were used: goat anti-Sox10 (Santa Cruz), rat anti-
PLP (Yamamura, Konola, Wekerle, & Lees, 1991), mouse anti-AQP4 (Santa Cruz
Biotechnology, Dallas, TX), rabbit anti-S100b (Sigma), rabbit anti-GST-pi (Enzo), mouse
anti-Caspr (NeuroMAB), mouse anti-CC1 (Calbiochem), rabbit anti-GFAP (Sigma), rabbit
anti-MOG (Abcam, Cambridge, United Kingdom), mouse anti-MBP (Covance, Princeton,
NJ), chicken anti- Neurofilament-H (Neuromics, Minneapolis, MN), goat anti-lbal
(Abcam).
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Confocal images were acquired by Leica SP5 laser scanning microscope (Leica
Microsystems GmbH, Wetzlar, Germany).

Quantification and Statistical Analysis

RESULTS

Confocal images were quantified with ImageJ (National Institutes of Health open source).
To quantify the extent of myelination, we calculated the percentage of total neurofilament-H
staining that was co-labeled with MBP using a Matlab algorithm (MathWorks, Natick, MA)
(Liu et al., 2017). For each slice, 2-3 images were taken, quantified, and averaged. Slices
from 3-4 independent experiments were analyzed. Statistical analyses were performed by
unpaired Student’s ftest for single comparisons or by two-way ANOVA for grouped
comparisons using GraphPad Prism software. Data are expressed as means + SD of
independent experiments (n=3). Significance is reported for p<0.05.

We have previously demonstrated that patient-derived MS myelin-specific and NMO AQP-
specific rAbs bind to the surface of oligodendrocyte processes and astrocytes, respectively
(Supporting Information Figure S1; (Liu et al., 2017; Liu et al., 2016)). Due to their distinct
glial cell targets, patient-derived MS and NMO rAbs cause distinct patterns of glial and
neuronal injury in ex vivo organotypic cerebellar slice cultures (Liu et al., 2017). In this
study, we examined the recovery of explanted cerebellar tissue following MS and NMO
rAb-mediated damage.

Mature oligodendrocytes repopulate following treatment with MS rAb and human

complement

Cerebellar slice cultures prepared from PLP (proteolipid protein)-eGFP mice (Mallon et al.,
2002) were treated with myelin-specific MS rAb, MS04-2 #30 (MS#30) or isotype control
rAb (1SO) (Blauth et al., 2015) plus 10% human complement (HC) for 24 h. Following
treatment, rAb and HC were removed by media exchange, and slices were allowed to
recover in culture media (in the absence of rAb+HC) for an additional 14 days (Figure 1a).
In agreement with our prior published results (Liu et al., 2017), following 24 h of treatment
(TO) with MS#30+HC, eGFP+ oligodendrocyte cell bodies were reduced to 52.8+5.4 % of
control slices treated with ISO+HC, and oligodendrocyte processes were fragmented and
disrupted. After 3 days of recovery (T3), eGFP+ oligodendrocyte cell bodies and processes
began to repopulate the folia. At T7, oligodendrocyte cell bodies had recovered to
99.4+5.1% of control levels (ISO+HC at TO) and oligodendrocyte processes were extensive
and well-organized (Figure 1b, d). Similarly, Sox10+ oligodendrocyte lineage cells (Miron,
Kuhlmann, & Antel, 2011) were reduced after exposure to MS#30+HC and progressively
recovered to normal levels (103.5+2.8 % of control) by T7 (Figure 1c, d). Following
treatment with ISO+HC, there was a modest increase in the number of PLP-eGFP+ and
SOX10+ cells during the 14 days in culture (Figure 1b, d). Prior to treatment with rAb and
HC, most PLP-eGFP+ cells expressed CC1, a differentiated pre-myelinating
oligodendrocyte marker (Emery et al., 2009; Liu et al., 2016). Similarly, after recovery from
treatment with MS#30+HC, most PLP-eGFP+ oligodendrocytes were CC1+, indicating that
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regenerated oligodendrocyte cells were well-differentiated (Supporting Information Figure
S2). The number of mature myelinating oligodendrocytes was assessed by GST-pi+ (pi form
of glutathione-S-transferase) immunostaining (Tamura et al., 2007) (Figure 2a). After
exposure to MS#30+HC, the number of GST-pi+ oligodendrocytes was significantly reduced
at TO (57.4+4.8 %); however, by T7 the number had recovered to 102.3+8.1 % of untreated
control slices. At T7, approximately 75% of PLP-eGFP+ cells were GST-pi+, similar to that
observed in untreated slices (Figure 2b). Together, these results demonstrate that the rapid
loss of oligodendrocyte cells induced by treatment with MS rAb plus complement is
followed by robust regeneration, differentiation, and maturation into myelinating cells.

Efficient remyelination after MS#30+HC-mediated demyelination

We next investigated whether the regenerated myelinating oligodendrocytes can re-ensheath
axons. The extent of the axon/myelin association was assessed and quantified as a
percentage of neurofilament-H (NF-H) positive axons covered by myelin basic protein
(MBP). Demyelination was readily apparent 24 h (T0) after exposure to MS#30+HC
treatment and recovered over the subsequent 7 days in culture. The percentage of axonal
area co-localizing with MBP was 42.8+3.6 % at T0O, 69.1+15.0 % at T3, and 89.9+8.5 % at
T7. There were no measurable changes of axonal ensheathment in slices exposed to ISO
+HC from TO to T14 (Figure 3a, ¢). A concomitant increase of myelin proteins, such as PLP
and myelin oligodendrocyte glycoprotein (MOG) was observed contemporaneously with
remyelination (Figure 2b). In addition, remyelination was associated with restoration of
internode structures (Figure 3b). Paranodal contactin-associated protein (Caspr)
immunostaining was significantly reduced after treatment with MS#30+HC and gradually
reappeared in conjunction with restored myelin coverage (65.84+6.2 % at T0, 94.3+8.4 % at
T7, and 97.84£3.9 % at T14) (Figure 3b, d).

The level of myelin repair was not dependent on the extent of MS rAb-mediated
demyelination. When slices were exposed to MS#30 +HC for 48h, complete regeneration of
oligodendrocytes and extensive axonal ensheathment was still detected (Supporting
Information Figure S3) despite severe oligodendrocyte loss (73.1+4.4 %) and demyelination
(91.048.6 %) (Liu et al., 2017).

Remyelination following MS rAb-induced injury is associated with microglia but not
astrocyte activation

Astrocyte morphology and number were evaluated following treatment with MS#30+HC
using GFAP (glial fibrillary acidic protein), AQP4, and S100b (S100 calcium-binding
protein B) immunostaining. Consistent with our previous report (Liu et al., 2017),
demyelination with MS rAb had no immediate effect on astrocyte morphology or network
structure, and there were no additional changes during the 7 days of remyelination (Figure
4a). Astrocyte cell number also remained unchanged following injury and during
oligodendrocyte recovery (Figure 4b, c).

Microglia cell number and activation was assayed by Ibal (ionized calcium binding adaptor
molecule 1) immunostaining (Figure 5). Increased numbers of Ibal+ microglia were
observed in MS#30+HC-treated slices relative to ISO+HC sections at TO (56.5+8.3 %). As
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recovery ensued, the number of microglia peaked at T3 (39.5+8.1 % increase from TO, more
than double the number of microglia compared to ISO+HC) followed by a decline to IC+HC
levels by T7 (Figure 5a, b). Microglia in MS#30+HC sections altered their appearance from
a ramified morphology to an ameoboid-like shape consistent with activation (Salter &
Stevens, 2017). From TO to T3, microglia typically exhibited a reactive morphology with an
enlarged cell body containing limited short and thickened processes (Figure 5a, b). By T3
after MS#30+HC treatment, both total number and fraction of reactive microglia

(63.4+5.3 % and 17.6%4.4 %, respectively) were increased relative to TO (Figure 5b, c).
Overall, 71.7+£2.7 % of total microglia at T3 displayed a reactive morphology compared to
38.5+2.2 % in the ISO+HC control (Figure 5c). Following successful remyelination by T7,
most microglial morphology returned to the ramified shape with long, branching processes
and small cell bodies characteristic of resting cells. In the control ISO+HC treated sections,
resting ramified-shaped microglia were predominant from T1 to T7, though some microglia
at TO (~50%) displayed reactive morphology due to the pre-exposure of sections to HC at TO
(Liu et al., 2017) (Figure 5a, single cell panels). Overall, recovery from MS rAb-induced
demyelination in this model is coincident with extensive microglia but not astrocytic
activation.

A second myelin-specific rAb (MS rAb 07-7#49, MS#49) derived from CSF plasmablasts
of an isolated optic neuritis patient, who progressed to clinically-definite MS, displayed the
similar glial damage and demyelination pattern as MS#30 (Liu et al., 2017). Slices treated
with MS#49+HC demonstrated identical glial recovery and myelin repair pattern to that
observed with MS#30+HC. In the presence of HC, MS#49 caused oligodendrocyte loss,
demyelination and microglia activation (Supporting Information Figure S4, T0). Slices
recovering from MS#49+HC demonstrated oligodendrocyte repopulation and efficient
myelin repair (Supporting Information Figure S4a, b). Recovery from MS#49-induced
demyelination was also coincident with increased microglial activation at T3 (Supporting
Information Figure S4c).

Oligodendrocytes repopulate but fail to remyelinate following NMO rAb-induced damage

AQP4-specific NMO rAb treatment initiates complement-dependent astrocyte destruction
followed by loss of oligodendrocytes and demyelination (Liu et al., 2017). Cerebellar slice
cultures were treated with NMO rAb#53 (NMO#53)+HC for 24h, washed, and then
recovered in culture media for 7 days (Figure 6a). NMO#53+HC caused massive disruption
of the astrocyte network and loss of astrocyte cell number as visualized by AQP4, GFAP and
S100b immunostaining (see TO; Figure 6b, ¢). By T3, astrocyte morphology was restored to
baseline (Figure 6b; AQP4 and GFAP panels) and astrocyte cell number gradually increased
from 49.948.6 % of control at TO, to 73.9£3.5% at T3, and 95.2+8.3 % at T7 (Figure 6b, c;
S100b panels).

We next examined whether astrocyte repair coincided with oligodendrocyte repopulation and
myelin regeneration. The number of PLP-eGFP+ oligodendrocytes and Sox10+
oligodendrocyte lineage cells was significantly greater in the slices at T7 than TO (Figure
7a). At T7, the numbers of PLP-eGFP+ and Sox10+ cells were restored to 100.1+7.5 % and
93.8+9.6 % of 1ISO+HC control slices, respectively (Figure 7c). All the PLP-eGFP+
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oligodendrocyte cells recovering from NMO#53+HC treatment were CC1+, indicating that
regenerated oligodendrocyte cells had differentiated to the early myelinating stage
(Supporting Information Figure S2). Despite restoration of oligodendrocyte numbers, the
extension of eGFP+ processes from oligodendrocyte cell bodies was limited and fragmented
in appearance (Figure 7a, high magnification PLP-eGFP panels). In contrast,
oligodendrocyte processes were extensive and well-organized at T7 in slices recovering from
treatment with MS#30+HC (Figure 1b, high magnification PLP-eGFP panels). Moreover,
the number of GST-pi+ oligodendrocytes remained significantly reduced (48.7+3.4 % to
untreated controls) when compared to MS#30+HC slices at T7 (Figure 7b, c). Hence, in
NMO rAb+HC treated slices, differentiated early myelinating oligodendrocytes (CC1+)
repopulate but do not mature fully (GST-pi+).

Consistent with the lack of oligodendrocyte maturation, slices treated with NMO#53+HC
showed no restoration of axonal ensheathment or paranode immunostaining at T7 (Figure 7d
and data not shown). Even with extended recovery time (T14), myelin protein expression on
axons had not returned to baseline and axonal NFH staining showed increased deterioration
and fragmentation (Figure 7e). At T14, the number of PLP-eGFP+ oligodendrocyte cells
was comparable to that at T7 (data not shown). Together, these results indicate that astrocyte
repair in NMO is insufficient for complete oligodendrocyte maturation and remyelination.

Reduced microglia activation following NMO#53+HC-induced injury

Similar to that observed after treatment with MS#30+HC, Ibal+ microglia were significantly
increased at TO following exposure to NMO#53+HC (Figure 8a). However, in contrast to
MS rAb-treated slices, both total Ibal+ cell number and the reactive-shaped Ibal+ cells
gradually reduced during recovery from NMO rAb-induced demyelination (Figure 8a, b, c).
Because the extent of demyelination did not differ significantly between MS rAb- and NMO
rAb-treated slices at TO (Figures 2b, 7c) (Liu et al., 2017), increased microglia activation
during remyelination from MS#30-mediated injury may reflect more than debris clearance.

DISCUSSION

We have previously demonstrated that patient-derived MS and NMO rAbs target disease-
specific epitopes resulting in distinct patterns of glial and neuronal injury (Liu et al., 2017).
In the current study, we demonstrate that these disease-specific injuries establish distinct
environments that alter glial cell responses and remyelination (Table 1). Oligodendrocytes
repopulate after both MS- and NMO-mediated injury; however, while oligodendrocytes
mature fully into functional myelinating cells and form new myelin sheaths after exposure to
MS myelin-specific rAb and HC, regenerated oligodendrocytes fail to reach a functional
myelinating stage following NMO AQP4 rAb-mediated injury.

Remyelination has been studied in ex vivoand in vivo animal models and shown to be quite
robust (Verden & Macklin, 2016). In ex vivoslice culture systems using rodent brain or
spinal cord, efficient remyelination from lysolecithin-induced demyelination occurs 7 to 14
days after treatment removal (Birgbauer, Rao, & Webb, 2004; Miron et al., 2010; Zhang,
Jarjour, Boyd, & Williams, 2011). We observed a similar time frame for remyelination of
cerebellar slices after inflammatory demyelination induced by MS rAb and complement.
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Remyelination is often inefficient and limited in MS patients, leading to permanent deficits
and dysfunction (Louapre et al., 2015; Lucchinetti et al., 2000), and there are no therapies
proven to repair myelin damage in MS (Harlow, Honce, & Miravalle, 2015). Understanding
why remyelination often fails in MS after inflammation injury is essential to the
development of effective remyelination and repair strategies. To a certain extent, this failure
results from the inability of OPCs to successfully generate new mature myelinating
oligodendrocytes, although the underlying reasons for this are not yet fully understood
(Kremer et al., 2016). Dissecting the processes mediating recovery in the MS antibody-
driven cerebellar explant model may offer novel insights into mechanisms that govern post-
inflammatory remyelination.

There is limited histopathologic description of remyelination in human NMO lesions (Ikota,
Iwasaki, Kawarai, & Nakazato, 2010). This is due in part to our limited understanding of the
dynamics of NMO lesion formation and repair /77 vivo. NMO lesions demonstrate combined
astrocyte, oligodendroglial, and neuronal pathology that likely limit remyelination through
diverse mechanisms: (i) inhibition of oligodendroglial differentiation; (ii) inhibition of
oligodendrocyte progenitor migration through blood-brain barrier injury; and (iii) impaired
myelin wrapping secondary to irreversible axonal destruction (reviewed in (Weber, Derfuss,
Metz, & Bruck, 2018; Yao et al., 2016). It is unclear how primary astrocyte destruction
results in downstream oligodendrocyte loss, myelin destruction, and neuronal injury in
NMO lesions. Potential pathogenic mechanisms include excitotoxicity, altered ion
homeostasis, increased oxidative stress, and reduced axonal metabolic support from
astrocyte (Brown & Ransom, 2007; Ransom & Fern, 1997) (reviewed in (Bennett & Owens,
2017)). Identifying the link between astrocyte damage and demyelination may ultimately
help to understand the relative remyelination deficiency in NMO. The impaired microglial
activation observed in our ex vivo NMO injury model may be a factor in one or more of
these processes.

In our ex vivo cerebellar model, CC1+ differentiated oligodendrocytes were regenerated but
failed to mature to the myelinating stage despite the restoration of astrocyte cell numbers
and morphology. Yao et al. (2016) reported a similar lack of remyelination in cerebellar
slices treated with AQP4-specific antibody and human complement. Using low
concentrations of AQP4 rAb and human complement, they observed reduced CC1+
oligodendrocyte differentiation. The difference in oligodendrocyte differentiation observed
herein may be due to different genetic backgrounds (CD1 vs C57) and/or sources of human
complement. Differential oligodendrocyte progenitor damage might also account for the
reduced oligodendrocyte differentiation into CC1+ cells in that study (Yao et al., 2016). In
this study, recovery of slices from 24 h treatment of NMO#53+HC myelin involved
increased deterioration and fragmentation of axons at T7 and T14 (Figure 7). It is possible
that lack of remyelination leads to neuronal injury as indicated by fragmented axons.
Alternatively, injured neurons and reduced neuronal activity (Liu et al., 2017) may have
reduced signals that enhance oligodendrocyte ensheathment or produced inhibitory signals
that block oligodendrocyte maturation and myelination (Mount & Monje, 2017).

Although we and others have observed a rapid repopulation of astrocytes in cerebellar slices
recovering from NMO rAb-mediated damage, the regenerated cells may not function

Glia. Author manuscript; available in PMC 2019 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liuetal.

Page 10

equivalently to nascent astrocytes during recovery (Figure 7). There is abundant and growing
evidence for astrocytes to actively participate in both MS lesion development and repair
(Brosnan & Raine, 2013). It has been shown that reactive astrocytes are key players in
driving CNS inflammation and are directly implicated in suppressing remyelination in an
EAE model (Brambilla et al., 2014). Further characterization of the sub-type and function of
repaired astrocytes in lesions may reveal the role of astrocyte in remyelination suppression.

We previously reported that approximately 50% of OPCs are lost in slices treated with rAb
NMO#53+HC, whereas slices treated with MS#30+HC show no reduction in OPCs (Liu et
al., 2017; Liu et al., 2016). The equivalent repopulation of oligodendrocytes after both MS-
and NMO-mediated injury in the current study demonstrates that initial OPC differentiation
was not impaired by NMO rAb-mediated injury despite a lower number of surviving cells.
However, the failure of oligodendrocytes to reach a functional myelinating stage following
NMO#53-mediated injury indicates that the milieu produced by NMO-specific rAbs is not
conducive to full recovery, while that produced by myelin-specific MS rAbs is distinctly
conducive to complete remyelination.

We observed a significant difference in microglia activation following MS and NMO rAb-
mediated injury (Table 1). Microglial numbers and reactivity increased in slices recovering
from MS rAb+HC-induced damage (Figure 5), whereas microglial activation continually
declined during recovery from NMO rAb demyelination (Figure 8). Microglia are the
principal resident immune cells in the CNS and play an essential and versatile role in CNS
development, maintenance, repair (Sierra et al., 2016) and in pathological context (Salter &
Stevens, 2017; Wieghofer, Knobeloch, & Prinz, 2015). Although microglia-induced
neuroinflammation is implicated in the occurrence and progression of many neurological
disease models (Clark et al., 2016; Colonna & Butovsky, 2017), they also exhibit protective
and regenerative properties (Miron et al., 2013; Rice et al., 2017; Spangenberg et al., 2016;
Szalay et al., 2016) . In demyelination models, increasing evidence has suggested that
microglia play an important role in remyelination. Minocycline-induced inhibition of
microglia activation significantly impairs remyelination following ethidium bromide
injection in rat cerebellum (Li, Setzu, Zhao, & Franklin, 2005), and activation of microglia
or adoptive transfer of cytokine-induced adult microglia in the EAE model is associated with
milder disease and improved recovery (Mikita et al., 2011; Zhang, Lund, Mia, Parsa, &
Harris, 2014). In the cuprizone model of demyelination, genetic depletion of microglia
function in CX3CR1 knockout mice results in insufficient myelin debris clearance and
impaired remyelination (Lampron et al., 2015), and remyelination following focal
lysolecithin-induced demyelination in the mouse corpus callosum is impaired following
microglia depletion using clodronate liposomes. Conversely, in a traumatic spinal cord
injury mouse model, microglial activation by CNS IL-4 injection increases
oligodendrogenesis (Fenn, Hall, Gensel, Popovich, & Godbout, 2014), and oligodendrocyte
differentiation is enhanced /n vitro in the presence of microglia cells and conditioned media
(Miron et al., 2013).

Microglia function in remyelination likely involves phagocytosis of myelin debris and the
secretion of factors to recruit oligodendrocyte progenitors and promote oligodendrocyte
regeneration (Lloyd & Miron, 2016; McMurran, Jones, Fitzgerald, & Franklin, 2016; Olah
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et al., 2012). However, without any characterization of the regenerated oligodendrocytes in
these studies, it is not clear whether microglia promote oligodendrocyte progenitor
differentiation or oligodendrocyte maturation from the early myelinating to mature
myelinating stage. Following NMO rAb-mediated demyelination, there is limited microglial
activation and remyelination despite normal oligodendrocyte differentiation. Hence,
microglia activation may play an important role in the development of oligodendrocytes to a
mature myelinating stage. Understanding the role of microglial activation in the later stages
of functional remyelination will complement ongoing efforts to identify factors promoting
oligodendrocyte differentiation (Cole et al., 2017).

Recently, autoantibodies against myelin oligodendrocyte glycoprotein (MOG-IgG) have
been associated with various CNS inflammatory demyelinating diseases, such as acute
disseminated encephalomyelitis (ADEM), monophasic or recurrent optic neuritis (ON) or
transverse myelitis (TM), and AQP4-seronegative neuromyelitis optica spectrum disorders
(NMOSD) (Ramanathan, Dale, & Brilot, 2016). MOG-IgG, however, is rarely identified in
MS patients (Peschl, Schanda, et al., 2017). The MS patient-derived, myelin-specific rAbs
used in this study (MS#30 and MS#49) are not directed against MOG (Blauth et al., 2015;
Owens et al., 2009) and behave quite differently from patient-derived anti-MOG IgG. While
the murine anti-MOG monoclonal antibody 8-18-C5 causes complement-mediated
demyelination in /n vitro, ex vivo, and in vivo assays (Kerlero de Rosbo, Honegger,
Lassmann, & Matthieu, 1990; Linington et al., 1989; Saadoun et al., 2014), serum 1gG from
high-titer MOG-seropositive patients induces only mild complement-dependent tissue injury
in ex vivo organotypic slice cultures and produces no injury in the experimental autoimmune
encephalitis (EAE) Lewis rat model (Peschl, Bradl, Hoftberger, Berger, & Reindl, 2017).
Additionally, when tested alongside anti-AQP4 NMO rAb, intracerebral micro-injection of
MOG-positive serum IgG failed to induce CNS demyelination (Saadoun et al., 2014).
Therefore, the complement-mediated effects of MS patient-derived myelin-specific rAbs on
organotypic cerebellar slices are not merely representative of any myelin-specific
autoantibody but reflect MS-specific injury.

In summary, identifying distinct glia responses and effects on myelin repair in MS and NMO
will lead to a better understanding of the mechanisms governing remyelination in these
distinct disorders. This information will be crucial for the successful development of distinct
therapeutic strategies to facilitate recovery in affected patients. Our results suggest that
microglia activation may play a crucial role in promoting oligodendrocyte maturation and
effective remyelination. Importantly, astrocyte recovery is insufficient to drive
oligodendrocyte maturation in NMO lesions. Our novel ex vivo models of rAb-mediated
demyelination/remyelination will serve as new experimental models to identity potential
therapies that promote effective remyelination in MS or NMO.
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FIGURE 1.

Oligodendrocytes regenerate after treatment with MS#30 plus human complement (HC) was
removed. (a) Schematic depicting the treatment and recovery periods. Cerebellar slice
cultures prepared from PLP-eGFP mice were treated with 20 pg/ml MS#30 or isotype
control rAb (ISO) plus 10% HC for 24 h. Following treatment, rAb and HC were removed
by media exchange, and slices were allowed recover in culture media (in the absence of rAb
+HC) for an additional 14 days. Slices were fixed, stained, and imaged at TO, T1, T3, T7,
and T14. (b) Low and high magnification (upper and lower panels in MS#30+HC) confocal
images of PLP-eGFP in slices at TO, T1, T3, T7, T14. (c) Sox10 staining to visualize
oligodendrocyte lineage cells. (d) Quantification of PLP-eGFP+ or Sox10+ cell number in
slices. Cell count was normalized to control (ISO+HC treated) slice at TO. Statistical
analyses were performed by unpaired Student’s ftest. ***: p<0.001, ****; p< 0.0001, n=3-
4. Scale bars: 50pum.
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FIGURE 2.
Restoration of mature myelinating oligodendrocytes following treatment with MS#30+HC.

(@) Low (upper panels) and high (fower panels) magnification confocal images of PLP-eGFP
slices stained with GST-pi (red) to visualize myelinating oligodendrocytes at TO and T7 after
MS#30+HC treatment. (b) Cell count of PLP-eGFP+ or GST-pi+ cells in control slices (no
treatment) and slices recovered from MS#30+HC treatment at TO and T7. Statistical
analyses were performed by unpaired Student’s ¢test. ***: p<0.001, n=3-4. Scale bars:

50um.
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FIGURE 3.
Myelin repair after MS#30+HC demyelination. (a) At the indicated time points after

treatment withdrawal, slices were fixed, stained with antibodies against MBP (red) and NF-
H (blue), and imaged at low (upper panels) and high (/ower panels) magnification using
confocal microscopy. (b) Confocal images of slices treated with MS#30+HC and stained
with PLP, MOG or Caspr antibodies. (c) The coverage of MBP on NF-H+ axons was
calculated at various time points following treatment withdrawal and normalized against
control (ISO+HC treated slices) at TO. (d) The number of nodes of Ranvier (paired
paranodal Caspar expression) were totaled and then normalized against control (ISO+HC
treated slices) at TO. Statistical analyses were performed by unpaired Student’s ftest. *:
p<0.05, **: p<0.01, ****: p< 0.0001, ns: not significant, n=3-4. Scale bars: 50um.
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FIGURE 4.
Number and morphology of astrocytes following MS#30+HC treatment. (a) Confocal

images of cerebellar slices treated with either MS#30 or 1SO plus HC and stained for (a)
AQP4 and GFAP or (b) S100b. (c) quantification of S100b staining in slices. No significant
difference of S100b+ cells at TO and T7 in MS#30+HC treatment or between MS#30+HC
and ISO+HC. Statistical analyses were performed by multiple unpaired Student’s t test. ns:
not significant, n=3-4. Scale bars: 50um.
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FIGURE 5.

TO

T T3 T7
ISO+HC Hl MS#30+HC

Increased microglia activation in slices recovering from MS#30+HC treatment. (a) Confocal
images of slices stained with Ibal after MS#30+HC or ISO+HC treatment withdrawal.
Representative single cell images (/ower panels) indicate the morphological change of
microglia during the recovery time. (b and ¢) Quantification of total and reactive microglia
in slices at indicated time points after withdrawal of MS#30+HC or ISO+HC treatment.
Total (Ibal+) microglia were identified as reactive based on shortened and thick processes
and enlarged cell bodies. Statistical analyses were performed by multiple unpaired Student’s
ttest. **: p<0.01, ***: p<0.001, ****: p< 0.0001, n=3-4. Scale bars: 25um.
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FIGURE 6.
Astrocyte repair after treatment with NMO#53+HC. (a) Schematic depicting the treatment

and recovery periods. Cerebellar slice cultures prepared from PLP-eGFP mice were treated
with 20 pg/ml NMO#53 rAb plus 10% HC for 24 h. Following treatment, rAb and HC were
removed by media exchange, and slices were allowed recover in culture media (in the
absence of rAb+HC). Slices were fixed, stained, and imaged at TO, T3, and T7. (b) Confocal
images of slices stained with AQP4, GFAP or S100b at the indicated time points. (c)
Quantification of S100b+ cell number in slices. Cell count was normalized to control (ISO
+HC treated) slice at TO. Statistical analyses were performed by unpaired Student’s ¢test.
**: p<0.01, ***: p<0.001, n=3-4. Scale bars: 50um.
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FIGURE 7.
Oligodendrocyte repopulation without myelin repair following treatment with

NMO#53+HC. Low (upper panel) and high (lower panel) magnification confocal images of
(@) PLP-eGFP and Sox10 and (b) GST-pi in treated slices at TO and T7 (high magnification
in fower panelsin PLP-eGFP and GST-pi images). (c) Quantification of Sox10+, PLP-eGFP
+ and GST-pi+ cell number in slices. Statistical analyses were performed by unpaired
Student’s t test. **: p<0.01, ***: p<0.001, n=3-4. (d) Low (upper panel) and high (/ower
panel) magnification confocal images of slices stained with MBP (red) and NF-H (blue)
antibodies at TO and T7. (e) Confocal images of slices stained with PLP, MOG or NF-H
antibodies at TO, 7 and 14. Scale bars: 50um.
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FIGURE 8.
Microglia activation in slices recovered from NMO#53+HC treatment. (a) Confocal images

of slices stained with Ibal at TO, T3 and T7 following NMO#53+HC treatment withdrawal.
Representative single cell images (/ower panels) depict the morphological change of
microglia during recovery. (b and ¢) Quantification of total (Ibal+) and reactive (short, thick
processes with enlarged cell bodies) microglia in slices at the indicated time points
following NMO#53+HC treatment withdrawal.
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Summary of MS and NMO rAb induced glial responses during damage and repair in cerebellar slices.

Table 1.

Complement Recovery after treatment
dependent damage withdrawal
MS#30 oL loss@ mature myelinating OL regeneration
AST no change no change
Axon preserved preserved
Myelin demyelination remyelination
MG activation increased activation
NMO#53 | OL loss differentiated early myelinating OL
regeneration
AST loss@ regeneration
Axon preserved at early time? damage
Myelin demyelination no remyelination
MG activation reduced activation

a .
primary damage.

baxon preserved at 24 h, neuron cell death observed from 48 h of NMO#53+HC treatment ((Liu et al., 2017) and Figure 7).

Abbreviations:

OL oligodendrocyte

AST astrocyte

MG microglia.
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