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Abstract

Failure of the immune system to discriminate myelin components from foreign antigens plays a critical
role in the pathophysiology of multiple sclerosis. In fact, the appearance of anti-myelin autoantibodies,
targeting both proteins and glycolipids, is often responsible for functional alterations in myelin-producing
cells in this disease. Nevertheless, some of these antibodies were reported to be beneficial for
remyelination. Recombinant human IgM22 (rHIgM22) binds to myelin and to the surface of O4-positive
oligodendrocytes, and promotes remyelination in mouse models of chronic demyelination. Interestingly,
the identity of the antigen recognized by this antibody remains to be elucidated. The preferential binding
of rHIgM22 to sulfatide-positive cells or tissues suggests that sulfatide might be part of the antigen
pattern recognized by the antibody, however, cell populations lacking sulfatide expression are also
responsive to rHIgM22. Thus, we assessed the binding of rHIgM22 in vitro to purified lipids and lipid
extracts from various sources to identify the antigen(s) recognized by this antibody. Our results show that
rHIgM22 is indeed able to bind both sulfatide and its deacylated form, whereas no significant binding for
other myelin sphingolipids has been detected. Remarkably, binding of rHIgM22 to sulfatide in lipid
monolayers can be positively or negatively regulated by the presence of other lipids. Moreover, rHIgM22
also binds to phosphatidylinositol, phosphatidylserine and phosphatidic acid, suggesting that not only
sulfatide, but also other membrane lipids might play a role in the binding of rHIgM22 to oligodendrocytes
and to other cell types not expressing sulfatide.

Introduction

Multiple sclerosis (MS) is a chronic inflammatory disease of the central nervous system (CNS) whose
hallmark is the development of focal plaques of demyelination, which in turn leads to diffuse
neurodegeneration throughout the grey and white matter of the brain and spinal cord [1-3]. MS is the
most common cause of non-traumatic disability in young people, with an onset usually between 20-40
years of age [4], affecting 2.5 million people throughout the world [5]. Despite its high prevalence, multiple
sclerosis remains a challenging ailment to study. While genetic and environmental risk factors have been
associated with the onset of the MS, the etiology is unknown, the pathophysiologic mechanisms are
various, and the chronic and unpredictable course of the pathology represent a drawback when it comes
to defining whether the positive effects of short-term treatment will be sustained [3]. Currently the most
widely accepted hypothesis concerning MS pathogenesis is the autoimmune hypothesis, which proposes
autoimmune inflammation as the cause of demyelination, and auto-reactive leukocytes as disease
initiators [6—8]. A second hypothesis regarding MS onset is that the disease might be triggered by viral
infection. This hypothesis does not exclude the autoimmune hypothesis, considering that virus could
trigger the autoimmunity. Moreover, the viral infection might occur several years before the development
of the MS lesions [9, 10]. Nevertheless, both hypothesis remain unproven. There is, however, a third
hypothesis, defined as the oligodendrogliopathy hypothesis, based on neuropathological studies on MS,
which suggests that oligodendrocyte death and microglial activation are the initial event in MS lesion
formation, followed by immune responses to scavenge dead myelin. Contrary to the autoimmune
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inflammation, these immune responses seem to be permissive for oligodendroglial regeneration and
remyelination, consistently with the observation that removal of myelin debris is necessary for effective
remyelination [11]. Whether the immune response is the cause of the pathogenesis or simply a
consequence of the oligodendroglial cell death, the failure of the immune system to discriminate myelin
components from foreign antigens plays a critical role in the pathophysiology of MS. Several CNS myelin
proteins, including MBP, PLP, MAG and MOG, have been described as targets for autoantibodies in MS
[12-18]. In addition, increased serum levels of glycolipids and of anti-glycolipid antibodies have also
been reported in MS patients [19-23]. For example, it has been observed that some MS patients exhibit
enhanced antibody response against sulfatides [24, 25]. Moreover, recent evidence has shown that
increased levels of serum and cerebrospinal fluid sulfatides are found in MS patients and in their healthy
siblings, with stage-specific accumulation of different molecular species [26—28], suggesting that the
presence of sulfatide in these biological fluids could represent a risk/prognostic factor for the onset and
progression of MS.

Studies have also shown how anti-sulfatide antibodies can interact with the surface of cultured
oligodendrocytes and affect the lateral organization of sulfatide with myelin proteins with opposite
consequences (demyelination versus stimulation of myelin formation), depending on the type of
extracellular matrix protein prevalent in the culture environment [29]. Hence, these antibodies might play a
role in the onset of the disease, but they might also represent an important immunological tool for the
treatment of demyelinating diseases [30].

Recombinant human IgM22 (rHIgM22) is a remyelination promoting antibody, able to enter in the CNS, to
accumulate in the demyelinated lesions, and to promote remyelination in mouse models of chronical
demyelination [31, 32]. The antibody, currently being developed for MS treatment (ClinicalTrial.gov:
NCT02398461; NCT01803867), was reported to bind selectively to myelin and to the surface of
oligodendrocytes in vitro [30, 31]. However, the antigen recognized by rHIgM22 has yet to be identified.
Nevertheless, in vitro studies show that rHIgM22 binds CNS tissue sections with a pattern similar to that
of the anti-sulfatide antibody 04 [33], and that binding is abolished in CNS tissue sections from CST (-/-)
mice [34], suggesting that sulfatide or a molecule in the sulfatide synthesis pathway might play a role in
rHIgM22 antigen recognition. Indeed, in this paper we demonstrate that rHIgM22 binds to sulfatide in
vitro; this binding is specific and can be modulated by the presence of other lipids. In addition, rHIigM22
binds to phosphatidic acid, phosphatidylserine and phosphatidylinositol, suggesting that not only
sulfatide, but also other membrane lipids might play a role in the binding of rHIgM22 to oligodendrocytes.

Materials And Methods
Materials

HEPES, phosphate-buffered saline (PBS), Na3VO,, NaOH, CHCl;, CH;0H, polyisobuthylmethacrylate, O-
phenylenediamine (OPD), H,0,, Citric Acid, HCI, sucrose, Tris-HCI, Na,HPO,, DOPC (1,2-Dioleoyl-sn-
glycero-3-phosphocholine), n-octyl-B-D-glucoside, bovine serum albumin (BSA) were purchased from
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Sigma Aldrich. DMEM:F12, StemPro Neural Supplement, Accutase were purchased from /nvitrogen. EGF,
PDGF-AA, FGF-2 were purchased from Peprotech; NH,OH was purchased from Riedel-de Haén™;
penicillin/streptomycin, DMEM High glucose, bovine fetal serum (FBS), glutamine were purchased from
Euroclone Spa. MgS0,, CaCl,, 4-methoxybenzaldehyde (anisaldehyde), HPTLC were purchased from
Merck. HPA sensor chips and HBS-N Buffer were purchased from GE Healthcare Srl. HRP-conjugated anti-
Human IgM p-chain antibody has been purchased from Thermo Fisher Scientific, Inc.

Pure galactosylceramide (GalCer), sulfatide, phosphatidylcholine (PC), phosphatidylethanolamine (PE),
phosphatidylserine (PS) and phosphatidylinositol (Pl) were purchased from Avanti Polar Lipids; DOPC,
sphingomyelin (SM), and phosphatidic acid (PA) were purchased from Sigma Aldrich. Lysosulfatide was
purchased from Matreya. Gangliosides (GM3, GM2, GM1, GD3, GD1a, GD1b, GT1b), glucosylceramide
(GlcCer), glucosylsphingosine (GlcSph), and lactosylceramide (LacCer) were synthesized or extracted
from natural sources and purified in our laboratories.

Chrompure Human IgM has been purchased from Jackson Immuno Research, Inc., rtHIgM22 antibody
was provided by Acorda Therapeutics, Inc. (Ardsley, NY, USA).

Oligodendrocytes isolation

MGC cultures were prepared according to Watzlawik et al [35]. Oligodendrocytes were harvested, through
shaking procedure, from 8—10 days old mixed glial cell cultures, when the cell were mostly immature,
containing progenitor cells and immature oligodendrocytes. Briefly, microglia and dead cells are removed
with a 30-minute shake at 37°C, 150 rpm in Corning® LSE™ Benchtop Shaking Incubator. After an 18-20
hour shaking to detach oligodendrocytes, the cell suspension was plated twice on untreated, non-TC,
dishes to further remove microglia and astrocytes, before being centrifuged for 10 minutes at 8°C, 850
rpm. The supernatant was discarded, and the pellet suspended in oligodendrocyte precursor cells (OPC)
proliferative medium (DMEM:F12 1:1 containing 2 mM glutamine, 100 U/mL penicillin, 100 pg/mL
streptomycin, 2% StemPro Neural Supplement, 10 ng/mL EGF, 10 ng/mL PDGF-AA, 10 ng/mL FGF-2).
Media was replaced every 3/4 days and cells were carried using Accutase (Invitrogen). The cells obtained
with this method are mostly immature oligodendrocytes. To obtain mature oligodendrocytes,
differentiation medium containing 40 mM T3 was added to the cultured OPCs. The collected cells were
then stored at -80°C, before being lyophilized and subjected to lipid extraction.

Myelin isolation

Purification of myelin from mouse brain was performed using an optimized version of the protocol
described in [36]. Frozen brains from C57BL/6N wild type mice ranging from 2 to 4 months of age were
thawed at room temperature (RT) before removing the cerebellum and the meningeal membranes. Fifty
mg of tissue were suspended in 500 pL of 0.25 M sucrose in 10 mM Tris-HCI, pH 7.4 and Dounce
homogenized (10 strokes, tight) before being centrifuged at 500 g, 4°C for 10 minutes. The supernatant
was collected and further centrifuged at 21000 g, 4°C for 10 minutes with Ultra-centrifuge Beckman TL-
100. The supernatant was discarded, and the pellet was suspended in 500 pL of 0.25 M sucrose in 10
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mM Tris-HCI, pH 7.4 and then layered on top of 1250 pL of 0.88 M sucrose in 10 mM Tris-HCI, pH 7.4.
After this, the samples were centrifuged at 21000 g, 4°C for 10 minutes to separate the mitochondria from
the myelin vesicles. In fact, myelin will float on the surface whereas the denser mitochondria will pellet at
the bottom of the tube. The myelin vesicle layer was carefully recovered, suspended in an equal volume
of ice-cold water and then centrifuged at 21000 g, 4°C for 10 minutes. After discarding the supernatant,
the pellet was suspended in 500 pL of 0.25 M sucrose in 10 mM Tris- HCI, pH 7.4, layered on top of 1250
uL of 0.88 M sucrose in 10 mM Tris-HCI, pH 7.4 and centrifuged at 21000 g, 4°C for 10 minutes in order to
separate myelin from membrane debris. The myelin layer was carefully recovered, suspended in an equal
volume of ice-cold water and then centrifuged at 21000 g, 4°C for 10 minutes. The supernatant was
discarded, and the pellet was suspended in 120 pL of ice-cold water. Protein content was determined with
DC protein assays (Bio-Rad).

Sample preparation

Frozen brains from wild type (WT) C57BL/6N mice and acid sphingomyelinase knock-out (ASM(-/-))
mutant C57BL/6N mice were thawed at room temperature (RT). Meninges were removed, the brains were
minced with a surgical blade, suspended in ice-cold water and subjected to sonication. The samples were
then Dounce homogenized (10 strokes, tight) before being snap frozen and subsequently lyophilized.

Frozen rHIgM22-positive rat oligodendrocytes from Acorda were thawed at RT, suspended in ice-cold
water, snap frozen and then lyophilized. Cultured oligodendrocytes were collected after washing the
flasks and/or petri dishes twice with PBS containing 1 mM NazVO,. The cells were scraped twice in PBS
containing 1 mM Na3VO, and centrifuged at 3000 rpm, 4°C for 5 minutes. The supernatant was
discarded, suspended in ice-cold water, snap frozen and lyophilized.

Myelin, prepared from mouse brain following the procedure described in the previous paragraph, was
snap frozen and lyophilized.

Total lipid extraction, phase partitioning and alkali
treatment

Lipids from the lyophilized samples were extracted with CHCIl;:CH3;0H:H,0 20:10:1 (v/v/v) and subjected
to a modified two-phase Folch's partitioning to obtain the aqueous (Ag. Ph.) and the organic phases (Or.
Ph.) [37]. Briefly, 1550 pL of the solvent system were added to the lyophilized samples. The samples were
then mixed at 1100 rpm, RT for 15 minutes and centrifuged at 13200 rpm, RT for 15 minutes. The
supernatant was collected as Total lipid extract (TLE) and the extraction was repeated again twice by
adding the 1550 pL of the solvent system to the pellets. The pellets were air dried and suspended in 1M
NaOH and incubated overnight at RT before being with water to 0.05M NaOH to allow the determination
of the protein content with DC assay. Aliquots of the TLE were then subjected to phase partitioning
adding either 20% of water by volume. The samples were then mixed at 1100 rpm, RT for 15 minutes and
centrifuged at 13200 rpm, RT for 15 minutes. The Aq. Ph. were recovered, and CH3OH:H,0 1:1 (v/v) were
added to the organic phase before mixing the samples at 1100 rpm, RT for 15 minutes and centrifuging
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at 13200 rpm, RT for 15 minutes. The new aqueous phases were recovered and united to the ones
previously collected. The organic phases were dried under N, flux and suspended in a known volume of
CHCI3:CH30H 2:1 (v/v). Aliquots of the organic phases were then subjected to alkali treatment to remove
glycerophospholipids [37].

Thin Layer Chromatography (TLC)

Lipids and samples were separated using HPTLC plate (silica gel 60 HPTLC, Merck) with the following
solvent systems: CHCI;:CH30H:H,0 110:40:6 (v/v/v) for sulfatide, lysosulfatide, neutral glycolipids,
methanolized organic phases and phospholipids; CHCI;:CH;0H:CaCl, 0,2% 50:42:11 (v/v/v) for S1P and
gangliosides. After separation, lipids were detected either by spraying the TLC plates with the colorimetric
reagent anisaldehyde or by TLC immunostaining.

TLC immunostaining

After chromatographic separation, the TLC plates were coated three times with a
polyisobuthylmethacrylate solution [37], and air dried for 1 hour at room temperature (RT) before being
immersed in blocking solution (3% BSA in PBS) for 1 hour, RT. After washing thrice (1 min each) with PBS,
the plates were incubated with rHIgM22 or isotype human IgM (Chrompure Human IgM; Jackson
Immunoresearch; negative control) at 0.5, 2.5 or 5.0 yg/mL in 1% BSA in PBS, overnight at 4°C. After the
incubation with the primary antibody, the plates were washed three times with PBS, incubated with an
HRP-conjugated anti-Human IgM p-chain antibody for 1 hour, RT, and developed using O-
phenylenediamine (OPD)/H,0, in 0.05 M citrate-phosphate buffer pH 5.0.

Surface plasmon resonance

SPR experiments were performed using a BIAcore 3000 analytical system (GE Healthcare, Uppsala,
Sweden) with HPA sensor chips. Different amounts of sulfatide (1-1x10"" = 1x1072 - 1x10™3 - 5x10™*
umol) or of lysosulfatide (1x10™" = 5x10™ " pmol) in CHCI;:CH30H 2:1 (v/v) were mixed with 1 pmol of
DOPC, either alone or in presence of different amounts of a second lipid (cholesterol, GalCer, SM), and
dried under N, flux. The residue was then suspended in 200 pL HBS-N buffer (20 mM 4-(2-
hydroxyethyl)-1-piperizineethanesulfonic acid (HEPES) pH 7.4, 150 mM NaCl), mixed with a vortex mixer
and sonicated for 15 minutes with a water bath sonicator. The solutions were then filtered using a 0.22
um polyvinylidene difluoride (PVDF) syringe-driven filter unit (Merck). The sensor chip was pretreated with
40 mM n-octyl-B-D-glucoside and the liposome solutions were immobilized on the chip for 30 min at a
flow rate of 2 yL/min, using HBS-N buffer as running buffer. The chip surface was then washed with 50
mM NaOH for 1 min at 5 yL/min, and blocked with 100 pg/ml bovine serum albumin (BSA) before
proceeding with the analysis. For analysis, 5 pg/mL of rHIgM22 or control IgM were injected at a flow rate
of 10 yL/min. Signals generated in a negative control cell without target lipid have been subtracted from
the experimental values. Quantitative evaluation of the binding and dissociation reactions were
performed using the software BlAevaluation version 3.1 [38].

Other Experimental Procedures
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The protein content was determined by the Bio-Rad DC assay kit using BSA as the reference standard.

Statistical analysis

Experiments were run in triplicate, unless otherwise stated. Data are expressed as mean value = SD and
were analyzed by one-way analysis of variance followed by Student-Neuman-Keul's test. p-values are
indicated in the legend of each figure.

Results
Binding to sulfatide

The myelin membrane has a high lipid content and is enriched in glycolipids [39, 40]. In particular,
galactosylceramide (GalCer) and sulfatide account, respectively, for about 20 and 5% of myelin lipids [41,
42]. rHIgM22 binds to myelin and to the surface of oligodendrocytes in vitro [31, 34]. Moreover it binds to
CNS tissue sections with a pattern similar to that of 04, an anti-sulfatide antibody [33], suggesting that
sulfatide could be one of the antigens recognized by this remyelination-promoting antibody.

Binding of rHIgM22 to different amounts (from 0.05 to 10.00 nmol) of purified sulfatide from commercial
sources was assessed through TLC immunostaining (Fig. 1). The assays were performed using different
concentrations (0.5-2.5-5.0 pg/mL) of rHIgM22 or of a non-immunogenic human IgM (negative control),
as detailed in Materials and Methods. rHIgM22 was able to bind pure sulfatide with a signal detectable
from 0.5 nmol of the target lipid and proportional to its amount. The binding decreased if the
concentration of the antibody was lowered, however the intensity of the signals was not quantitatively
proportional to rHIgM22 concentration, at least below 2.5 pg/mL. A cross-reactivity of the control human
IgM was also observed, however it was significantly lower than that of rHIgM22 for all experimental
points, except for the IgM concentration of 0.5 pg/mL.

Thin layer chromatographic of different amounts of purified sulfatide (from 0.05 to 10.00 nmol) was
performed using CHCl3:CH30H:H,0 110:40:6 (v/v/v) as solvent system. Following chromatography, the
TLC plates were subjected either to colorimetric detection with anisaldehyde reagent (A) orto TLC
immunostaining with different concentrations (0.5, 2.5 and 5.0 pg/mL) of rHIgM22 or control Human IgM
(B), as described in “Methods”. Optical density (OD) of each band was calculated by densitometry; the
data are expressed as mean + SD of three independent experiments (C).

On the basis of these results, surface plasmon resonance experiments were set up with the purposes 1)
to verify the specificity of rHIgM22 binding to sulfatide; 2) to allow a more quantitative analysis of the
binding; 3) to perform experiments under conditions allowing a more physiological presentation of the
antigen. Binding of rHIgM22 to different amounts of sulfatide (from 5x10™ % to 1 pmol), in DOPC
monolayers, was analyzed using sensor chips HPA.As shown in Fig. 2, rHIgM22 binding was significantly
higher than the binding of the control IgM for all experimental points. Furthermore, the shape of the
sensorgram was consistent with a specific binding for rHigM22, and the binding response increased with
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an increase of the amount of sulfatide present in the monolayers. Taking into account the values of
maximum response and the prompt return to the baseline upon antibody removal, the DOPC:sulfatide
1:1x10~2 molar ratio was selected for further experiments aimed to analyze the binding response of
rHIgM22 for monolayers containing different lipids. Under these experimental conditions, the binding
response of rHIgM22 to sulfatide containing monolayers was consistent and highly reproducible

(Fig. 2C).

DOPC (1 pmol) was mixed with different amounts of sulfatide (from 5x10™# pmol to 1 umol) and dried.
The lipid mixture was suspended in HBS-N buffer, mixed vigorously and sonicated. The resulting
liposomes were immobilized on a HPA sensor chip. The surface was washed briefly with 50mM NaOH
and blocked with 100 pg/mL BSA. For analysis, 5 pg/mL rHIgM22 or Human IgM were injected. The
binding of the two antibodies is represented as a sensorgram (A) and also as maximum response (B).
Maximum response is expressed as mean = SD of three independent experiments; * p<0.05 versus
control. Reproducibility of the binding response under the experimental conditions DOPC:sulfatide 1:

1x10™2 molar ratio is shown in (C).

Effect of different lipids on the binding of rHIgM22 to
sulfatide containing monolayers

Previous studies, performed using model membranes, have shown that antibody recognition of sulfatide
is affected by the membrane lipid microenvironment. In fact, it has been seen that in a polyclonal anti-
sulfatide serum fewer antibodies were able to recognize their own target in a sphingomyelin/cholesterol
environment than in a phosphatidylcholine/cholesterol environment. Moreover, length and hydroxylation
of fatty acid chain of PC or of SM seemed to restrict the recognition to higher affinity antibodies [43, 44].

Therefore, to verify whether the binding of rHIgM22 could be affected by lipid microenvironment, antibody
binding to sulfatide containing monolayers was assessed through surface plasmon resonance
experiments. In these experiments, monolayers were prepared by mixing a fixed amount of DOPC and of
sulfatide, respectively 1 pmol and 1x10~2 pmol, with a third lipid using either molar ratios corresponding
to those found in the myelin membrane or a 10-fold higher amount of the third lipid, possibly reflecting
the molar ratio expected for a lipid raft-like microenvironment. Binding analysis revealed that the binding
response of rHIgM22 to sulfatide containing monolayers was reduced in the presence of either GalCer
(6.6x10™ 1 or 6.6x10” 2 pmol) or cholesterol (1x10™ " pmol), while the addition of SM (1.2x10~2 umol) to
the monolayers resulted in a higher binding (Fig. 3). These finding suggest that the presence of different
lipids, at a certain density might be required to allow an optimal recognition of the antigen by rHIgM22.

Liposomes composed of DOPC (1 pmol), a fixed amount of sulfatide (1x10~2 pmol) and different
amounts of GalCer (6.6x10™ 1 pmol or 6.6x10™2 umol), Cholesterol (1x10~ 1 ymol), or SM (1.2x10~ " umol)
were prepared as described in “Methods”. The liposomes were immobilized on an HPA sensor chip. For
analysis, 5 pg/mL rHIgM22 or human IgM were injected. The binding of the two antibodies is represented
as maximum response. Data are expressed as mean  SD of three independent experiments.
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Binding to lysosulfatide

The deacylated form of sulfatide, lysosulfatide, is present as a minor component in the normal CNS but
its levels can be increased as a consequence of some pathological conditions, such as metachromatic
leukodystrophy [45, 46]. Considering that sulfatide and lysosulfatide bear the same 3-O-sulfo-galactose
head group, the binding of rHIgM22 to lysosulfatide was analyzed. The binding to lysosulfatide was
assessed using both TLC immunostaining and SPR experiments and, in both experimental settings, the
antibody resulted able to bind the lipid. In TLC immunostaining assay (Fig. 4A), rHIgM22 was able to
recognize lysosulfatide, even though the binding resulted significantly lower than that to sulfatide for
equimolar amount of the two lipids. Nevertheless, surface plasmon resonance experiments confirmed
that the binding of rHIgM22 to the lysolipid was specific (Fig. 4B).

Thin layer chromatographic of different amounts of purified lysosulfatide (from 0.05 to 10.00 nmol) was
performed using CHCl3:CH30H:H,0 110:40:6 (v/v/v) as solvent system. Following separation, the TLC
plates were subjected either to colorimetric detection with anisaldehyde reagent, orto TLC
immunostaining with rHIgM22 or human IgM, as described in “Methods”. Optical density (OD) of each
band was calculated by densitometry; the data are expressed as mean + SD of three independent
experiments (A). Liposomes composed of DOPC (1 pmol) and different amounts of lysosulfatide (1x10™"
pmol or 5x10™ " pmol), prepared as described in “Methods”, were immobilized on an HPA sensor chip. For
analysis, 5 pg/mL rHIgM22 or human IgM were injected. The binding of the two antibodies is represented
as maximum response. Data are expressed as mean + SD of three independent experiments; * p<0.05
versus control (B).

Binding to glycolipids and sphingosine 1-phosphate

As mentioned in previous paragraphs, the myelin membrane has a high lipid content and is enriched in
glycolipids (31% vs. 7% for liver cell plasma membranes) [47], in particular galactosylceramide [48].
Another major component of the myelin membrane is sphingomyelin (~ 5% of total lipids). On the other
hand, gangliosides, the most abundant glycosphingolipids in the nervous system, are a minor
components of the myelin membrane (< 1% of total lipids) [49]. Binding of rHIgM22 to different
sphingolipids was assessed using TLC immunostaining. rHIgM22, at 5.0 pg/mL, showed no significant
binding to GalCer, LacCer, SM, nor to any of the mono- (GM3, GM2, GM1) and polysialogangliosides (GD3,
GD1a and GD1b) analyzed (Fig. 5A, C). As a recent paper from Nair S. et al [50], reported that
immunoglobulins present in the sera of patients with monoclonal gammopathies are reactive not only
against lyso-PC, but also against glucosylsphingosine (GlcSph, lyso-GlcCer), so binding to
glucosylsphingosine was assessed. Due to its role as a precursor for the synthesis of GlcSph, the binding
to glucosylceramide (GlcCer) was also analyzed.

Binding of rHIgM22 to sphingosine 1-phosphate was also assessed using TLC immunostaining. Neither
rHIgM22, nor control IgM, however, showed a significant binding to GlcSph, GlcCer or sphingosine 1-
phosphate (Fig. 5B).
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Binding of rHIgM22 to different neutral glycolipids, S1P and gangliosides was assessed using TLC
immunostaining. Different amounts of purified GalCer, LacCer and SM (from 0.05 to 10.00 nmol) or
GlcSph, GlcCer (from 2.00 to 8.00 nmol) were separated on TLC plates using CHCl;:CH30H:H,0 110:40:6
(v/v/v) as solvent system; while for separation of STP (from 1.00 to 4.00 nmol) and gangliosides (4.00
nmol), CHCI;:CH3;0H:CaCl, 0,2% 50:42:11 (v/v/v) was used as solvent system. Following separation, the
TLC plates were subjected either to colorimetric detection with anisaldehyde reagent (A) orto TLC
immunostaining with 5.0 pg/mL of rHIgM22 or Human IgM (B), as described in “Methods”.

Binding of rHIgM22 to lipid extracts from biological
samples

The results obtained from the experiments on pure lipids suggest that rHIgM22 binds to pure sulfatide
and, with a lesser affinity, to lysosulfatide, whereas it does not show any significant binding to any other
sphingolipid. The experiments that will be described in this section were aimed to analyze the binding of
rHIgM22 to lipid mixtures obtained from a variety of relevant biological samples. Using standard lipid
extraction and purification procedures, we have prepared a total lipid extract that has been further
fractionated as described in Materials and Methods. Total lipid extracts and organic phases from
different CNS cells and tissues (mixed glial cells, mice brain, oligodendrocytes, and myelin) were
analyzed (data not shown) however, the presence of glycerophospholipids in these samples strongly
affected the binding of both rHIgM22 and control IgM. Both the antibodies, in fact, showed a binding to
multiple bands with an intensity that was not proportional to the amount of the lipid samples. Therefore,
even if the amount of sulfatide theoretically present in the samples was comparable to the amount
detectable using pure sulfatide, the identification of signals corresponding to sulfatide was impossible.
The removal of glycerophospholipids through alkali treatment of the organic phases proved to be a
useful tool for the analysis of the binding of rHIgM22. When the binding of rHIgM22 to the methanolyzed
organic phases, devoid of glycerophospholipids, was assessed through TLC immunostaining, a double
band co-migrating with the sulfatide standard was detectable in all the samples analyzed (Fig. 6). The
control IgM also shows a weak reactivity for the same antigen however the binding of control IgM is
significantly lower than that of rHIgM22 in all the analyzed samples.

Methanolyzed organic phases (Or.Ph.Met) (amounts equivalent to 150 g protein) obtained from wild
type mouse brain, ASMKO mouse brain, rHIgM22-positive OPC and mouse myelin, as described in
“Methods”, were separated on TLC plates using CHCl;:CH30H:H,0 110:40:6 (v/v/v) as solvent system.
After chromatographic separation, the plates were subjected to TLC immunostaining with 5.0 pg/mL of
rHIgM22 or human IgM (B), as described in “Methods”.

Binding to glycerophospholipids

From a quantitative point of view, the most significant lipids present in the myelin membrane, comprising
65% of the total lipid dry weight, are cholesterol, GalCer and phosphatidylethanolamine (PE), the latter
consisting in large part of plasmalogens [51]. This, coupled with the observation of a binding of both
rHIgM22 and control IgM to glycerophospholipids in total lipid extracts, lead us to assess the binding of
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the two antibodies to purified glycerophospholipids through TLC immunostaining. Under experimental
conditions similar to those used to assess binding to sulfatide, rHIgM22 showed no significant binding to
PC. Both rHIgM22 and control IgM bind PE, thus we regarded this binding as non-specific rHIgM22, on the
other hand, showed a significant binding to phosphatidic acid (PA), phosphatidylserine (PS) and
phosphatidylinositol (PI). In these cases, the control IgM gave no significant binding, suggesting that
binding of rHIgM22 to these lipids might be specific (Fig. 7).

Binding of rHIgM22 to different phospholipids was assessed using TLC immunostaining. Different
amounts (from 0.10 to 10.00 nmol) of purified phosphatidylcholine (PC), phosphatidylethanolamine (PE),
phosphatidic acid (PA), phosphatidylserine (PS) and phosphatidylinositols (PI) were subjected to
chromatography on TLC plates using CHCI;:CH30H:H,0 110:40:6 (v/v/v) as solvent system. After
chromatography, the TLC plates were subjected either to colorimetric detection with anisaldehyde reagent
(A) or to TLC immunostaining with 5.0 pg/mL of rHIgM22 or Human IgM (B), as described in “Methods”.

Discussion

MS is characterized by the development of focal areas of demyelination on a background of
inflammation. As of now there is no actual cure for MS, and the current FDA approved therapies mainly
target the inflammatory component, in order to contain myelin damage. Some of these strategies
however, for example the use of Fingolimod, are also able to increase the efficiency of the remyelination
process [52-55]. In most mouse models, remyelination is a spontaneous process, occurring in response
to demyelination, and leads to functional recovery. In MS in humans, however, this process is poorly
efficient and its failure ultimately results in axonal dysfunction, degeneration, and loss of sensory and
motor function [56]. For this reason, therapies that increase the chances of the regenerative outcome of
demyelination have been getting more and more attention recently. The strategies that are currently being
developed to increase efficiency of remyelination can be grouped as follows: 1) cell transplant, involving
the transplantation of myelination-competent cells directly into lesion sites [57, 58]; 2) promotion of repair
by the resident CNS stem- and precursor-cell populations, through the administration of growth, trophic,
and neuroprotective factors [59]; 3) use of CNS reactive antibodies to induce remyelination [60]. Two of
these remyelination promoting antibodies, BIIBO33 and rHIgM22, are currently in clinical trial for MS
treatment. The first is an anti-LINGO-1 IgG acting on LINGO-1, a protein known to inhibit remyelination via
RhoA activation, and is currently being tested in a Phase Il study in relapsing-remitting MS
(ClinicalTrial.gov: NCT01864148). The second antibody, instead, is an IgM sharing several features with
naturally occurring antibodies and is currently undergoing a phase I clinical trial aimed to evaluate safety
and tolerability in relapsing MS patients (ClinicalTrial.gov: NCT02398461), after the first phase | clinical
trial in MS patients was completed successfully (ClinicalTrial.gov: NCT01803867). This antibody,
rHIgM22, first identified from a patient with Waldenstrom macroglobulinemia, has been shown to bind
selectively to myelin and to the surface of oligodendrocytes in vitro [30, 31]. Moreover, there is evidence
showing that this antibody is able to enter the central nervous system, accumulate in the demyelinated
lesions, and promote remyelination in mouse models of chronical demyelination [31, 32]. The signaling

Page 12/28



mechanisms through which this antibody exerts its function is still unclear, even if recent evidence
suggests the involvement of a pathway involving Lyn and ERK cascade, which leads to inhibition of the
apoptotic pathway and also to inhibition of OPCs differentiation and promotion of OPCs proliferation [35,
61]. Lyn activation seems to be subsequent to an rHIgM22 mediated reorganization of a signaling
complex which includes Lyn itself, integrin avB3 and PDGFaR [34, 62]. Nevertheless, the actual binding
target of rHIgM22 has yet to be identified. Evidence suggests that the antigen recognized by rHIgM22
could be associated with plasma membrane lipid rafts and that this target could be represented either by
a sulfated glycolipid or by a multimolecular complex including a sulfated antigen. rHIgM22, in fact, binds
the CNS tissues with a pattern similar to that of 04, an anti-sulfatide antibody (even if probably other
molecules are as well recognized by 04 [63, 64]. Moreover, binding of rHIgM22 is abolished in CNS
tissues from CST (-/-) mice, suggesting that the antigen recognized by rHIgM22 could be one or more
CST-sulfated antigens present in myelin and on the surface of oligodendrocyte [33, 34]. On the other
hand, it is known that the expression of several myelin proteins is deeply altered in CST (-/-) mice [65].

The analysis of the binding of rHIgM22 to different amounts of sulfatide, tested with different techniques
(TLC immunostaining and surface plasmon resonance assays), revealed that rHIgM22 is indeed able to
recognize sulfatide in vitro. Moreover, SPR experiments, where antigen presentation is closer to the one
happening in a biological membrane respect to TLC immunostaining, showed that the binding of this
remyelination promoting antibody to sulfatide is specific, suggesting that sulfatide could actually be one
of the molecular targets of rHIgM22. Interestingly, rHIgM22 is also able to recognize lysosulfatide, the
deacylated form of sulfatide, usually present in the normal CNS as a minor component, but whose levels
can be increased in some pathological conditions, such as metachromatic leukodystrophy, a
demyelinating disease [45, 46, 66]. Moreover, the binding of rHIgM22 to lysosulfatide is specific. In both
cases, however, the affinity resulted quite low if compared to that of other known anti-glycolipid
antibodies, such as the anti-lactosylceramide T5A7, for their own target [38]. Evidence reported in the
literature, on the other hand, shows that, in model membranes, antibody recognition of sulfatide is
affected by the membrane lipid microenvironment. This evidence suggests that the lipid environment
might play a role in the determination of the surface topology of sulfatide. Distinct populations of anti-
sulfatide antibodies show a different reactivity to sulfatide in a dipalmitoyl-PC/cholesterol environment or
in a sphingomyelin/cholesterol environment. Moreover, length and hydroxylation of fatty acid chain of PC
or of SM seem to restrict the recognition to higher affinity antibodies [43, 44]. Interestingly, our data
obtained using SPR assays suggests that the binding of rHIgM22 to sulfatide might be affected by the
composition of the lipid microenvironment. In particular, the presence of either GalCer or cholesterol lead
to a reduction of the binding of rHIgM22 to sulfatide-containing monolayers, whereas SM has the
opposite effect, suggesting that that the presence of different lipids, at a certain density, might be
required to allow an optimal recognition of the antigen by rHIgM22. Sulfatide topology, distribution and
dynamics in phospholipid bilayers, however, is also affected by the presence of proteins that are
supposed to be physiologically relevant partners of sulfatide, such as myelin basic protein (MBP) [67, 68].
Furthermore, several studies highlighted a role of external factors, like the presence of soluble sulfatide
binding proteins [69], pH [70, 71], and the presence of cations [72, 73] in the dynamics and distribution of
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sulfatide in phospholipid bilayers. This suggests that the binding of rHIgM22 to sulfatide in
oligodendrocytes and in myelin could be affected by a plethora of factors, and could actually be different
than the one observed in the in vitro experiments.

The analysis regarding the binding of rHIgM22 was not limited to sulfatide and its deacylated form.
Considering that glycerophospholipids in myelin represent approximately 43% of the total dry weight [49],
and that we observed a diffuse binding of both rHIgM22 and control IgM to glycerophospholipids in total
lipid extracts, the binding of rHIgM22 to several pure glycerophospholipids was assessed through TLC
immunostaining. This set of experiments revealed no significant binding of rHIgM22 to PC, the most
abundant phospholipid in any biological membrane, or to its deacylated form, lyso-PC, whereas a non-
specific weak binding to PE, and a specific binding to PA, PS and Pl was observed under experimental
conditions similar to those used to assess binding to sulfatide. These lipids are usually enriched in the
cytoplasmic leaflet of the plasma membrane, nevertheless the start point of several important biological
processes causes a redistribution of PS from the inner to the outer, surface of the plasma membrane. For
example, during the blood-clotting cascade, the transbilayer asymmetry of PS in the plasma membrane
of activated platelets is markedly altered so that PS becomes exposed on the cell surface [74, 75]. During
sperm maturation, the asymmetric distribution of PS in the plasma membrane changes and PS becomes
exposed on the surface of the sperm [76]. The well-characterized process where there is a transbilayer
movement of PS from the inner to the outer leaflet is during the early stages of apoptosis: the exposure of
PS on the surface of apoptotic cells ("eat me" signal) has been identified as both an early event in
apoptosis and a prerequisite for engulfment of these cells by phagocytic cells [77-80]. In addition, the
exposure of PS on the surface of red blood cells serves as a signal for eryptosis [81]. Furthermore, lyso-
PS (PS hydrolysis product) is exposed on the surface of activated and dying neutrophils thus initiating
the clearance of these cells during acute inflammation [82]. PS has not only extracellular functions, but it
has been demonstrated also its participation in many intracellular processes. For example, PS is the
precursor of PE via the mitochondrial enzyme PS decarboxylase [83]. Although PS represents a minor
phospholipid in mammalian cells, it is required for many fundamental cellular processes. The essential
role of PS in mammalian cells was highlighted by the observation that mice in which PS synthesis was
completely eliminated did not survive [84].

The binding of rHIgM22 to other myelin glycolipids, including GalCer, GlcCer, LacCer, SM, and several
gangliosides, was also assessed, however the antibody did not show a significant binding to any of the
aforementioned lipids.

Since it has been demonstrated that in mixed glial cell cultures rHIgM22 induces an increased production
and release to the extracellular environment of sphingosine 1-phosphate [85], we also assessed the
binding of rHIgM22 to this lipid. However, no significant binding was observed.

The binding of rHIgM22 was also observed in lipid mixtures obtained from a variety of relevant biological
samples, including wild type, ASM (-/-), CST (+/-) and CST (-/-) mice brains, mouse mixed glial cells
(MGC), mouse astrocytes, rat rHIgM22" oligodendrocytes, rat microglia, and mouse myelin. The analysis
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of these samples not only showed the presence of a double band co-migrating with the sulfatide
standard, thus confirming the data obtained using pure sulfatide from a commercial source.

Summarizing, the data so far collected demonstrate that rHIgM22 binds to sulfatide and, to a lesser
extent, to lysosulfatide in vitro, which is in agreement with the observation that rHIgM22 is able to bind to
myelin and to oligodendrocytes, and that its binding is abolished in CNS tissue from CST (-/-) mice.
Moreover, the binding affinity for both sulfatide and its deacylated derivate is low, even if the binding is
specific. However, our data shows that the binding affinity of rHIgM22 for sulfatide can be modulated by
the presence of other lipids suggesting a possible role of the membrane microenvironment in the
recognition of the antigen by rHIgM22. In addition, rHIgM22 also reacts with phosphatidic acid,
phosphatidylserine and phosphatidylinositol. This suggests that not only sulfatide, but also other
membrane lipids might play a role in the binding of rHIgM22 to oligodendrocytes and other cell types.
Indeed, this observation could explain why rHIgM22 is able to elicit biological responses in cell types
(including astrocytes [86] and microglia [87]) Moreover, binding of rHIgM22 to intact cells might require a
complex molecular arrangement and or a peculiar cell surface recognition pattern (especially considering
the multivalent nature of IgMs). In cell types expressing significant sulfatide levels, sulfatide might be the
key actor in the functional rHIgM22 antigen localized at the cell surface, thus explaining the strong
surface labeling observed in oligodendrocytes. However, in cell types with low or absent sulfatide
expression, other lipids might contribute in the assembly of a surface recognition patterns, still able to
elicit cellular responses. Understanding whether rHIgM22 effect on remyelination involves a lipid-
organized membrane complex, and the exact identity of the antigen involved and their organization in
this complex is of great importance. The identification of the binding targets of this antibody, able to
promote remyelination in validated mouse models of MS, and the characterization of their membrane
microenvironment could significantly contribute to the reveal the signaling mechanisms underlying the
biological activity of rHIgM22. This, in turn, would allow to obtain a better comprehension of the process
of (re)myelination, and of the molecular mechanism involved in the pathophysiology of multiple
sclerosis, thus allowing to define new potential therapeutic targets.
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Figure 1

Binding of rHIgM22 to sulfatide on thin layer chromatographic support.
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Effect of GalCer, cholesterol and SM on rHIgM22 binding to sulfatide.
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Figure 4

Binding of rHIgM22 to lysosulfatide after chromatographic separation and in DOPC monolayers.
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Figure 5

Binding of rHIgM22 to neutral glycolipids, S1P and gangliosides.
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Figure 6

Biding of rHIgM22 to methanolyzed organic phases after chromatographic separation.
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Figure 7

Binding of rHIgM22 to purified phospholipids.
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