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Anti-Myelin Proteolipid Protein Peptide Monoclonal
Antibodies Recognize Cell Surface Proteins on Developing
Neurons and Inhibit Their Differentiation

Raymond A. Sobel, MD, Mary Jane Eaton, MA, Prajakta Dilip Jaju, MD, Eugene Lowry, MD, and
Julian R. Hinojoza, BS

Abstract

Using a panel of monoclonal antibodies (mAbs) to myelin proteo-
lipid protein (PLP) peptides, we found that in addition to CNS mye-
lin, mAbs to external face but not cytoplasmic face epitopes
immunostained neurons in immature human CNS tissues and in
adult hippocampal dentate gyrus and olfactory bulbs, that is neural
stem cell niches (NSCN). To explore the pathobiological signifi-
cance of these observations, we assessed the mAb effects on neuro-
differentiation in vitro. The mAbs to PLP 50-69 (IgG,, and I1gG,,,.),
and 178-191 and 200-219 (both IgG;,.) immunostained live cell sur-
faces and inhibited neurite outgrowth of E18 rat hippocampal pre-
cursor cells and of PC12 cells, which do not express PLP. Proteins
immunoprecipitated from PC12 cell extracts and captured by mAb-
coated magnetic beads were identified by GeLC-MS/MS. Each neu-
rite outgrowth-inhibiting mAb captured a distinct set of neurodiffer-
entiation molecules including sequence-similar M6 proteins and
other unrelated membrane and extracellular matrix proteins, for ex-
ample integrins, Eph receptors, NCAM-1, and protocadherins. These
molecules are expressed in adult human NSCN and are implicated in
the pathogenesis of many chronic CNS disease processes. Thus, di-
verse anti-PLP epitope autoantibodies may inhibit neuronal precur-
sor cell differentiation via multispecific recognition of cell surface
molecules thereby potentially impeding endogenous neuroregenera-
tion in NSCN and in vivo differentiation of exogenous neural stem
cells.
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INTRODUCTION

Mpyelin proteolipid protein (PLP) is the most abundant
myelin protein in the mammalian CNS (1, 2). It is a polytopic,
integral membrane protein with extracellular and cytoplasmic
domains. PLP is a member of the proteolipid gene family
(pgf), of which the minor component of mammalian CNS my-
elin DM-20 is the ancestral gene transcript. To dissect poly-
clonal anti-PLP antibody (Ab) responses that may occur in
pathological conditions in vivo, we generated and character-
ized a panel of monoclonal antibodies (mAbs) that recognize
epitopes in regions of PLP located on the cytoplasmic and ex-
ternal membrane faces of the molecule (3). In addition to the
expected immunostaining of nonhuman vertebrate CNS tissue
myelin, several of the mAbs also immunostained multiple
neuron populations in many CNS regions. Although the neuro-
nal epitopes recognized and their conformations in vivo are
not known, the mAb recognition of both myelin and neurons
appeared to correlate with the extent of conservation of known
pgf member sequences in the various species tested. This sug-
gested that anti-PLP Abs might similarly recognize evolution-
arily conserved epitopes expressed in neurons as well as in
CNS myelin in the human CNS and that this might have
pathobiological significance in human diseases.

To investigate these questions, we analyzed the capacity
of the mAbs to recognize myelin and other cells in samples
from normal human CNS tissues from subjects of different de-
velopmental stages using immunohistochemistry (IHC). The
patterns of neuronal recognition differed from those of devel-
oping CNS myelin in that neuronal recognition by the mAbs
was more frequent in samples from normal prenatal and early
postnatal subject tissue samples than in adult CNS neurons.
The mAbs also immunostained immature-appearing and cells
with neuronal morphology in adult neural stem cell niches
(NSCN)), that is hippocampal dentate gyrus and olfactory bulb
(4, 5). This suggested that the anti-PLP Abs may recognize
functionally relevant neurodevelopmental molecules through-
out life in humans and that the neuronal epitope recognition
differs from that of myelin recognition in vivo.

Glycoproteins M6a and M6b are pgf proteins with se-
quence similarities with PLP; they also likely evolved from
the primordial DM-20 (6-8). M6 proteins are expressed in
both myelinating and non-myelinating cells, including
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neurons, and are critical for vertebrate CNS development (9-15).
Because an anti-M6 mAb had been shown to inhibit in vitro
neurite outgrowth (9), we hypothesized that the anti-PLP
mAbs would also recognize sequence-similar pgf proteins
such as M6 proteins expressed on developing neuronal cells
and have effects comparable to those of the anti-M6 mAb. We
identified anti-PLP mAbs that inhibited in vitro neurite out-
growth in 2 in vitro models of neuron differentiation and then
identified multiple cell surface and extracellular matrix (ECM)
molecules with and without sequence similarity with PLP that
are expressed by differentiating neuronal cells and were cap-
tured by the neurite outgrowth-inhibiting mAbs in immunopre-
cipitation (IP) experiments. We then confirmed the expression
of some of these mADb targets in adult human NSCN.

To our knowledge, these findings represent the first report
of immune recognition of multiple cell surface neuronal devel-
opmental antigens by any anti-myelin epitope mAb. Because
anti-PLP antibodies may be generated following CNS myelin
breakdown in demyelinating diseases (primary demyelination),
as in multiple sclerosis (MS), following infarction and traumatic
lesions, and in chronic aging-related neurodegenerative pro-
cesses, (i.e. secondary demyelination), our findings lead to the
hypothesis that certain anti-PLP autoantibodies can inhibit the
growth and differentiation of neuronal precursor cells through
multispecific (“promiscuous”) binding thereby impairing CNS
neuron regeneration in vivo. This suggests a novel mechanism
for impaired functional recovery in many chronic pathological
processes affecting the postnatal and adult human CNS.

MATERIALS AND METHODS

Antibodies
The anti-PLP and anti-M6 protein Abs and the dilutions
used are listed in Table 1. The epitopes of the mAbs and their

locations are depicted in a model of the PLP molecule (Fig. 1).
The sequences of the epitopes recognized by the mAbs are
presented in Supplementary Data Table S1. Additional anti-
bodies used for characterization of expression of identified
anti-PLP mAb targets fixed rat hippocampal precursor cells
(RHPC) and PC12 cells and in adult NSCN are listed in
Table 2.

Human CNS Tissue Samples

Human formalin-fixed paraffin-embedded (FFPE) CNS
tissue samples from subjects from early developmental stages
to adults who died of non-neurological conditions were immu-
nostained with the anti-PLP mAbs and other Abs (Supplemen-
tary Data Table S2A, B). Paraffin block samples were
obtained from the archives of the Stanford University School
of Medicine Department of Pathology (Stanford, CA). Addi-
tional sample blocks were obtained from archives of the Labo-
ratory Service of the Palo Alto Veterans Affairs Health Care
System (Palo Alto, CA) and the Human Brain and Spinal Fluid
Resource Center (Los Angeles, CA). For analyses of NSCN,
samples of hippocampi and olfactory bulbs from normal adults
(of various ages), and from adults with Alzheimer disease and
hypoxic-ischemic neuronal injury were used (Supplementary
Data Table S2C). FFPE blocks from 2 patients with chronic
MS were also used for determination of mAb recognition of
axons in acute and chronic white matter lesions (Supplemen-
tary Data Table S2D). Information on age at death, gender,
neuropathologic diagnosis, major cause of death, and postmor-
tem intervals were obtained from autopsy reports. The samples
were analyzed using study code numbers; no personal identi-
fiers were retained or used in the analyses. The experimental
protocols for analyses of archival paraffin tissues were exempt
from formal Human Studies Committee review at the time of
collection.

TABLE 1. Anti-PLP and Anti-M6b Antibodies*

Antibody PLP Epitope Isotype Dilution Used for Starting Concentration Concentration for In Vitro
Name Immunostaining of FFPE (ng/mL) for Live Cell Treatment (pg/mL)
Tissues (With Immunostaining of RHPC of RHPC/PC12 Cells

Antigen Retrieval)/Fixed Cells and PC12 Cells

F4.4C2 50-69 Mouse IgGy, (1:10)/(1:100) 1300 10/5

F3.9E9 50-69 Mouse IgGoy (1:50)/(1:100) 1000 10/5

2D2 100-123 Mouse IgGy, (1:100)/(1:100) 363 10/5

1C5 139-151 Mouse IgG, . (1:50)/(1:50) 410 107/ND

P7.6AS 178-191 Mouse IgGy, (1:50-1:200)/(1:100) 699 10/5

F4.8A5 200-219 Mouse IgGy, (1:100)/ND 300 10/5

P5.12A8 264-276 Mouse IgM (1:50)/ND 170 10"/ND

AA3 264-273 Rat IgGyy, (1:100)/ND Not determined ND/ND

M6* NA Rat IgGs, ND/1:10 26 10/5

GPM6b® NA Rabbit polyclonal 1:100-1:200/1:100 Not determined ND/ND

*Generation and characterization of anti-PLP mAbs are described in Greenfield et al (3) and Yamamura et al (16) and were kindly provided by Vijay K. Kuchroo and Nassim

Kassam (Harvard Medical School, Boston, MA).
"Treatment of RHPC only.

;Supernatant from Developmental Studies Hybridoma Bank, University of lowa, Iowa City, IA used for immunostaining and in vitro treatment of RHPC and PC12 cells.
Antibody ab214459 from Abcam (Cambridge, MA) used for immunostaining of PC12 cells and FFPE tissues.
FFPE, formalin-fixed, paraffin-embedded; MBP, myelin basic protein; NA, not applicable; ND, not done; RHPC, E18 rat hippocampal precursor cells.
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50-69

116-150

264-276

FIGURE 1. Schematic diagram of myelin proteolipid protein (PLP). Colored arrows delineate the peptide sequences to which the
anti-PLP monoclonal antibodies used in this study are specific (3). The region indicated in yellow (residues PLP 116-150) is
present in PLP but is not present in DM-20 or other proteolipid gene family proteins; it is, therefore, PLP-specific. The diagram is

based on Figure 1 in (1) and is used with permission from Elsevier.

Immunohistochemistry

Six- to 8-um-thick sections of CNS tissues from paraffin
blocks were cut and placed on Superfrost plus microscope
slides (Thermo Fisher Scientific, Waltham, MA); the slides
were then deparaffinized in xylenes, rehydrated in graded
alcohols to 95% ethanol and washed 3 times in phosphate-
buffered saline (PBS), pH 7.4. Antigen retrieval was per-
formed by microwaving the slides in 10 mM citrate buffer, pH
6.0, 4 minutes at 1000 W and 11 minutes at 800 W, topping
off after 7, 4, and 1 minute, and cooling at room temperature
(RT) uncovered for 30 minutes. The slides were then rinsed
twice in deionized water. Endogenous peroxidase activity was
quenched by exposure to 0.3% H,0, in PBS for 10 minutes.
After 3 10-minute washes in PBS, blocking with 1% normal
goat, horse, or rabbit serum (Vector, Burlingame, CA), in PBS
(for goat anti-rabbit Ig, horse anti-mouse IgG or IgM, or rabbit
anti-rat Ig) secondary antibody, respectively) (175 pL/slide)
for 10 minutes was performed in a humidified chamber at RT.

The slides were then incubated with primary antibody (50—
100 pL/slide) (Tables 1 and 2), diluted in PBS overnight in the
humidified chamber at 4°C. The following day, the slides
were washed 3 times for 10 minutes in PBS and then incubated
with the appropriate biotinylated secondary antibody (Vector)
for 30 minutes in a humidified chamber at RT. After 3 10-min-
ute washes in PBS, they were incubated with Vectastain Elite
ABC reagent (Vector) for 45 minutes in humidified chamber
at RT. Reaction product was visualized with 3,3’-diaminoben-
zidine (0.025 mg/50 mL PBS, filtered and 0.5 mL 3% H,0,
added). Duration of exposure for optimal visualization of reac-
tion product was determined by direct observation of the slides
under a microscope for each Ab. The slides were then washed
2 times for 5 minutes in PBS, post-fixed in 10% neutral buff-
ered formalin for 10 minutes, and washed in deionized H,O
and then tap water for 1 minute each. They were then counter-
stained with hematoxylin (Sigma-Aldrich, St. Louis, MO) for
6 minutes, washed in H,O, dehydrated in graded alcohols to
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TABLE 2. Commercial Antibodies Used to Characterize Human Formalin-Fixed Paraffin-Embedded CNS Samples, E18 Rat Hippo-
campal Precursor Cells and PC12 Cells by Immunohistochemistry

Antigen Clone Name Isotype Concentration Used for Source
Immunostaining of Tissues/Cells

EphA3 SAB2701156 Rabbit polyclonal 1:100/1:100 Sigma-Aldrich, St. Louis, MO

EphA10 HPA027497 Rabbit polyclonal 1:100/1:100 Sigma-Aldrich

EphB1 LS-C407798 Rabbit polyclonal 1:100/1:100 LifeSpan Biosciences, Inc., Seattle, WA

MBP - Rabbit polyclonal Not determined*/ND Cell Marque, Rocklin, CA

MBP 119-131 MAB381 Mouse 1gG,, 1:100/ND Chemicon International, Temecula, CA

MBP 129-138 MAB382 Mouse IgG; 1:100/ND Chemicon International

Neurofilament heavy chain NF200 Rabbit polyclonal ND/1:100 Sigma-Aldrich

NCAM AB5032 Rabbit polyclonal 1:500/1:100 Millipore, Billerica, MA

NrCAM HPA012606 Rabbit polyclonal 1:50/1:100 Sigma-Aldrich

Protocadherin 12 (PCDHB12) NPB1-77002 - 1:100/1:500 Novus Biologicals, Littleton, CO

Normal rabbit serum (control) - 1:10-1:100/1:50-1:100

Vector Laboratories, Burlingame, CA

*Antibody purchased pre-diluted from supplier.
MBP, myelin basic protein; ND, not done.

xylenes and coverslipped with Permount (Thermo Fisher
Scientific).

Analysis of Neuron Immunostaining in Human
CNS Samples

All FFPE samples were stained with the Luxol fast blue-
H&E or H&E stain and by immunohistochemistry with the
anti-PLP mAb panel and 1 or both anti-myelin basic protein
(MBP) mAbs. Because of rapid prenatal and early postnatal
growth of the brain, the sizes of specific regions at different
ages in early development were variable; there were also dif-
ferences in regional tissue sampling at autopsy and in avail-
ability of specific anatomic regions, particularly of cerebral
cortical regions. Initial analyses demonstrated that in the early
developmental subject tissue samples there was greater immu-
nostaining of neurons with the anti-PLP mAbs in the brain-
stem, cerebellum, and spinal cord versus more rostral regions.
The caudal CNS regions could, therefore, be scored for immu-
nopositivity of discrete neuron populations with greater preci-
sion. The extents of neuronal cytoplasmic or surface
immunostaining were assessed in the following 17 regions
(when available): cerebral cortex (n = 1), deep gray nuclei
(i.e. basal ganglia or thalamus, n = 1), midbrain (n = 1), pons,
(tegmentum and basis pontis, n = 2), medulla (dorsal cranial
nerve X nucleus, cranial nerve XII nucleus, inferior olivary
nucleus, arcuate nucleus, n = 4), cerebellum (internal granular
layer, Purkinje cells, cerebellar molecular layer, external gran-
ular layer (when present), dentate nucleus, n = 5), and spinal
cord, (anterior horn cells, other spinal neuron somata, dorsal
root ganglia, and spinal nerve root myelin, n = 4). In each re-
gion for each subject and each mAb, neuronal staining was
scored as follows: + (many neuron somata stained); = (rare
neurons or overall faint neuron staining in a single sample or
in each of multiple adult samples; M (presence or absence of a
diffuse staining blush in the cerebellar molecular layer (10); or
0 (no neurons stained or staining absent in cerebellar molecu-
lar layer).
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E18 RHPCs

Primary E18 rat hippocampal cells (NeuroPure) were
obtained from Gene Therapy Systems/Genlantis, San Diego,
CA). Cells were dissociated using the neuropapain enzyme
according to the Genlantis protocol and transferred to plat-
ing medium. They were plated onto poly-p-lysine-coated
plastic 4 chamber slides at initial plating densities of 1 x 10°
cells/mL. They were grown in Neurobasal/B27/0.5 mM glu-
tamine/25 pM glutamate culture medium provided by the
supplier and incubated at 37°C in 5% CO,. On days 1, 3, or 7
of culture, the media was removed from each well and the
cells were fixed with 10% neutral buffered formalin for
immunohistochemistry.

Rat PC12 Cells

For PC12 cell cultures, sterile plastic Petri dishes (100
x 15 mm) and 4 chamber Permanox slide system wells
(Fisher) were coated with type IV collagen (Sigma) dissolved
in 0.25% sterile acetic acid at 1.45 pg/cm? overnight. The ex-
cess was then decanted, and the dishes and slides were stored
covered aseptically at RT until they were used.

PC12 cells (CRL-1721.1, Lot 60131962) were obtained
from the American Type Culture Collection (ATCC, Manas-
sas, VA) in PC12 cell freezing medium (F); they were stored
(1 mL/cryovial) in liquid nitrogen until use. PC12 cell medium
components from ATCC were prepared with 500 mL F12K
medium, 90 mL horse serum (15%), 15 mL fetal bovine serum
(2.5%), with 6.1 mL (1%) penicillin-streptomycin solution
(PO781, Sigma-Aldrich). The media was sterile filtered (0.2
pm filter) and stored at 2°-8°C until use. For experiments, the
vials were thawed and the cells resuspended in 19 mL PC12
cell medium. They were then centrifuged (11 000 rpm) for 7
minutes at RT; the supernatant was decanted and discarded.
The cell pellets were then resuspended in 10 mL PC12 cell
medium, mixed, and transferred to collagen-coated plates or 4
chamber multiwell slides and incubated in humidity at 37°,
5% CO,, either without or with 50 ng/mL nerve growth factor
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(NGF). Media was aspirated and replaced every 48—72 hours
until cells were near confluent as observed under an inverted
microscope.

Routine Staining and Immunohistochemistry of
RHPC and PC12 Cells

The same protocols as for paraffin sections were used
for fixed preparations of RHPC and PC12 cells grown on mul-
tiwell plastic slides with several modifications: (i) There was
no deparaffinization. (ii) After the cell cultures were fixed
with the addition of 0.5 mL 10% neutral buffered formalin,
they were stored at 2°-8° C until they were stained. (iii) For
staining, the polystyrene media chambers were removed; the
slides could then be stained routinely with hematoxylin or
processed for immunohistochemistry. (iv) The antigen re-
trieval step was omitted. (v) After staining (or counterstaining)
with hematoxylin, the water-based mounting medium Aqua
Polymount (Polysciences, Inc., Warrington, PA), was applied
prior to coverslipping. In all immunostaining experiments on
cells, there was at least 1 control well in which PBS was
substituted for Ab.

Immunolocalization (“Live Staining”)
Experiments of RHPC and PC12 Cells

To identify potential cell surface staining, sterile anti-
PLP and -M6b mAbs (Table 1) were added to the culture wells
and incubated for 2 hours. Control cultures were maintained in
normal media. The culture wells were then washed in PBS,
fixed in formalin and immunostained for bound Ab with horse
anti-mouse IgG or IgM as secondary antibody. This permitted
detection of Ig bound to the live cells before fixation. IHC was
then performed, as described above for fixed preparations of
cultured cells.

Antibody Effects on In Vitro Neurite Outgrowth
of RHPC and PC12 Cells

Cells were suspended in growth media at ~1 x 10°
cells/mL and one of the anti-PLP or -M6 mAbs added (10 pg/
mL for RHPC, 5 pg/mL for PC12 cells) and transferred to
multiwell slides. They were incubated as described above for
either 1 or 3 days (RHPC), or until control slides showed abun-
dant neurite outgrowth (PC12 cells). They were then fixed and
in formalin and counterstained with hematoxylin. In all treat-
ment experiments, there was at least 1 control well in which
normal media was used as a negative control.

Assessment of Neurite Outgrowth

Analyses of in vitro neurite outgrowth were performed
on RHPC grown on slides from multiwell chamber cultures
and on mAb-treated PC12 cells grown with NGF. From 7 to
10 fields (depending on cell density) of each experimental
condition were photographed at x40 magnification using a
Nikon E1000M Eclipse microscope with an attached digital
camera (Nikon, Melville, NY). Imaging software program
(SPOT Imaging Solutions, Sterling Heights, MI), allowed cali-
bration, (i.e. a 50 um bar merged into the field), for neurite

length measurements. Fields that were selected for photo-
graphs had moderately high cell density, that is similar num-
bers of cells/field, but without extensive clustering or overlap
that impeded neurite length measurements. JPG files were
modified to optimize color balance, brightness, and contrast
using Adobe Photoshop CS6 (Adobe Systems, Inc., San Jose,
CA), without altering the appearance of the original materials.
Each of the files was then printed on 8” x 11” paper and given
a coded label. An observer blinded to the cell treatments first
counted total numbers of nuclei in the fields. Because in NGF-
treated control cultures, most cells had either nuclei or pro-
cesses that touched other cells, the numbers of round cells not
touching others and without cell processes, (i.e. undifferenti-
ated cells), could be counted more easily than overlapping
cells. The blinded observer then determined numbers of cells
with neurite outgrowth (total cells-undifferentiated cells) and
calculated percentages of cells with neurite outgrowth in each
field (cells with neurite outgrowth/total). Elongated narrow
processes, that is axons and dendrites, were identified in each
photograph and their proximal and distal ends were then
marked on the paper by a second blinded observer; lengths
were then measured with a ruler by the first blinded observer
and true lengths calculated based on the calibration bar in the
field. In addition, the proportions of cells with neurite process
lengths equal to or greater than 6.25 um were also determined;
results were essentially the same as those determined by the
counting method described above.

Statistics

Proportions of cells with neurite outgrowth and process
length data for each experiment (i.e. from each 4-well cham-
ber) were analyzed using 1-way ANOVA with appropriate
corrections; paired comparisons were analyzed with 2-tailed t
test with appropriate corrections. Statistics were performed us-
ing GraphPad Prism 5 (GraphPad, Inc., La Jolla, CA).

Immunoprecipitation

PC12 cells were grown in collagen-coated Petri dishes
with or without NGF, as described above. For harvesting, cell
monolayers were rinsed briefly with ice cold 10 mM PBS, pH
7.2, and the washes discarded. Then, 0.5 mL PBS with 20 pL/
mL protease inhibitor (PI, Halt PI, Thermo Fisher #78442)
and 5 mM EDTA were added to each plate. The cells were
then scraped and pooled into tubes. Cell suspensions were cen-
trifuged at 5000g for 2 minutes at 4°C; an aliquot of the super-
natant was saved for PAGE. The cell pellet was resuspended
in 1 mL triple lysis buffer (50 mM TBS pH 7.4, 1% Triton X-
100, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate,
1 mM EDTA, 5% glycerol) with 20 pL/mL PI and 1 mM
EDTA, and incubated at 4°C with mixing by inversion for 30
minutes. This lysate was then centrifuged at 13 000g for 10
minutes at 4°C. An aliquot of cell debris was saved for PAGE.
In some experiments, DDM lysis buffer (25 mM TBS, pH 7.4,
1% n-dodecyl maltoside glycerol, 5 mM EDTA in ultrapure
H,0) was used for cell lysis. All solutions were 0.2 um filtered
prior to use.

823


Deleted Text: -
Deleted Text: l
Deleted Text: -
Deleted Text: l
Deleted Text: s
Deleted Text: X
Deleted Text: l
Deleted Text: l
Deleted Text: l
Deleted Text: X
Deleted Text: ie
Deleted Text: ''
Deleted Text: ''
Deleted Text: ie
Deleted Text: l
Deleted Text: l
Deleted Text: l
Deleted Text: , 
Deleted Text:  x 
Deleted Text: l
Deleted Text: l
Deleted Text: l
Deleted Text: , 
Deleted Text:  X 

Sobel et al

J Neuropathol Exp Neurol ® Volume 78, Number 9, September 2019

mAb crosslinking to magnetic beads, IP and elution pro-
cedures were performed using a Pierce Crosslink Magnetic 1P/
Co-IP Kit (Thermo Fisher No. 88805), according to the manu-
facturer’s protocols. In all experiments, 5 pg/100 pL. of mAb
in coupling buffer were used for crosslinking to magnetic
beads. Eluates (100 pL) from the beads were transferred to 0.5
mL microfuge tube with 11 pL neutralization buffer from the
kit, mixed, and stored in liquid nitrogen.

Lithium Dodecyl Sulfate Polyacrylamide Gel
Electrophoresis

Samples were prepared for analysis by lithium dodecyl
sulfate (LDS) polyacrylamide gel electrophoresis (LDS-
PAGE) using NuPAGE 4%-12% Bis-Tris Protein Gels (1.0
mm, 12 wells, Invitrogen) and recommended reagents
(NuPAGE, Invitrogen). Samples (52 pL in 4x LDS buffer [20
pL] and 10X reducing agent [8 puL]) or the same buffer and re-
ducing agent with ultrapure H,O (52 pL) were heated at
100°C for 10 minutes. The upper chamber contained 200 mL
running buffer (1x MES SDS running buffer [Thermo
Fisher]), with anti-oxidant; the lower chamber contained 600
mL 1x MES. The gels were run in duplicate in an XCell Sure-
Lock Mini-Cell system (Thermo Fisher) with Hoefer PS 500
XT DC power supply at 200 V constant. Separate lanes in the
gels, included the initial crude sample supernatants, lysate,
post-IP lysate, mAb control, protein molecular weight ladders
(MagicMark XP Western Protein Standard, Thermo Fisher),
mAb-coated beads, serial eluates from the beads, and post-
eluate bead samples.

Transblot

One gel was transferred to 0.45 um PVDF membranes
(Pall Gelman Biotrace, Port Washington, NY) for Western-
chemiluminescence using XCell II Blot Module (Thermo
Fisher) with a Fisher Scientific FB300 power supply. The
transblot buffer consisted of 25 mM TRIS, 102 mM glycine,
10% methanol with 500 pL antioxidant per 500 mL. Transblot
was performed at 140 mA constants for 1.5 hours and 250 mA
constant and for 30 minutes, both at 4°C.

Western Blot

PVDF membranes were washed 2 times for 5 minutes
each with 25 mM TBS, pH 7.4, and placed into a stomacher
bag. Blocking was performed by adding 20 mL blocking
buffer (25 mM TBS, pH 7.4, 0.1% casein, 0.05% Tween 20) to
the PVDF membranes and incubating 1 hour at RT with mix-
ing. The excess was decanted and discarded. The membranes
were incubated overnight with anti-PLP mAb (1:1000 dilu-
tion, 5 pg) in 5 mL blocking buffer at 2°-8°C and then 1 hour
at RT. They were then washed 4 times for 5 minutes each with
blocking buffer. The membranes were then incubated with
goat anti-mouse horseradish peroxidase (HRP) (1:20 000, 0.5
pL in 10 mL blocking buffer), for 1 hour at RT with mixing.
They were then washed 4 times for 5 minutes each in blocking
buffer at RT with mixing, and 2 times briefly in TBS. The
bound HRP was detected by incubating the membranes in the
Working Solution (5 mL stable peroxide solution, 5 mL
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Luminol/Enhancer solution from SuperSignal West Pico
PLUS Chemiluminescent Substrate, Thermo Fisher) for 5
minutes at RT in the dark. Excess reagent was drained; mem-
branes were placed in sheet protectors and exposed to
CL-Xposure film (Thermo Fisher) from 2.5 to 7.5 minutes.
Representative Western blots are shown in Supplementary
Data Figures S1 and S2.

Silver Staining Analysis

The second gel was silver stained using mass spectrome-
try compatible kits (Pierce Silver Stain for Mass Spectrometry
24600 or Pierce #24612). Candidate bands that were identified
in the Western blot were excised from the silver-stained gels
for GeLC-MS/MS analysis. In some experiments, bands corre-
sponding to Ab heavy and light Ig chains and uncoated (PBS)
and post-elution bead samples, and bands in the gels from cell
suspension, cell pellet, lysate, and post-IP lysate samples were
also excised and analyzed for comparisons to samples from el-
uate bands as either negative or positive controls. Eluates from
lysates of NGF-treated and -untreated samples were also com-
pared in some experiments; in very few instances, however,
proteins identified from NGF-untreated cell lysates were not
identified in samples from NGF-treated lysates. In compari-
sons of the 2 anti-50-69 mAbs F4.4C2 and F3.9E9, bands at
the same MW where 1 sample gave a positive signal, the com-
parable MW areas from the other mAb sample lane(s) were
also excised and analyzed. A representative silver-stained gel
with band samples removed is shown in Supplementary Data
Figure S2. The samples were stored in 0.1% acetic acid and
were analyzed by GeLC-MS/MS (Bioproximity, Chantilly,
VA).

GeLC-MS/MS

A total of 248 numerically coded samples from 15
experiments were submitted for mass spectrometry analysis.
The anti-PLP mAb experiments included analyses of pro-
teins captured with F4.4C2 (n = 12), F3.9E9 (n = 7),
P7.6A5 (n = 5), and F4.8A5, 2D2 and uncoated (PBS) bead
samples (n = 2 each). The larger numbers of IP experiments
and analyses performed with mAb F4.4C2 was a conse-
quence of the larger numbers of visible bands in gels of
eluates from beads coated with that mAb versus those with
the other mAbs.

For identification of molecules that could contribute to
PC12 cell neurite outgrowth inhibition, the mass spectrometry
results from each experiment were screened for molecules
captured by IP that might be bound by mAbs in live PC12
cells, that is cell membrane and ECM molecules. Initially, the
search terms, “Neu,” “adh,” “myelin,” “Eph,” “Cdh,” “MHC,”
“kinase,” “receptor,” “M6,” and “CD” were used to identify
potential candidate molecules. Additional screening for cell
surface and ECM molecules of interest identified in eluates
from mAb-coated beads was then performed for all experi-
ments. Once identified in a single experiment, data from the
other experiments were probed for the same molecules. Cell
membrane and ECM molecules with known relevant neurode-
velopmental functions were identified based on localization
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and functional data for each in the Uniprot database (17). Se-
quence similarities of identified molecules with the PLP mAb
epitopes were determined from BLAST searches (http://au.
expasy.org/tools/blast/).

RESULTS

Myelin and Neuron Immunostaining in Human
CNS Samples of Various Ages

We first analyzed the capacity of the mAbs to recog-
nize myelin and other cells in the human CNS in samples
from different developmental stages. With each of the anti-
PLP mAbs (and consistent with previous studies of myelin
proteins in human CNS development [18]), PLP immunore-
activity in myelin increased with age in fetal and postnatal
samples and appeared complete in adult CNS samples
(Fig. 2; Table 3).

In contrast, the patterns of neuronal recognition dif-
fered from those of developing CNS myelin. The anti-PLP
50-69 mAb F4.4C2, the anti-PLP 178-191 (P7.6A5) (both
IgG,), and anti-PLP 264-276 (P5.12A8, IgM) mAbs immu-
nostained many neurons in multiple anatomic regions in the
immature CNS samples (Figs. 3-5; Table 3). Neuronal
immunostaining with these mAbs was greatest in samples
from the third trimester of gestation; staining was decreased
(Fig. 4; Supplementary Data Tables S6 and S7); neuronal
immunostaining was essentially absent in other CNS regions
in adult CNS samples (Supplementary Data Tables S3-S5,
S8, and S9). The rat anti-PLP 264-276 mAb AA3 showed
nearly identical myelin and neuronal immunostaining pat-
terns to that of P5.12A8 (Supplementary Data Tables S3—
S9; Table 3; and immunohistochemical data not shown). In
contrast to F4.4C2, the anti-PLP 50-69 mAb F3.9E9
(IgGja) 1immunostained considerably fewer neurons
whereas the 2 mAbs to the portion of PLP on the cytoplas-
mic face but not present in DM-20 (residues 116-150, i.e.
2D2 [IgGyy], to PLP 100-123, and 1C5 [IgG,], to PLP

20 wk GA 24 wk GA

PLP50-69 " -
mAb F3.9E9 . _

=

PLP 100-123 "~
mAb 2D2

PLP 200-219 -
mAb F4.8A5 :

i}

29 wk GA

139-151), and the mAbs to PLP 200-219 (F4.8AS, 1gGy,
second external loop of PLP) and MBP (IgG,, and 1gG,,,)
did not immunostain CNS neurons in the FFPE tissue sec-
tions at any age despite immunostaining of CNS myelin and
oligodendrocytes comparable to that of the other mAbs
(Figs. 4 and 5; Supplementary Data Tables S3-S9).

A notable exception to this general pattern was the
more frequent occurrence of immunostaining of pontine
and medullary neurons (mostly of CN X nuclei) in adult
samples (Fig. 4; Supplementary Data Tables S6 and S7).
Other than in the brainstem, however, no clear patterns in
the extent of neuronal immunostaining in the different ana-
tomic regions studied among the mAbs could be identified.
Together these data indicate that the expression of neuronal
epitopes recognized by some anti-PLP mAbs is develop-
mentally regulated and suggest that the epitopes recog-
nized may have functional roles in immature neurons in
addition to their roles in myelination by oligodendrocytes
in the human CNS.

Anti-PLP mAbs Immunostain Cells in Adult
NSCN

Despite the generally low extents of immunostaining of
neurons in adult CNS samples (Figs. 4 and 5; Supplementary
Data Tables S3-S9), some of the anti-PLP mAbs immunos-
tained neuronal cells in FFPE samples of normal adult hippo-
campal dentate gyrus and olfactory bulb, that is NSCN
(Fig. 6A, B; Table 3). This was particularly the case for mAbs
that immunostained many neurons in early developmental
CNS samples (Fig. 5). Specifically, the anti-PLP 50-69 mAb
F4.4C2, the anti-PLP 178-191, and the anti-PLP 264-276
P5.12A8 consistently immunostained immature-appearing
cells and cells with neuronal morphology in addition to mye-
linated axons in these regions. In contrast, the other anti-PLP
50-69 mAb F3.9E9 and mAbs to the PLP-specific region on
the cytoplasmic face of PLP (i.e. 100-123 and 139-151

38 wk GA, 11 wk
post-partum

40 wk GA 40 years

FIGURE 2. Immunoreactivities of 3 anti-PLP monoclonal antibodies in samples of human subcortical white matter from normal
subjects of the indicated ages. There is increasing myelin immunostaining with increasing age. GA, gestational age; wk, weeks.

Scale bar in upper panel = 100 um, applies to all panels.
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TABLE 3. Summary of Analyses of Anti-PLP and Anti-M6 mAb Tissue Immunohistochemistry

Monoclonal Antibody mAb PLP Increasing Greater Inmunostaining Neuronal Immunostaining of Axon
Epitope  Immunostaining of Neurons in Immunostaining in Intact Myelin Immunostaining
of CNS Myelin Normal Immature Human NSCN* and Myelin Debris in MS Lesions"
With Age* Versus Mature in MS Patient Samples®
CNS Samples’

First external loop of PLP

F4.4C2 50-69 + + + + +

F3.9E9 50-69 + * - ND ND
Cytoplasmic face of PLP

2D2 100-123 + - - + -

1C5 139-151 + — ND + -
Second external loop of PLP

P7.6A5 178-191 + + + + +

F4.8A5 200-219 + - + + *
C-terminus (cytoplasmic face of PLP)

P5.12A8 264-276 + + + + -

AA3 (rat) 264-276 + + ND ND -
M6/GPM6b NA ND ND +! ND ND

*See Figure 2.

‘See Figures 3-5.

See Figure 6A, B.

Supplementary Data Figures S3 and S4 and data not shown.

9I0lfactory bulb only.

ISee Figure 12A, B.

+, positive result; —, negative result; *, equivocal result; MS, multiple sclerosis; NA, not applicable; ND, not done; NSCN, neural stem cell niches.

PI.P 50-69/ mAb F4, 4C2 PLP 50-69 / mAb F3. 959 PLP 100—123 / mAb 2D2

. '-EL-(f‘ai
¥ ' “ B e

FIGURE 3. Immunoreactivity of anti-PLP monoclonal antibodies (mAbs) and anti-myelin basic protein (MBP) polyclonal Ab in
spinal cord anterior horn samples of a normal 29-week gestational age infant. All mAbs immunostain white matter myelin (right
side and on the periphery of gray matter in each panel). Anti-PLP 50-69 mAb F4.4C2, and the anti-PLP 178-191 and 264-276
mAbs immunostain the perinuclear cytoplasm of most of the anterior horn cell neurons (arrows). The anti-PLP 50-69 mAb
F3.9E9 stains fewer neurons; anti-PLP 100-123 mAb 2D2 and anti-MBP Ab do not immunostain any neurons. Representative
higher magnifications of anterior horn cells are shown in insets. Scale bar in upper panel = 100 um and applies to all panels.
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20 wk GA

PLP 50-69
mAb F4.4C2

PLP 178-191
mAb P7.6A5

PLP 200-219
mAb F4.8A5

PLP 264-276
mAb P5.12A8

FIGURE 4. Immunoreactivity of anti-PLP monoclonal antibodies (mAbs) in normal human ventral medulla samples from subjects
of different ages. Anti-PLP 50-69 mAb F4.4C2, anti-PLP 178-191 mAb P7.6A5, and anti-PLP 264-276 mAbs immunostain the
perinuclear cytoplasm and cell surfaces of many neurons at early ages (black arrows) but to a lesser extent in the adult samples
(red arrows). However, there is prominent neuronal staining of a neuron in the adult sample with mAb F4.4C2 (right upper
corner). Adult samples were from subjects aged 55 and 58 years. The anti-PLP 200-219 mAb F4.8A5 did not immunostain
neurons at any age (red arrows), although oligodendrocytes (lower inset at 20 weeks GA), and myelin at later ages are stained.
Representative higher magnifications of stained and unstained neurons are shown in insets. GA, gestational age; wk, weeks. Scale

bar in upper panel = 100 um, applies to all panels.

[not shown]), and to MBP did not. The anti-PLP 200-219
mADb F4.8A5 immunostained some immature-appearing cells
in the olfactory bulb (Fig. 6B), but showed less neuronal stain-
ing in the hippocampal dentate gyrus (Fig. 6A). No differences
in immunostaining of NSCN could be identified among adult
samples from patients of different ages and genders without or
with neuropathological alterations (e.g. Alzheimer disease) in
the NSCN (Supplementary Data Table S2C).

Anti-PLP mAb Immunostaining of Axons in
Acute and Chronic MS Lesions

In FFPE sections of active and chronic inactive MS
lesions, all of the anti-PLP mAbs tested immunostained mye-
lin in adjacent normal-appearing white matter, residual myelin
in lesions and granular extracellular, and phagocytosed myelin
debris. In addition, the anti-PLP mAbs F4.4C2, P7.6AS, and
F4.8A5 (to external face epitopes of PLP) immunostained
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FIGURE 5. Summary of scores of neuron immunostaining with anti-PLP peptide monoclonal antibodies (mAbs) in normal human
CNS tissue samples, (including cerebrum, deep gray matter, midbrain, pons, medulla, cerebellum, spinal cord), from subjects of
different ages. Anti-PLP 50-69 mAb F4.4C2, anti-PLP 178-191 mAb P7.6A5, and the anti-PLP 264-276 mAb P5.12A8 showed
maximal immunostaining in samples from the third trimester with less immunostaining in early ages and in adult samples. The
anti-PLP 50-69 mAb F3.9E9 showed less immunostaining of neurons as compared to mAb F4.4C2. The 2 mAbs to the myelin
proteolipid protein (PLP)-specific region, that is the region of PLP not present in DM-20, (residues 116-150), 2D2 (to PLP 100-
123), and 1C5 (to PLP 139-151), did not immunostain neurons in any samples. The anti-PLP 200-219 mAb F4.8A5 and anti-
MBP Abs also did not immunostain neurons at any age (not shown). Results for all mAbs in each CNS region analyzed are in

Supplementary Data Tables S3-S9.

some elongated structures with smooth surfaces suggestive of
axons in these lesions whereas the anti-PLP mAbs 2D2,
P5.12A8, and AA3 (to cytoplasmic face PLP epitopes) did not
immunostain these structures (Supplementary Data Figs. S3
and S4; Table 3).

Immune Recognition and Neurite Outgrowth
Inhibition of RHPC In Vitro

To determine the potential pathogenetic significance
of anti-PLP mAb recognition of immature neurons, we first
investigated mAb effects on RHPC. Live cell staining of
RHPC was tested by incubating the cells with the mAbs
prior to fixation followed by immunoperoxidase staining for
mouse Ig. The anti-PLP 50-69 mAbs F4.4C2 and F3.9E9,
the anti-PLP 178-191 mAb P7.6A5, and the anti-PLP 200—
219 mAb F4.8A5 immunostained the surfaces of some
undifferentiated-appearing cells and neuronal processes. In
contrast, the anti-PLP 100-123 mAb 2D2, and anti-PLP
139-151 mAb 1C5 (i.e. PLP-specific regions on the cyto-
plasmic face of PLP) and anti-PLP 264-276 (PLP cytoplas-
mic face, C-terminus), and PBS controls did not show

828

immunostaining of the surfaces of live RHPC (Supplemen-
tary Data Fig. S5; Table 4). Stains were performed on 2 dif-
ferent days of culture from days 1 to 7; results were
consistent for each mAb on both days that they were tested.
Similar results were obtained when the RHPC were fixed
prior to immunostaining (data not shown).

We next determined the effects of the anti-PLP mAbs
on RHPC neurite outgrowth; an anti-M6 mAb was used as a
positive control for neurite outgrowth inhibition; the non-
binding mAb 2D2 and antibody omission (PBS) were used
as negative controls. In 3 experiments with each mAb, the 2
anti-50—-69 mAbs and the anti-M6 mAb inhibited neurite
outgrowth of E18 RHPC whereas the (non-binding) mAb
2D2 did not (Fig. 7A, B). In 1 of 2 experiments, the anti-
178-191 mAb (P7.6A5) inhibited neurite outgrowth; in 1
experiment the anti-139—151 mAb 1C5 did not inhibit neu-
rite outgrowth. In additional experiments, results with the
other anti-PLP mAbs, including the (live cell-binding) anti-
PLP 200-219 mAb F4.8A5 and the (live cell-non-binding)
anti-PLP 264-276 mAb P5.12A8 (IgM), were inconsistent
with respect to RHPC neurite outgrowth inhibition (data not
shown).
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PLP 50-69 PLP 178-191

mAb F4.8A5 mAb P5.1248 PBS

FIGURE 6. Immunostaining of adult human stem cell niches with anti-PLP monoclonal antibodies (mAbs). (A) Immunoreactivity
of anti-PLP mAbs in samples of normal adult hippocampal dentate gyrus. The anti-PLP 50-69 mAb F4.4C2, the anti-PLP 178-
191, and -PLP 264-276 mAbs immunostain myelinated fibers and cells with neuronal morphology (black arrows) whereas the
anti-PLP 50-69 mAb F3.9E9, anti-PLP 100-123, and -200-219, and anti-MBP mAbs immunostain myelinated fibers but not
neuron membranes or soma (red arrows). (B) Immunoreactivity of anti-PLP mAbs in samples of normal adult olfactory bulb. The
anti-PLP 50-69 mAb F4.4C2, and the anti-PLP 178-191, and -264-273 mAbs immunostain myelinated fibers, cells with neuronal
morphology, immature-appearing cells with round nuclei (black arrows), and the background neuropil. The anti-PLP 50-69 mAb
F3.9E9, anti-PLP 100-123, and anti-MBP mAb immunostain myelinated fibers but predominantly do not immunostain immature
or mature neuronal cells (red arrows). The anti-PLP 200-219 mAb F4.8A5 immunostains some immature-appearing cells (red
arrow), but not more mature-appearing neurons (black arrow). Control samples with omission of primary mAb (PBS) show no
immunoreactivity (red arrows in A and B). Scale bars = 25 um and apply to all panels. All are immunoperoxidase with 3,3'-
diaminobenzidine chromogen and hematoxylin counterstain. Representative higher magnifications of the stained and unstained
neurons indicated by arrows are shown in insets.

Immune Recognition of PC12 Cells by Anti-PLP NGF-dependent PC12 cell line (12). This pheochromocytoma-
mAbs derived cell line is a widely used as a model of neuronal differ-
entiation (19). Importantly, these cells lack PLP mRNA and al-
though DM-20 mRNA is present, it is reduced in NGF-treated

829

It had previously been demonstrated that an anti-M6
mAb inhibited in vitro neurite outgrowth of the
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TABLE 4. Summary of Anti-PLP and Anti-M6 Monoclonal Antibody In Vitro Fixed and Live Cell Immunostaining, Neurite Out-

growth Inhibition, and Immunoprecipitation Analyses

Monoclonal Antibody mAb PLP RHPC RHPC Neurite PC12Cell PC12Cell PC12Cell IP Capture IP Capture
Epitope Live Outgrowth Fixed Live Neurite of Neuronal of Cell Surface
Staining* Inhibition" Staining* Staining®  Outgrowth M6 Proteins/ Neurodevelopmental
Inhibition" Proteins Other
Than M6
Proteins!
First external loop of PLP
F4.4C2 50-69 + + + + + +
F3.9E9 50-69 + + + + + +
Cytoplasmic face of PLP
2D2 100123 - - - - - i
1C5 139-151 - - ND - ND ND ND
Second external loop of PLP
P7.6A5 178-191 + x + + - +
F4.8A5 200-219 + = ND + + - =i
C-terminus of PLP (cytoplasmic face)
P5.12A8 264-276 - - ND - ND ND ND
M6/GPM6b NA + ND + ND ND

*Supplementary Data Figure S5.

‘See Figure 7A, B.

;Supplementary Data Figures S6 and S7.

See Figure 8.

9See Figures 9A—C and 10.

ISee Figure 11.

H‘Epitope within PLP-specific region, that is residues 116-150, Figure 1.
lNone protein captured, Figure 11.

4, positive result; —, negative result; *, equivocal result; NA, not applicable; ND, not done; RHPC, E18 rat hippocampal precursor cells.

versus -untreated cells (20). Therefore, PC12 cells could be
tested for direct effects of the anti-PLP mAbs on the differenti-
ation of cells that do not express PLP. They could also subse-
quently be used as a bulk culture source for analyses of
immune recognition of neurodevelopmental molecules by the
mAbs without the presence of confounding non-neuronal
populations.

In preliminary studies, we determined that both anti-
PLP 50-69 mAbs and the mAb to the second extracellular
loop (P7.6A5 [178-191]) immunostained cell cytoplasm, pro-
cesses and neuronal growth cones of formalin-fixed NGF-
treated PC12 cells whereas mAb 2D2 (PLP 100-123) did not
(Supplementary Data Fig. S6). The PC12 cells and their pro-
cesses were also immunostained with 2 Abs to M6b and 1 to
neurofilament (Supplementary Data Fig. S7).

We then assessed whether the epitopes recognized by
the anti-PLP mAbs are on external surfaces by immunostain-
ing live PC12 cells. Both anti-PLP 50-69 mAbs, the anti-PLP
178-191 mAb P7.6AS5, and the anti-PLP 200-219 mAb
F4.8A5 immunostained cell surfaces and neurites of many
cells (Fig. 8). Although there was cytoplasmic staining in the
(subsequently fixed) cells, accentuated immunoperoxidase re-
action product deposition was evident on cell surfaces (Fig. 8).
In contrast, anti-PLP mAbs to epitopes on the cytoplasmic
face of PLP (2D2 [PLP 100-123], 1CS5 [PLP 139-151], and
P5.12A8 [PLP 264-276]) did not stain the live cells (Fig. 8)
(Table 4). These observations suggest that the mAb staining of
live PC12 cells was due to recognition of external face rather

830

than cytoplasmic face epitopes, that is the mAbs would not
have access to the cytoplasm of live cells.

In addition to immunostaining observations in tissues
(Figs. 3-5), and on live PC12 cells in vitro, pilot Western blot
analyses using different chemical extraction protocols of
PC12 proteins also indicated that immune recognition of anti-
PLP 50-69 mAbs F4.4C2 and F3.9E9 differed but that they
both are to hydrophobic integral membrane or membrane-
associated protein epitopes (Supplementary Data Fig. S8).

Anti-PLP mAb Inhibition of PC12 Cell Neurite
Outgrowth

We next tested effects of F4.4C2, F3.9E9, and P7.6A5
on NGF-induced PC12 cell differentiation in vitro using anti-
M6 and 2D2 mAbs as positive and negative controls, respec-
tively. The 2 anti-PLP 50-69 mAbs and the anti-178-191
mADb decreased the proportions of cells with neurite outgrowth
and neurite lengths (Fig. 9A—C; Table 4). In separate experi-
ments, the anti-PLP 200219 mAb F4.8A5 also inhibited
PC12 cell neurite outgrowth (Fig. 10). None of the inhibitory
mAbs appeared to induce identifiable cytotoxic effects on the
cells after brief (Fig. 8), or longer (Figs. 9A and 10) exposures.
There was no reduction in cell numbers following mAb treat-
ments up to 3 days and there was also no evidence of induction
of apoptosis, as assessed in TUNEL and caspase-3 immunos-
tains in the mAb-treated and control cultures (data not shown).
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FIGURE 7. Effects of anti-PLP monoclonal antibodies (mAbs) on E18 rat hippocampal precursor cell in vitro neurite outgrowth.
(A) Incubation with the anti-PLP 50-69 mAbs F4.4C2 and F3.9E9 and anti-M6 mAb resulted in larger proportions of immature-
appearing round cells without neurite outgrowth or processes. Incubation with anti-PLP 100-123 mAb 2D2 did not result in
inhibition of neurite outgrowth. Neurite outgrowth is also abundant on the cells in the PBS control well. Cells were grown on
collagen-coated multiwell slides, fixed in formalin and counterstained with hematoxylin. (Day 3 in vitro results are shown). Bar =
25 pm, applies to all panels. Data are representative of 5 experiments with from 2 to 5 incubations for each mAb. (B)
Representative data from 2 experiments showing effects of anti-PLP mAbs on rat hippocampal precursor cells. Proportions of cells
with neurite outgrowth (defined by presence of cell processes equal to or greater than 6.25 pum), on the indicated day of
incubation were determined in photographs of fields (day 1, n = 7 fields; day 3, n = 12 fields for each condition), of
hematoxylin-stained fixed cells that had been incubated with the indicated mAbs or PBS (@), or anti-M6 mAb or PBS (b). Data
were analyzed by 1-way ANOVA with Geisser-Greenhouse correction (a), or Student t test (b). **p < 0.001.

Identification of PC12 Cell Surface Proteins
Captured by Anti-PLP mAbs in IP Experiments

A total of 41 903 proteins were identified in the band
samples submitted for GeLC-MS/MS analysis in 15 experi-
ments. These included samples from eluates from mAb-coated
beads, uncoated bead eluates, cell pellets, pre-IP lysates, post-
IP lysates, and mAb-coated bead eluates of molecules cap-
tured from lysates of NGF-untreated cells. In addition to cell
membrane and ECM proteins, the molecules identified in
most samples consisted of large numbers of cytoplasmic (e.g.
filament proteins and enzymes), organelle and nuclear pro-
teins. Based on the live cell staining and extraction data, we
postulated that the molecules captured by the mAbs that were
most relevant to the in vitro neurite outgrowth inhibition were
ECM or integral membrane proteins with known neurodeve-
lopmental functions that had been captured by and were eluted

from the mAb-coated beads. Examples of proteins identified
in eluates from mAb-coated bead samples considered irrele-
vant to PC12 cell neurite outgrowth inhibition, (i.e. those not
accessible to the mAbs in live cell cultures), in a representative
experiment from mAb F4.4C2-coated bead eluates are listed
in Supplementary Data Table S10. Plasma membrane proteins
identified in that experiment that do not have known neurode-
velopmental functions are listed in Supplementary Data Table
S11.

Each mAb captured distinct but partially overlapping
sets of neurodevelopmental cell surface and ECM proteins
with potential relevance to neurite outgrowth inhibition
(Fig. 11; Table 4). The 2 anti-PLP 50-69 mAbs F4.4C2 and
F3.9E9 captured the same 11 cell surface and ECM proteins;
these included the sequence-similar pgf neuronal glycopro-
teins M6a and M6b (boxed in Fig. 11), and 9 other proteins

831


Deleted Text: , 
Deleted Text: ,
Deleted Text: , etc.
https://academic.oup.com/jnen/article-lookup/doi/10.1093/jnen/nlz058#supplementary-data
https://academic.oup.com/jnen/article-lookup/doi/10.1093/jnen/nlz058#supplementary-data
https://academic.oup.com/jnen/article-lookup/doi/10.1093/jnen/nlz058#supplementary-data
Deleted Text: -
Deleted Text:  family

Sobel et al

J Neuropathol Exp Neurol ® Volume 78, Number 9, September 2019

1
Y
b =44,

\am.
Anti-PLP 50-69 mAb F4.4C2

Anti-PLP 50-69 mAb F3.9E9

R
< :

. N
B \ T
a— TN
"\ﬁ""—.}";—- ﬁy

Anti-PLP 178-191 mAb P7.6A5

Anti-PLP 200-219 mAb F4.8A5

fay *
= f B $ e

Y I Xy
LN “ ::;'.‘J O

Anti-PLP 100-123 mAb 2D2 Anti-PLP 139-151 mAb 1C5

: 4 = ﬁ_f,
: b, & F e -
2 o 4
iy > *
. F / 4
.Q;_ 7 g: - J . 'E"_ ‘§
. b o
. ‘. a
Anti-PLP 264-276 mAb P5.12A8 PBS

FIGURE 8. Live cell staining of NGF-treated PC12 cells incubated with the indicated monoclonal antibody (mAb) (5 ng/mL) or
PBS for 2 hours prior to formalin fixation. After washing, the slides were immunostained for mouse Ig. The anti-PLP 50-69 mAbs
(F4.4C2 and F3.9E9), the anti-PLP 178-191 mAb P7.6A5, and the anti-PLP 200-219 mAb F4.8A5 immunostain the cell body
surfaces and neurites of many cells (arrows). The anti-PLP 100-123 mAb 2D2 and anti-PLP 139-151 mAb 1C5 (i.e. to myelin
proteolipid protein [PLP]-specific regions), and the anti-PLP 264-276 mAb P5.12A8 (i.e. to an epitope on the cytoplasmic face of
PLP), do not stain the live cells. A control with omission of primary mAb (PBS) also shows no immunoreactivity. All are
immunoperoxidase for mouse Ig with 3,3’-diaminobenzidine chromogen and hematoxylin counterstain. Scale bar = 50 um and

applies to all panels.

with neurodevelopmental functions but without sequence sim-
ilarity to PLP as determined by BLAST searches (Fig. 11,
green text). The other 3 mAbs tested and the PBS-coated con-
trol beads did not capture M6a or M6b proteins. Five proteins
were identified in eluates from beads coated with either anti-
PLP 50-69 mAb or the anti-PLP 178-191 mAb P7.6A5 (2nd
PLP loop) (Fig. 11, purple text). Five proteins were identified
in eluates from beads coated with F4.4C2 and P7.6AS5, but not
F3.9E9 (Fig. 11, blue text). In 1 experiment, one of these pro-
teins was also identified in a PBS control eluate. One protein
was identified only in eluates from F4.4C2-, anti-PLP 200-
219 mAb F4.8A5 (2nd PLP loop)-, and anti-PLP 100-123
mAb 2D2 (PLP-specific cytoplasmic region)-coated beads (1
experiment) (Fig. 11 red text). One protein was identified only
in eluates from F3.9E9- and P7.6A5-coated beads (1 experi-
ment) (Fig. 11, pink text).

Immunoprecipitated Neurodevelopmental
Proteins Are Expressed in PC12 Cells and in
Adult Human NSCN

To confirm the expression of the identified proteins,
IHC was performed on fixed PC12 cells and adult human
NSCN with commercial antibodies to M6b (gene, Gpmo6b)
(Table 1), and to other representative neuronal cell surface
proteins (Table 2) that were immunoprecipitated by anti-
PLP mAb F4.4C2. Neuronal glycoprotein M6b, EphA3,
EphA10, EphB1, NrCAM, NCAM-1, and protocadherin-$12
(PCDHB12) were detected by IHC on cell surfaces and
growth cones of fixed PC12 cells (Supplementary Data Fig.
S9). In normal adult human hippocampal dentate gyri, there

832

was immunostaining for these proteins in perinuclear cyto-
plasm and cell surfaces of a subset of mature-appearing
neuronal cells (Fig. 12A). In normal adult human olfactory
bulb samples, there was immunostaining of perinuclear cy-
toplasm of a subset of cells with prominent membrane
immunostaining for neuronal glycoprotein M6b, EphA3,
EphB1, and PCDHB12 (Fig. 12B).

DISCUSSION

PLP is primarily a myelin structural protein but the p/p/
gene products, PLP and DM20 have additional roles in oligo-
dendrocytes and neurons (21-24). Mutations of plp! cause the
X-linked dysmyelinating disorders Pelizaeus-Merzbacher dis-
ease and spastic paraplegia type 2 in humans (25), and several
recent studies have implicated p/p/ mutations in the pathogen-
esis of MS in some patients (26, 27). Although PLP sequences
are identical among mammals and pgf proteins are highly con-
served in all vertebrate species, little is known about neuronal
expression, distribution, and functions of PLP epitopes or of
other pgf proteins in the immature and mature human CNS
and how they may relate to the pathogenesis of human CNS
diseases.

Anti-PLP mAb Immunoreactivity at Different
Ages in the Human CNS

We first surveyed archival normal tissue samples from
patients of different pre- and postnatal ages and found that in
addition to the expected increases in PLP immunoreactivity in
myelin with age, immunostaining of CNS neurons with certain
anti-PLP mAbs in the regions analyzed was considerable in
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FIGURE 9. Effects of anti-PLP monoclonal antibodies (mAbs) (5 pg/mL) on PC12 cell in vitro neurite outgrowth. (A) Incubation
with the anti-PLP 50-69 mAbs F4.C2 and F3.9E9, anti-PLP 178-191 mAb P7.6A5, anti-M6b mAb for 3 days resulted in larger
proportions of immature cells (without neurite outgrowth or processes), whereas cultures incubated with anti-PLP 100-123 mAb
2D2 or PBS show normal neurite outgrowth with longer processes. Cells were grown on collagen-coated multiwell slides, fixed in
formalin and counterstained with hematoxylin. Bar = 50 um, applies to all panels. Data are representative of 7 experiments with
2-5 incubations for each condition. (B, €) Representative semiquantitative data (from 2 to 4 experiments for each mAb),
showing effects of anti-PLP and -M6b mAbs on incidence of PC12 cell neurite outgrowth (defined by the presence of cell
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FIGURE 10. Effect of anti-PLP 200-219 monoclonal antibody F4.8A5 on PC12 cell neurite outgrowth. Upper panels show
representative fields of control and F4.8A5-treated (5 pg/mL) cultures after 3 days in vitro. Bar = 50 um, applies to both panels.
The incidence of neurite outgrowth (middle panel, F4.8A5 vs PBS, ***p = 0.0002) and measurements of neuronal process
lengths (lower panel, F4.8A5 vs PBS, ***p = 0.0014), were determined as in Figure 7. Data were analyzed with 2-tailed t test with
Welch’s corrections and are representative of 2 experiments.

FIGURE 9. Continued

processes equal to or greater than 3 nuclear diameters) (B) and neurite process lengths (C). Proportions of cells with neurite
outgrowth were determined in 10 fields of hematoxylin-counterstained fixed cells on day 3 of incubation with the indicated
mAbs or PBS. For incidence of neurite outgrowth overall: **p < 0.001; ***p = 0.0002; paired comparisons for neurite outgrowth:
PBS versus 9E9, p = 0.009; 4C2 versus 9E9, n.s. (not significant); PBS versus P76A5, p = 0.0003; PBS versus M6, p < 0.001; PBS
versus 2D2, n.s. in both experiments (4C2 = F4.4C2; 9E9 = F3.9E9). For neurite process length measurements (C), lengths of
from 22 to 39 nonoverlapping processes in 10 fields per condition were measured. For overall process lengths: **p < 0.0001; *p
= 0.0103; paired comparisons for process lengths: PBS versus 4C2, p < 0.0001; PBS versus 9E9, p = 0.0072; 4C2 versus 9E9, p =
0.0099; 2D2 versus 9E9, p = 0.0082; PBS versus P76A5, p =0.0272; PBS versus M6, p = 0.022; PBS versus 2D2, n.s. in both
experiments. Overall data were analyzed by 1-way ANOVA with Geisser-Greenhouse correction; paired comparisons were
analyzed with 2-tailed t test with Welch’s corrections.
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mAb F4.4C2 (PLP 50-69)

Adgr1, Adgr2, Ap2a1, Ap2a2, Bcr, Camk2a, Camk2b, Camk2g,
Cdh7, Cdh26, Cfl1, Cflar, Cntnap1, Cntn1, Cntn2, Cntn3, Cttn,
Ctnna1, Ctnnd1, Dbn1, Dmd, Dvi1, DpysI3, Dpysl4, Dpysl5,
Efnib3, Ehdl, Epha3, Epha10, Ephb1, Fat3, Ghr,[Gpmb6a[Goméb)
Gria1, Iqgap1, Itga2, ltga3, Itgav, ltgab1, Itgblbp2, Jam3, Krit1,
Lama2, Ncam1, Nf2, NrCAM, Pcdha10, Pcdh12, Slc7a5, Slc17a8,
Setx, Slit3, Spint1, Spint2, Src,Tenm2, Thy1, Vgf

mAb P7.6A5 (PLP 178-191)
Camk2g, Cttn, Cttnb2, Dbn1, Dcx
Itga2, Itga3, Itgav, Itgb1, , Ntrk3,
Spint1, Pcdh12, SNAP25, Vgf

mAb F4.8A5 (PLP 200-219)
cfi1

mAb F3.9E9 (PLP 50-69)
Ap2a1, Ap2a2, Bcr, Brinp2, Chl1, Cntnap1,
Dmd, Dvi1, Epyc, an1,
Haplin, Iqgap1, Itga3, Itgav, Itgb1,
, Pcdh12, Setx, Slitrk6, Vgf

mAb F4.2D2 (PLP 100-123)
cfi1

PBS (uncoated beads)
Camk2g

Lama2,

FIGURE 11. Cell-surface and extracellular matrix neuronal growth and differentiation molecules (listed by gene) identified by
GeLC-MS/MS analysis of bands of eluates from the indicated anti-PLP monoclonal antibody (mAb)-coated and uncoated (PBS)
control beads that had been incubated with NGF-treated and -untreated PC12 cell lysates. The large box groupings indicate the
mAbs that did (black) and did not (red) inhibit in vitro PC12 cell neurite outgrowth. The 11 corresponding proteins in green text
(AP-2 complex subunit o, AP-2 complex subunit a-2, [BCR, RhoGEF, and GTPase-activating protein], dystrophin, contactin-
associated protein 1, segment polarity protein disheveled homolog DVL-1, neuronal membrane glycoproteins M6A and M6B,
[1Q motif containing GTPase activating protein 1, Predicted, isoform CRA_b], laminin subunit 2 and senataxin), were identified
in eluates from beads coated with both anti-PLP 50-69 mAbs F4.4C2 and F3.9E9 (1st PLP loop). Gpmé6a Gpméb are boxed to
highlight that they are proteolipid gene family members and have sequence similarity with myelin proteolipid protein (PLP) 50—
69. The 5 corresponding proteins in purple text, (integrin o3 variant A, integrin subunit o, integrin B1, protocadherin 12, and
neurosecretory protein VGF), were identified in eluates from beads coated with both anti-PLP 50-69 mAbs and anti-PLP 178-191
mAb P7.6A5 (2nd PLP loop). The 5 corresponding proteins in blue text (calcium-/calmodulin-dependent protein kinase type Il
subunit vy, Src substrate cortactin, drebin, integrin subunit a2, and Kunitz-type protease inhibitor 1), were identified in eluates
from beads coated with F4.4C2 and P7.6A5; in 1 experiment, calcium-/calmodulin-dependent protein kinase type Il subunit y
was identified in a PBS control eluate. CflT (cofilin-1, red text), was identified in eluates from F4.4C2-, anti-PLP 200-219 mAb
F4.8A5 (2nd PLP loop), and anti-PLP 100-123 mAb 2D2 (PLP-specific cytoplasmic region)-coated beads (1 experiment each).
Nav2 (neuron navigator 2, pink text), was identified in eluates from F3.9E9- and P7.6A5-coated beads (1 experiment each).
Underlined genes correspond to proteins identified as associated with CNS myelin (2).

the immature CNS tissues and, (except for the brainstem),
generally decreased with age in most anatomic regions (Figs.
4 and 5; Supplementary Data Tables S3—S9; Table 3). This
greater incidence of staining of neurons in adult brainstem par-
allels findings in rodents that indicate roles for neuronal PLP
and other pgf protein expression in critical ventilatory control
and response to acidosis (28-30).

In our analyses at the light microscopy level, PLP im-
munoreactivity was not limited to cell membranes, that is dif-
fuse cytoplasmic immunostaining of neurons was often
observed. This may relate to the use of postmortem FFPE
specimens in which the cells are permeabilized following for-
malin fixation and tissue processing, other postmortem fac-
tors, and the use of antigen retrieval. However, in addition to
membrane immunolocalization, soma-restricted plp gene
products in neurons are characteristic of early development in
other mammalian species (31). Therefore, the IHC staining
likely represents true cytoplasmic localization of the epitopes
in human CNS neurons. Together our observations indicate
that there are distinct in situ patterns of neuronal PLP epitope
expression over time that differ from those of PLP in myelin
and suggest functional roles for the recognized epitopes in de-
veloping human neurons.

Anti-PLP mAb Immunoreactivity in Adult
Human CNS NSCN

The extent to which neurogenesis in the CNS is pre-
served throughout life in healthy humans and the efficacy of
endogenous neural stem cells for spontaneous restoration of
brain function following injury in disease states and with aging
are currently not understood (32-36). Because of the patterns
of mAb neuronal immunorecognition in CNS samples of dif-
ferent ages and their potential relevance to neuroregeneration
in the adult human CNS, we investigated anti-PLP mAb im-
munoreactivity in normal adult NSCN. We found that the anti-
PLP mAbs that recognized neurons in immature human CNS
samples also immunostained mature- and immature-appearing
neuronal cells in adult human NSCN (Fig. 6A, B; Table 3).
The NSCN immunostaining patterns of each mAb generally
replicated the patterns in other CNS regions in immature CNS
samples (Figs. 3-5; Supplementary Data Tables S3-S9). Spe-
cifically, the anti-PLP 50-69 mAb F4.4C2 (IgG1,,) consis-
tently immunostained numerous neuronal cells in the NSCN
whereas the anti-PLP 50-69 mAb F3.9E9 (IgG,,.) did not.
The isotype difference between these mAbs could be 1 factor
contributing to these differences, which were also evident in
the different age samples (Fig. 5; Table 3).
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FIGURE 12. Representative PC12 cell proteins immunoprecipitated by anti-PLP monoclonal antibody (mAb) F4.4C2 in IP
experiments are expressed in adult human neural stem cell niches (NSCN). Immunostaining of adult human NSCN was
performed with commercial antibodies to neuronal glycoprotein Méb (gene, Gpmé6b) (Table 1), and to other neuronal cell
surface proteins (Table 2). (A) Immunoreactivity in samples of normal adult hippocampal dentate gyrus. Most fields show
immunostaining of perinuclear cytoplasm of a subset of mature-appearing neuronal cells (black arrows). There is strong cell
surface immunostaining seen for EphB1 (EphB1), NCAM-1 (NcamT), and protocadherin 12 (PCDHB12, Pcdhl2). Control
samples with normal rabbit serum or omission of primary mAb (PBS) show no immunostaining of neuronal cells (red arrows). (B)
Immunoreactivity in samples of normal adult human olfactory bulb. Most fields show immunostaining of perinuclear cytoplasm
of a subset of neuronal cells (black arrows). There is strong cell surface immunostaining seen for neuronal glycoprotein Méb,
EphA3 (Epha3), and protocadherin 12 (PCDHB12). Immunostaining for NCAM-1 and Nr-CAM (NrCAM) resulted in staining of
background neuropil only in the olfactory bulbs. Control samples with normal rabbit serum or omission of primary mAb (PBS)
show no immunostaining of neuronal cells. Representative higher magnifications of stained and unstained neurons are shown in
insets and in an adjacent panel for PCDHB12 in (B). Scale bars = 25 pm and apply to all panels. All are immunoperoxidase with
3,3'-diaminobenzidine chromogen and hematoxylin counterstain.

836



J Neuropathol Exp Neurol ® Volume 78, Number 9, September 2019

Anti-PLP mAbs Inhibit Neuron Differentiation

The anti-PLP 178-191 mAb P7.6A5 also immunos-
tained many neuronal cells in NSCN whereas the immunos-
taining with anti-PLP 200-219 mAb F4.8A5 was less
consistent. Both are IgG;, and both are against second exter-
nal loop PLP epitopes. As in the immature human CNS tis-
sues, the anti-PLP 264-276 mAb P5.12A8 (IgM) also
consistently immunostained neuronal cells in NSCN. In con-
trast, the mAbs to the PLP-specific regions (PLP 100-123
and 139-151, both IgG,,), and to MBP, (which is also on the
cytoplasmic face of myelin), did not immunostain neuronal
cells in NSCN despite comparable immunostaining of mye-
linated axons in all cases (Figs. 2—4). These latter findings
with identical mAb isotypes support the specificity and selec-
tivity of neuronal immunostaining results in FFPE samples
and suggest that the epitopes recognized by the individual
mAbs in neurons may have functional roles throughout the
human lifespan.

Live Staining and Neurite Outgrowth Inhibition
of RHPC

We postulated that the anti-PLP antibodies that immu-
nostained immature neurons and neurons in adult NSCN
would inhibit in vitro neurite outgrowth through their recogni-
tion of M6 or other related pgf proteins. For RHPC neurite out-
growth inhibition experiments, the mAb concentrations (10
pg/mL) were as originally used by Lagenaur et al (9). In con-
trast to the divergent results in immunostaining of FFPE sec-
tions, both anti-50-69 mAbs immunostained the surfaces of
live RHPC cells (Supplementary Data Fig. S5), and consis-
tently inhibited neurite outgrowth (Fig. 7A, B; Table 4). In
contrast, although the mAbs to the second external loop of
PLP (178-191 and 200-219) immunostained surfaces of live
RHPC (Supplementary Data Fig. S5), neurite outgrowth
results with these mAbs on RHPC were inconsistent. The
mAbs to the PLP cytoplasmic face epitopes (100-123, 139-
151, and 264-276) did not immunostain live RHPC or inhibit
their neurite outgrowth (Supplementary Data Fig. S5 and data
not shown; Table 4). These latter observations support the spe-
cificity of staining and neurite outgrowth inhibition results
with the mAbs to the first external loop epitope. They also
suggest that the epitope(s) recognized by those mAbs would
not be accessible on live cells in RHPC cultures and that this
might account for their failure to inhibit neurite outgrowth.

Because PLP, M6 proteins and other pgf proteins can be
expressed on both glial and neuronal cells, it was not possible
to identify effects of the mAbs on neurons versus non-
neuronal cells in the mixed lineage populations of RHPC
cultures. Multiple direct and indirect effects on different popu-
lations might have contributed to some of the inconsistent
findings of RHPC neurite outgrowth inhibition by the mAbs to
the second external loop (Table 4).

Live Staining and Neurite Outgrowth Inhibition
of PC12 Cells

To overcome the problem of multiple cell populations
in RHPC cultures, we analyzed PC12 cells and found that the
combined live staining and neurite outgrowth inhibition

results with the cell line were more congruent for each mAb,
that is F3.9E9, F4.4C2, P7.6A5, and F4.8A5 all immunos-
tained live PC12 cells, consistent with recognition of epitopes
on their external surfaces and each inhibited neurite outgrowth
(Figs. 8—10; Table 4). As with RHPC, the mAbs to epitopes on
the cytoplasmic face, (PLP 100-123 and 139-151), did not
immunostain live PC12 cells; when tested repeatedly as a neg-
ative isotype-matched control, the anti-PLP 100-123 mAb
2D2 also did not inhibit PC12 cell neurite outgrowth
(Fig. 9A—C). The anti-264-276 mAb P512.A8 (IgM) was not
investigated for neurite outgrowth inhibition of PC12 cells be-
cause it did not inhibit neurite outgrowth of RHPC and did not
stain live PC12 cells (Fig. 8; Table 4).

PC12 Cell Neurodevelopmental Proteins
Immunoprecipitated by Anti-PLP mAbs

To characterize possible mechanisms for the neurite out-
growth inhibition, we performed IP analyses to identify poten-
tial anti-PLP mAb target molecules on PC12 cells. Large
numbers of plasma membrane and non-membrane proteins
were captured from PC12 cell lysates by mAb-coated beads
and identified in the bead eluates (Supplementary Data Tables
S10 and S11). Based on the live-staining results, we focused
on rat cell membrane and ECM proteins with known neurode-
velopmental functions that were captured by and eluted from
the mAb-coated beads and therefore could have contributed to
neurite outgrowth inhibition by the anti-PLP external face
mAbs (Fig. 11).

Three of the 4 mAbs that immunostained live PC12 cells
and inhibited neurite outgrowth (F4.4C2, F3.9E9, and
P7.6A5) captured distinct but partially overlapping groups of
neurodevelopmental proteins. Because in our previous study
of nonhuman vertebrate tissues, sequence similarities between
PLP peptide epitopes 50-69 and 178-191 and neuronal pgf
proteins (M6a, M6b, Rhombex-29) correlated with the extent
of neuronal immunostaining (Supplementary Data in [3]), we
postulated that the neurite outgrowth-inhibiting mAbs would
cross-react with and capture sequence-similar epitopes of pgf
proteins expressed by the PC12 cells. Indeed, the anti-50-69
mADbs F4.4C2 and F3.9E9 captured the pgf M6a and M6b neu-
ronal proteins, consistent with the notion that sequence simi-
larity played a part in the mAb live cell immunostaining, IP
capture and in vitro neurite outgrowth inhibition for those
mAbs (Table 4). The potential recognition of M6 proteins by
these anti-PLP mAbs on PC12 cell surfaces suggests that the
mechanisms of neurite outgrowth inhibition may be similar to
those of the anti-M6 mAb, that is suppression of NGF-
triggered Ca® " influx (12).

The PLP cytoplasmic face mAb epitopes have sequence
identities with the M6 proteins, (particularly with gpM6b),
that are comparable to that of the 50—69 epitope (Supplemen-
tary Data Table S12). This supports the notion that for the
mAbs to 100-123 and 139-151, accessibility to cytoplasmic
face epitopes may have been a limiting factor for neuronal
immunostaining and neurite outgrowth inhibition. However,
the anti-PLP 178-191 mAb P7.6A5 also immunostained neu-
rons, inhibited neurite outgrowth and has a comparable level
of sequence similarity with M6 proteins (Supplementary

837


Deleted Text: -
Deleted Text: -
Deleted Text: -
Deleted Text: By
Deleted Text: -
Deleted Text: -
Deleted Text: l
Deleted Text: -
https://academic.oup.com/jnen/article-lookup/doi/10.1093/jnen/nlz058#supplementary-data
Deleted Text: By
Deleted Text: -
Deleted Text: -
https://academic.oup.com/jnen/article-lookup/doi/10.1093/jnen/nlz058#supplementary-data
Deleted Text: -
Deleted Text: -
Deleted Text: -
https://academic.oup.com/jnen/article-lookup/doi/10.1093/jnen/nlz058#supplementary-data
Deleted Text: ie 
Deleted Text: -
Deleted Text: -
Deleted Text: -
Deleted Text: -
https://academic.oup.com/jnen/article-lookup/doi/10.1093/jnen/nlz058#supplementary-data
https://academic.oup.com/jnen/article-lookup/doi/10.1093/jnen/nlz058#supplementary-data
Deleted Text: -
Deleted Text: -
Deleted Text: -
https://academic.oup.com/jnen/article-lookup/doi/10.1093/jnen/nlz058#supplementary-data
Deleted Text: -
Deleted Text:  family
Deleted Text: ie
Deleted Text: -
https://academic.oup.com/jnen/article-lookup/doi/10.1093/jnen/nlz058#supplementary-data
https://academic.oup.com/jnen/article-lookup/doi/10.1093/jnen/nlz058#supplementary-data
Deleted Text: -
Deleted Text: -
Deleted Text: On the other hand
Deleted Text: -
https://academic.oup.com/jnen/article-lookup/doi/10.1093/jnen/nlz058#supplementary-data

Sobel et al

J Neuropathol Exp Neurol ® Volume 78, Number 9, September 2019

Data Table S12), but it did not capture M6 proteins. Thus, se-
quence similarities between PLP mAb epitopes and M6 pro-
teins could not account for the PC12 cell neurite outgrowth
inhibition results for all of the mAbs.

The anti-PLP 200-219 mAb F4.8 A5 inhibited PC12 cell
neurite outgrowth but it displayed a distinct profile as follows:
(1) It did not immunostain any neurons in the nonhuman verte-
brate tissue samples, even when there was considerable se-
quence similarity between PLP peptide 200-219 and known
neuronal proteins of the tested nonhuman vertebrate species
(Supplementary Data in [3]). (ii) It did not immunostain neu-
rons in human CNS dentate gyrus and it immunostained fewer
neurons in the olfactory bulb than the other neurite outgrowth-
inhibiting mAbs (Fig. 6A, B). (iii) It only captured 1 protein
(cofilin-1 [CflI]), (which was also captured by F4.4C2 and the
non-inhibiting, nonbinding mAb 2D2), in IP experiments
(Fig. 11). The second external loop of PLP contains cysteine
residues and the comparable region in gpM6a is critical for rat
hippocampal cell filopodium outgrowth and synaptogenesis
(37). How these cysteine residues in the second loop epitopes
might have affected the recognition by P7.6A5 and F4.8A5
with respect to conformations in FFPE tissues, in vitro and in
the IP analyses, are unclear.

Our inability to identify possible target molecules for
F4.8AS despite the finding that the F4.8AS epitope has also a
high sequence similarity with gpM6b (Supplementary Data
Table S12), and that it immunostained some neuronal cells
and inhibited neurite outgrowth highlights limitations of the IP
experiments and their interpretation. The samples submitted
for analysis were selected and cut from the gels based on visu-
alization of bands; variations in numbers of samples submitted
for analysis for each mAb, (i.e. most numerous for F4.4C2),
likely contributed to disparate numbers of captured proteins
identified for each mAb. Additional proteins not captured by
the mAb-coated beads or not eluted from them may not have
been detected or identified by GeLC-MS/MS because they
could have undergone degeneration or conformational
changes at various steps in the procedure (e.g. protein extrac-
tion, coating of the beads, IP, elution); or their epitopes might
have been blocked by other proteins.

Many other neuronal and myelin membrane proteins
without sequence similarities with PLP were also eluted from
beads coated with the neurite outgrowth-inhibiting mAbs
(Fig. 11). Some non-pgf proteins were captured by either
F3.9E9 or F4.4C2 and P7.6A5; some (i.e. integrins, PCDH12
and neurosecretory protein VGF) were captured by all 3 of
these mAbs despite their different specificities (50-69 vs 178—
191). Because the proteins captured by 1 or more of the mAbs
and identified in the IP experiments may be binding partners
of the molecules recognized by the mAbs rather than being
bound directly by the mAbs, some of them may not be relevant
to or sufficient for neurite outgrowth inhibition. For example,
the calcium-/calmodulin-dependent protein kinase type II sub-
unit y [Camk2g], was captured by PBS-coated beads as well
as F4.4C2 and F3.9E9 (Fig. 11). The extent of IP capture by
the negative control 2D2- and PBS-coated beads was, how-
ever, minimal as compared to the multiplicity of molecules
captured by the neurite outgrowth-inhibiting mAbs (other than
F4.8AS5). Furthermore, the neurodevelopmental functions of
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some of the identified proteins not included in Figure 11 may
not be currently known and relevant molecules could have
been excluded. Importantly, IP capture and identification in
mAb-coated bead eluates argues for but does not prove bind-
ing in situ, in vitro or in vivo. Further studies would be neces-
sary to prove that direct binding of each of the proteins
identified occurs in the absence of many other confounding
factors.

In view of these considerations, the IP results cannot be
regarded as definitive identification of all molecules relevant
to anti-PLP mAb in vitro neurite outgrowth inhibition. The
analyses do indicate that: (i) there is the potential for binding
to numerous cell surface neurodevelopmental molecules
expressed by PC12 cells by each neurite outgrowth-inhibiting
anti-PLP mAb; (ii) the binding of an individual mAb to each
PLP epitope may be distinct but may not predict specific
pathobiological consequences of a polyclonal Ab response;
and (iii) sequence identity to M6 proteins is only 1 potential
determinant of the effects of an individual mAb. The indepen-
dent IHC results demonstrating several of the captured mole-
cules in human NSCN (Fig. 12A, B), indicate the potential
relevance to human neuronal precursor cell differentiation
in vivo.

Antibody Multispecificity

Both specificity of epitope recognition and promiscuity,
that is binding to a variety of different and structurally unre-
lated self and non-self (foreign) antigens by a single antibody,
are intrinsic, evolutionarily conserved characteristics of verte-
brate antibodies (38—40). As suggested by James et al, multi-
specific recognition may increase the potential for the
development of pathogenic autoimmunity (41, 42). Our IP
data suggest that in vitro neurite outgrowth inhibitory effects
were due to mAb binding to epitopes of multiple cell surface
neurodevelopmental molecules, thereby providing support for
this concept. Although the structural relationships underlying
mADb recognition and functional interactions of the identified
molecules in vitro and in vivo are not known at this time, any
of the positive “hits” from the IP studies can be considered a
potential specific target of the mAbs. The close physical prox-
imity of membrane molecules with portions on external surfa-
ces might facilitate the hydrogen bonds that permit
promiscuous Ab recognition (43). Furthermore, because neu-
ronal precursor cells undergo rapid growth and differentiation,
the critical neurodevelopmental membrane molecules are
highly expressed and, therefore, would more likely to have
been bound to the anti-PLP mAbs in the in vitro models.

Anti-PLP Abs in Patients With Chronic MS

Leptomeningeal B cell aggregates are considered the
sources of pathogenic Abs and the drivers of immunopathol-
ogy in chronic CNS autoimmune diseases, particularly MS
(44). Many previous studies have demonstrated that some but
not all MS patients have increased anti-PLP Abs in their sera
and CSF as compared to controls; in some of these studies, the
detected antibody levels have correlated with evidence of clin-
ical disease activity and some have included Abs to native or
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mutant peptide epitopes in regions of the PLP molecule corre-
sponding to the epitopes of our mAb panel (45-58). However,
the methods for characterizing the Ab responses (e.g. immu-
nofluorescence staining of tissue or tissue slices, ELISA, and
antigen arrays), and the specific epitopes analyzed in these
studies are highly heterogenous and most have not systemati-
cally and comprehensively focused on peptide sequences
encompassing multiple regions of the PLP molecule. Studies
of in situ staining of CNS tissues with MS patient biofluid
samples have also not examined human or nonhuman NSCN.
The patient samples analyzed (serum vs CSF, pediatric vs
adult MS, other demyelinating diseases, etc.), and the types
and numbers of healthy and other neurological diseases patient
controls among these studies are also highly variable making
direct comparisons difficult. Therefore, despite the well-
known frequent presence of oligoclonal bands in the CSF in
MS patients, it is not surprising that there is no consensus on
the pathogenetic significance of anti-PLP Abs or, indeed, of
Ab responses to any single antigen in MS patients.

Implications for Remyelination, Neuronal Injury,
and Disease Progression in Chronic MS Patients

Despite current therapies, chronic MS patients typically
exhibit clinical and neuroimaging disease worsening over
time. The pathogenetic mechanisms underlying this progres-
sion are not understood (59). As expected, none of the anti-
PLP mAbs immunoprecipitated PLP or DM-20 from PC12
cells and none of the mAbs captured other major myelin pro-
teins such as MBP. However, some of the other captured cell
membrane and ECM neurodevelopmental proteins function in
myelination or are also expressed in CNS myelin (underlined
in Fig. 11) (2). The potential immunorecognition of those mol-
ecules and others involved in myelination, for example ephrin
B3 (Efnb3) and o2 laminin subunit (Lama2), (captured by
F4.4C2), and av integrin (/tgav), (captured by 3 mAbs), might
also affect remyelination of demyelinated lesions in MS
patients (23, 60—62).

To address this issue, we undertook a limited immuno-
histochemical analysis of MS lesions and determined that the
anti-PLP external face mAbs F4.4C2, P7.6A5, and F4.8A5
immunostained some individual apparently demyelinated and
dystrophic axons as well as residual and phagocytosed myelin
in active and chronic inactive lesions; the anti-PLP cytoplas-
mic face mAbs 2D2, P5.12A8, and AA3 only immunostained
myelin (Supplementary Data Figs. S3 and S4; Table 4). How-
ever, it is not known if neurite outgrowth inhibition within MS
lesions could in part be attributable to Ab-mediated effects on
neuronal precursor cells. Separating the Ab effects on myelin
and remyelination from effects on neurons and neuronal pre-
cursor cells would be difficult.

The PC12 cell surface molecules that were captured
by the anti-PLP mAbs, (e.g. NCAM-1, protocadherins, con-
tactins, and ephrins/Ephs), are expressed by non-myelin-
producing cells and Abs to them have also been implicated
in MS pathogenesis (51, 56, 63-70). Hippocampal and
olfactory bulb atrophy identified both in imaging and neu-
ropathological studies have also been suggested as the
bases for impaired olfaction, memory loss, and cognitive

decline in MS patients (71-74). Whether these focal ana-
tomic abnormalities are consequences of more general
pathogenetic mechanisms of MS or indicate specific target-
ing in these regions by autoantibodies or other mechanisms
is not known. In this regard, Oreja-Guevara et al demon-
strated reduction of expression of stem cell and mitosis
markers in NSCN in a patient with acute fulminant MS
(Marburg form), suggesting that neurogenesis was inhibited
in early disease stages in that patient (75). Similarly, in
myelin oligodendrocyte glycoprotein (MOG)-induced acute
experimental autoimmune encephalomyelitis, (in which my-
elin breakdown may result in the generation of anti-PLP
Abs [58]), Kesidou et al identified serum antibody binding
to neural precursor cells; those authors emphasized the po-
tential for impaired remyelination rather than impaired
neuroregeneration (76).

It is notable that in addition to the general lack of immu-
noreactivity of the mAbs in adult CNS neurons, there was al-
most no overlap of molecules captured by the anti-PLP mAbs
with antigens found on mature neurons that are associated
with paraneoplastic autoimmune encephalitides (77) (Supple-
mentary Data Table S11). This suggests that anti-PLP Abs
comparable to the mAbs studied could have effects on func-
tion and/or regeneration of neuronal precursor cells or imma-
ture rather than mature neurons in the human CNS and that
clinical progression and focal atrophy might in part be attribut-
able to autoantibody-mediated inhibition of neuronal regener-
ation in specific anatomic regions including NSCN in chronic
MS patients.

Potential Implications for Impaired
Neuroregeneration in Tissue Destructive
Lesions, Aging and Other Neurological and
Psychiatric Conditions

In addition to human demyelinating diseases, B cell
infiltrates and autoantibody responses have been implicated in
the pathogenesis of progressive functional impairment after
CNS destructive lesions, including spinal cord and brain
trauma (78-80), and infarcts (81, 82). Autoantibodies have
also been suggested to contribute to chronic human neurode-
generative conditions in which there is secondary demyelin-
ation, that is following neuronal injury or degeneration. These
include those occurring in aging (83) and Alzheimer disease
(84). In this regard for example, P7.6A5-coated beads cap-
tured doublecortin (Dcx), a well-known marker of neurogene-
sis in the human hippocampus (85); doublecortin-positive
neurons are depleted in the hippocampal dentate gyrus in
patients with Alzheimer disease (86). In view of the presence
of B cell as well as T cell inflammatory responses in perinatal
white matter injury (87), anti-PLP autoantibody-mediated
mechanisms might also contribute to subsequent cerebral dys-
maturation in those conditions (88).

CNS conditions in which myelin injury or degeneration
is not overt may also show dysregulated adult neurogenesis
(89). For example, perturbations of the identified anti-PLP
mADb cell surface neuronal proteins, including altered expres-
sion of M6 proteins, are associated with depression (90-92),
schizophrenia (92, 93), claustrophobia (94), chronic stress
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(95), autism spectrum disorder (96, 97), and other psychiatric
and neurodevelopmental conditions (92, 98, 99). Some of the
molecules captured by the anti-PLP mAbs, (i.e. Ephs, NCAM
and contactins), are also involved in post-seizure synaptogen-
esis in chronic epilepsy (100). In addition, Abs to neural anti-
gens have been implicated in effects on CNS function in
diseases not primarily of the CNS, for example cognitive im-
pairment in rheumatoid arthritis (101, 102). Thus, the poten-
tial involvement of multispecific anti-PLP epitope Ab
responses in these diverse disorders is considerable but
remains to be investigated. Importantly, the effects of such
Abs in chronic disease processes may differ from those in
acute conditions (103).

Potential Implications for Therapeutic Neural
Stem Cells

Neural and other stem cell regenerative therapies are
currently intensively investigated for the treatment of MS,
stroke, and many other neurological diseases (104—106). In
this study, the anti-PLP mAb epitopes generally did not appear
to be expressed in morphologically undifferentiated-appearing
cell types either in the germinal matrix in the immature human
brain specimens or in small round undifferentiated-appearing
cells in the PC12 cell cultures in the absence of NGF (Supple-
mentary Data Fig. S6). Moreover, no cytotoxic effects of the
mAbs or apoptosis were observed in vitro. Therefore, although
molecular mechanisms are not known, Ab effects in vivo
would not likely be directly toxic but could affect stages of
neuronal maturation, (including process elaboration, synapse
formation, axon pathfinding, dendritic arborization, connec-
tivity, etc.), which must be achieved by transplanted cells to
restore normal neuronal functions. The presence of anti-PLP
Abs that can inhibit these developmental processes might in-
fluence exogenous stem cell maturation thereby limiting their
therapeutic efficacy in recipient patients.

Caveats in the Identification and
Characterization of Anti-PLP Epitope Abs in
Patients

In some studies, normal healthy and other neurological
disease control patient samples have shown the same Ab reac-
tivities, albeit at lower levels, as are found in some MS patient
serum or CSF samples (56, 67, 68, 107). For example, anti-
PLP peptide epitope Abs to both first and second loop regions
were found in healthy controls (55), and in a patient with head-
ache (48), respectively. Although these results suggest that
such responses may neither be disease-specific nor critical to
pathogenesis, several factors contribute to the failure to iden-
tify or accurately measure levels of anti-PLP epitope Abs in
human CSF and other samples. The hydrophobicity of the
PLP molecule overall, (and of individual peptides), and the
lack of specific knowledge on the 3-dimensional conformation
of the epitopes within myelin in vivo have been highlighted by
Greer as confounding factors in characterizing T cell
responses to PLP in MS patients that also apply to the assess-
ment of anti-PLP epitope Abs (108). The spatial relationships
of PLP and other pgf proteins with other myelin membrane
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components are also not understood and the tetraspan structure
of PLP makes characterization of immune responses to it ver-
sus those to other myelin molecules more challenging. The
anti-PLP epitope Ab multispecificity demonstrated in this
study may introduce further complexity to the quest for identi-
fication of individual disease-specific and other pathogenetic
autoantigen Ab responses.

Multispecific anti-PLP epitope Abs might have also
greater affinity for the native sequence or epitope conforma-
tion in myelin than to a neuronal precursor molecule to which
they can cross-react. Even if there are no significant differen-
ces in Ab affinity, however, because PLP is the most abundant
myelin protein, (e.g. approximately 17 times more abundant
than MOG [2]), anti-PLP Abs, particularly those to external
surface epitopes, would likely be bound by the overwhelm-
ingly greater amounts of PLP in intact myelin throughout in-
jured as well as normal CNS tissues. Such a “sponge effect”
might preclude the identification or lower measured levels of
anti-PLP epitope Abs in clinical specimens. Antibodies to less
abundant myelin proteins and to those on the cytoplasmic my-
elin face, for example MBP, would be less likely to be bound
by normal intact myelin. We are not aware evidence that anti-
MBP, anti-MOG, or any other demyelinating disease-
associated anti-myelin component mAb exhibits the same pat-
terns of developmental immunostaining of neurons or neuro-
nal precursor cells or the in vitro effects that we observed for
the anti-PLP external face mAbs.

Some of the molecules present in myelin and captured
by the anti-PLP mAbs in the IP experiments, for example
integrins, Thyl, ECM molecules, and NCAM-1 (109), are also
abundant in non-CNS tissues and could be bound by anti-PLP
Abs in vivo both within and outside of the CNS thereby reduc-
ing their detectability. In the present study, neurite outgrowth
inhibition was demonstrated using in vitro models with high
dose, relatively short-term exposure of the mAbs to cells
whereas lower concentrations over long time periods would
likely be more relevant to mechanisms in chronic human dis-
eases. In this regard, it is possible that transient exposure even
to low levels of certain anti-PLP Abs can have long-term
effects on the hippocampus; this has been suggested in a mu-
rine lupus autoantibody model (110). Thus, the failure to de-
tect anti-PLP epitope Abs at a single time point in a serum or
CSF sample may not preclude their pathobiological roles in
chronic conditions. An additional caveat is that although PLP
sequences among mammals are identical and the mAbs
showed similar neuronal staining patterns in human and mu-
rine tissues (Supplementary Data tables in [3]), it is not known
whether there are identical Ab epitope conformations of the
identified captured PC12 cell molecules (other than of PLP) in
humans or whether they have identical membrane topology
and functions in the human CNS.

SUMMARY AND CONCLUSIONS

The results of this study indicate that: (i) in addition to
their recognition of CNS myelin, anti-PLP mAbs to external
face but not cytoplasmic face epitopes specifically recognize
neurons in immature human CNS tissues, in adult human
NSCN and in cultured developing mammalian cells with a
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neuronal phenotype; (ii) mAbs to the external loop PLP
epitopes capture neurodevelopmental membrane and ECM
molecules both with, (i.e. M6 proteins), and without sequence
similarities with PLP in IP experiments; and (iii) the anti-PLP
mADb binding to the identified neuronal surface antigens corre-
lates with but may not entirely account for their inhibition of
neurodifferentiation in 2 in vitro models. These data represent
an initial proof-of-principle that anti-myelin PLP epitope Ab
recognition of neurodevelopmental antigens may affect the
differentiation of neuronal precursor cells. They imply that
similar inhibitory effects in vivo might contribute to impaired
neuronal precursor cell differentiation in MS as well as other
chronic neurological and psychiatric conditions. Validation of
this hypothesis and a better understanding of the molecular
mechanisms of multispecific anti-PLP Ab effects may lead to
the development of appropriate diagnostic and therapeutic
strategies.
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