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A Patient-Derived Antibody Ameliorates
Disease Severity in a Relapsing Remitting

Murine Model of Multiple Sclerosis
Chad Smith,1 Benjamin M. Greenberg,1,2 Jack Reynolds,1 Ryan Mosavi-Hecht,1

Patricia Semedo-Kuriki,1 Sara Benavides,1 Wei Zhang,1 Yipin Wu,1 George Adams,1

Bret M. Evers ,3 Kiel M. Telesford,1,4,5 Pavel G. Yanev,6 Marcel Mettlen,7 Ann M. Stowe,6,8

Doug Kerr,9 and Nancy L. Monson 1,2,10

Objective: Naturally occurring autoantibodies are commonly considered to be causative of autoimmune diseases or
epiphenomena with no known biological impact. Although clinically beneficial autoantibodies have been described,
there have been no naturally occurring anti-neuronal antibodies that have been found to be neuroprotective. Here, we
identify a recombinant human antibody (TGM-010) derived from a patient with multiple sclerosis (MS) that binds human
and mouse neurons, leading to beneficial effects.
Methods: TGM-010 was examined for its ability to be internalized by human and mouse neurons and protect neurons
from death in vitro following a stress event. TGM-010 was also injected systemically into a relapsing–remitting model
of experimental autoimmune encephalomyelitis (EAE) to examine its ability to impact disease score, extent of demye-
lination, and neuron frequency.
Results: TGM-010 demonstrates many novel characteristics including crossing the blood-brain barrier (BBB) and inter-
nalizing into neurons. TGM-010 also protects primary mouse neurons from death in vitro. In a mouse model of MS,
TGM-010 ameliorates disease severity and is associated with improved neuronal survival.
Interpretation: This study identified a patient-derived neuron-binding autoantibody that crosses the BBB in mice and
reduces neuron loss in a mouse model of MS. These data suggest that the human derived anti-neuronal antibody,
TGM-010, may potentially be used to ameliorate neurodegeneration that underlies disability in neurodegenerative
conditions.
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It is well established that autoimmunity in humans is
not always pathologic. Some immune responses to self-

antigens can be associated with therapeutically beneficial
outcomes for individuals.1,2 The ability to identify
and develop naturally occurring human autoantibodies
with medicinal potential represents a novel approach
to drug development. To date, no naturally occurring

neuroprotective antibodies have been identified in humans
and most known anti-neuronal antibodies are considered
disease causing (eg, anti-NMDAR antibodies).

Patients with multiple sclerosis (MS) represent a
unique patient population for many reasons. Whereas the
condition was historically defined as a T-cell mediated
disease,3 we and others have demonstrated that B cells in
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patients with MS are hyper-proliferative, readily produce
pro-inflammatory cytokines, and can drive Th17
responses to myelin antigens.4,5 Yet, despite the significant
activation of B cells and exposure to central nervous sys-
tem (CNS) antigens, it is exceptionally rare to identify
patients with MS with evidence of autoimmune encephali-
tis. Thus, identifying anti-neuronal B cells in patients
with MS represents a unique opportunity to screen for
naturally occurring neuroprotective autoantibodies.

Our laboratory cloned an antibody called TGM-
010, from a patient with MS, that binds to neuronal
nuclei. We previously identified enrichment of replace-
ment mutations within antibody heavy chain family
4 (VH4) rearrangements expressed by B cells in the cere-
brospinal fluid of patients who either have MS or will be
diagnosed with MS in the future.6,7 We cloned 32 of
these and found that 30 of them bound to brain gray mat-
ter tissue of both mouse and human origin.8 TGM-010
was one of these, and exhibited the most intense staining
pattern to neurons in both human and mouse brain tis-
sue.8 Thus, we sought to determine the impact of TGM-
010 on neuron health and disease trajectory in a mouse
model of MS. Dogmatically, it is assumed that antibodies
would not readily cross the blood-brain barrier (BBB) or
internalize into neurons to bind to an intracellular anti-
gen. Here, we show in vitro and in vivo evidence that
TGM-010 is internalized by mouse cortical neurons and
reduces the frequency of stress-induced death. When
injected systemically into mice that have experienced a
first disease attack of experimental autoimmune encepha-
lomyelitis (EAE), TGM-010 reduces disease severity of
the subsequent relapse and reduces neurodegenerative fea-
tures associated with disease progression. Additionally, we
show that TGM-010 crosses an intact BBB supporting
the potential of using TGM-010 as a biologic agent to
prevent neuronal death in patients with MS and other
neurodegenerative disorders.

Materials and Methods
Recombinant Human Antibody Cloning,
Expression, and Purification
The antibody variable domains of the heavy chains and light
chains of the recombinant human antibodies (rhAbs) were syn-
thesized (Integrated DNA Technologies) and cloned into IgG1
or IgK backbones provided by Dr. Michel Nussenzweig at
Rockefeller University, as previously described.9 TGM-010 (orig-
inally called AJL10) was expressed by a CD19+ B cell isolated
from the cerebrospinal fluid (CSF) of a 40-year-old female
patient with presentation of optic neuritis and gadolinium
enhancing lesions of the brain who was subsequently diagnosed
with relapsing remitting MS and has remained clinically stable
for 10 years post-sampling. This study subject signed the written

informed consent approved by the Institutional Review Board of
the UT Southwestern Medical Center (UTSW), in accordance
with the Federal-wide Assurance on file with the Department of
Health and Human Services (USA). TGM-010 expresses a vari-
able heavy chain family 4 gene (VH4-4) paired with the Joint
Heavy 6 (JH6) gene and a CDR3 length of 16 amino acids with
a charge of �1.005. There are a total of 16 mutations resulting
in codon replacements in the heavy chain rearrangement. TGM-
010 expresses a variable kappa chain family 2 gene (VK2-28)
paired with the Joint Kappa 5 (JK5) gene and a CDR3 length of
9. The control rhAb for the in vitro assays was originally
expressed by a blood-derived plasmablast B cell from a 28-year-
old female patient with presentation of transverse myelitis and
gadolinium enhancing lesions of the brain who was subsequently
diagnosed with MS expressing a VH4-30:JH4 antibody heavy
chain gene, a CDR3 length of 17, CDR3 charge of 0, and
13 mutations resulting in codon replacements in the heavy chain
rearrangement with pairing to VK2-30:JK2 antibody kappa
chain. The isotype control antibody used for the in vivo
experiments was purchased from ProMab (Richmond, CA)
and did not exhibit binding to brain tissue. The FreeStyle
CHO-S cells (Invitrogen) were maintained in FreeStyle CHO
expression media (Life Technologies). The plasmids encoding
the rhAbs were transiently transfected into CHO-S cells with
FreeStyle Max reagent (Invitrogen). Supernatants from these
cultures were collected on day 6. The cell pellets were spun
down and supernatants were passed through 0.2-μm filters
and subjected to rhAb purification on the NGC Quest 10 sys-
tem (BioRad). The concentrations of the rhAbs were deter-
mined by sandwich enzyme-linked immunosorbent assay
(ELISA), as previously reported.4

Human Induced Pluripotent Stem Cell-Derived
Motor Neuron Cultures
Human-induced pluripotent stem cell (iPSC)-derived motor
neuron cells were purchased from Axol Bioscience (Easter Bush,
UK). The cells were thawed and seeded on vitronectin- + PDL-
coated coverslips (100k cells per well in a 24-well plate),
maintained in motor neuron maintenance medium for plating
for 24 hours, and then replaced with complete motor neuron
maintenance medium, as recommended by the manufacturer.
Every other day, we performed medium exchanges: full exchange
for the first 2 exchanges, and then half medium changes. Cells
were used for experiments on day-in-vitro 10 (DIV10).

Mouse Corticohippocampal Neuron Cultures
Prior to preparing neuron cultures, coverslips and 100-mm
dishes were coated with 0.1 mg/ml Poly-L-Lysine (Sigma
P2636) and incubated overnight at 37�C. The mouse
corticohippocampal neurons (MCNs) were obtained from new-
born (p0-p1) SJL/J mouse pups (Jackson 000686). Within a
sterile biosafety cabinet under the assistance of a stereological
microscope (Leica), the pups were decapitated and the cortices
and hippocampi were extracted. Tissue was transferred to 2 ml
dissection media (1x HBSS, Gibco 14185052; 1x Pen-Strep,
Gibco 15140122; 1x pyruvate, Gibco 11360070; 10 mM
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HEPES, Gibco 15630080; 30 mM Glucose, ThermoFisher
A2494001). Tissue was then digested at 37�C for 15 minutes
with 20 μl of 1% (w/v) DNase (Sigma DN-25) and 67 μl
20 mg/ml Papain (Worthington LS003119). The supernatant
was removed, and the cells were washed twice with plating
medium (Neurobasal Medium, ThermoFisher 21103049; 1x B-
27, ThermoFisher 17504044; 1x Pen-Strep; 1x GlutaMax, Ther-
moFisher 35050061; 5% Horse Serum, GE Healthcare
SH30074.03). The cell pellet was then dissociated by repeated
pipetting with 3 sets of successively smaller fire-polished Pasteur
pipettes, with the supernatant collected between each set. The
cell suspension was run through a 70 μm cell strainer (Fisher
22363548), and then was centrifuged at 100 g � 5 minutes.
The pellet was resuspended with 10 ml plating medium and
counted with Trypan Blue. To produce MCNs, the cells were
plated at 200,000 cells/well in 24- well plates with a final volume
of 0.6 ml using plating medium. To produce companion glia
cultures for use later as a media supplement source, the cells were
plated at the same density as MCNs but cultured in DMEM
+10% fetal bovine serum (FBS) + 1x Pen-Strep for 3 days, and
then replaced with feeding medium (plating medium without
horse serum) until used for MCN cultures. For MCNs, the plat-
ing medium was replaced with feeding medium after the initial
3 hours of plating. At DIV3, half the medium in the MCN cul-
tures was replaced with fresh feeding medium supplemented
with 0.5 μM Ara-C (Sigma C6645) to reduce glia outgrowth. At
DIV5, the medium from 5-day glial cultures was supplemented
with Ara-C and used to replenish half the medium in the MCN
cultures. MCNs were used for experiments 7 days after the
prep (DIV8).

Immunocytochemistry to Evaluate Neuron
Binding
Cells were fixed with ice-cold 4% PFA for 10 minutes, and then
washed with phosphate-buffered saline (PBS) for 5 minutes.
Cells were washed with 0.2% Triton X-100 + 2 mg/ml bovine
serum albumin (BSA; Sigma A9647) for 10 minutes, and then
blocked with PBS + 1% goat serum (ThermoFisher 50062Z)
+ 3% BSA for 2 hours. Cells were incubated overnight at 4�C
with primary antibodies diluted in blocking buffer: rhAbs
(20 μg/ml), rabbit anti-GFAP (Abcam ab16997, 1:200), and
mouse anti-MAP2 (ThermoFisher 13–1500, 1:200). The con-
centration of rhAbs used in this method was based on physiolog-
ical measurements of single antibody clones in patients.10–12 The
next day, the cells were washed 4 � 3 minutes with 0.05% Tri-
ton X-100 + 1% goat serum +1% BSA, and then incubated for
1 hour at room temperature (RT) with secondary antibodies
diluted in blocking buffer: goat anti-human conj AlexaFluor
488 (ThermoFisher A-11013, 1:1000), goat anti-rabbit conj
AlexaFluor 568 (Abcam ab175471, 1:1000), and goat anti-
mouse conj AlexaFluor 647 (Abcam ab150115, 1:500). The
washes were repeated, and then the cells were counterstained
with DAPI and washed twice with PBS. Coverslips were
mounted on glass slides with Fluoromount G, then visualized on
a Zeiss LSM780 confocal microscope with a 20�/0.8NA air
objective lens.

Mouse Brain and Spinal Cord Tissue Preparation
and Immunofluorescence to Evaluate Region
Specificity
Mice were deeply anesthetized with avertin, then were perfused
transcardially with PBS and 4% PFA. Their brains and spinal
cords were then extracted, drop-fixed in 4% PFA for 48 hours,
washed with PBS, and embedded in paraffin. Sagittal brain slices
and transverse spinal cord slices (5 μm) were processed by the
UT Southwestern Histo Pathology Core. Tissue slices were
deparaffinized with 2 � 10-minute washes with xylenes (Fisher),
and then washed with successive ethanol solutions: 2 � 100%
ethanol, 95% ethanol, 70% ethanol, 50% ethanol, 30% ethanol.
Slices were washed with PBS for 3 minutes, and then 1% (w/v)
glycine (Sigma) for 15 minutes. Slices underwent antigen
retrieval by submersion in boiling citrate retrieval buffer (Vector
BioLabs H-3300) in a pressure cooker for 10 minutes, and then
were allowed to cool to RT for 30 minutes. Slides were washed
2 � 5 minutes with PBS, and then with 0.2% Triton X-100
(Sigma) in PBS for 10 minutes. Slides were blocked for 2 hours
with 5% goat serum + 0.1% Triton X-100 in a humidified
chamber, and then incubated overnight at 4�C in a
humidified chamber with primary antibodies diluted in blocking
buffer: rhAbs (20 μg/ml), rabbit anti-GFAP (1:200), mouse anti-
MAP2 (1:200), rabbit anti-S100b (Abcam ab52642, 1:200), and
mouse anti-NeuN (ThermoFisher MA5-33103, 1:200). The
next day, the slides were washed 3 � 5 minutes with 0.025%
Triton X-100, and then incubated for 1 hour at RT in a humidi-
fied chamber with secondary antibodies diluted in blocking
buffer: goat anti-human conj AlexaFluor 488 (1:1000), goat
anti-rabbit conj AlexaFluor 568 (1:1000), goat anti-rabbit conj
AlexaFluor 647 (Abcam 150,083, 1:500), goat anti-mouse conj
AlexaFluor 568 (Abcam ab175473, 1:1000), and then goat anti-
mouse conj AlexaFluor 647 (1:500). The rinses were repeated,
and then the slides were counterstained with DAPI. The slides
were washed twice with PBS and coverslips were mounted with
Fluoromount G. The slides were visualized on a Zeiss LSM980
confocal microscope with a 40�/1.45 NA oil immersion lens.

Internalization and Cytotoxic Stress Assays
MCNs were used for internalization and cytotoxic stress
assays on DIV8. The iPSC-derived neurons were used for inter-
nalization assays on DIV10. For internalization assays, rhAbs
were diluted to 100 μg/ml in cell culture-conditioned medium,
and then were added at a final concentration of 20 μg/ml to
incubate at 37�C for the specified time points. The concentra-
tion of rhAbs used in this method was based on physiological
measurements of single antibody clones in patients.10–12 For
0 minutes of incubation at 37�C, the cells were refrigerated at
4�C for 10 minutes, and then incubated with rhAbs on ice for
10 minutes. Cells were washed 4 times with cold PBS prior to
immunocytochemistry. Anti-tubulin (Sigma T5168, 1:1000) was
used as a primary antibody, and goat anti-human superclonal
conj AlexaFluor 488+ (ThermoFisher A56021, 1:1000) and
goat anti-mouse conj AlexaFluor 647 (1:1000) were used as sec-
ondary antibodies. For cytotoxicity assays, rhAbs were diluted as
mentioned above, added to cultures at a final concentration of
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20 μg/ml, and then incubated at 37�C for 90 minutes. Then,
the Caspase-3/7 Detection Reagent (ThermoFisher C10423) was
added to cells at 6 μM for an additional 30 minutes at 37�C
(totaling 2 hours of incubation at 37�C) prior to fixing with 4%
PFA and immunocytochemistry. For neuroprotection assays,
MCNs were heat-shocked at 45�C for 90 minutes to induce
death. Then, the rhAbs were added at a final concentration of
20 μg/ml, along with Caspase-3/7 Detection Reagent for an
additional 30 minutes (2 hours total) prior to fixing and immu-
nocytochemistry. Cells were imaged on an LSM780 laser scan-
ning confocal microscope. Images were analyzed with a FIJI
macro. In summary, a maximum intensity projection of the
image was created, then nuclei were identified through automatic
thresholding of the DAPI channel. The mean fluorescence inten-
sity (MFI) of the Caspase channel was measured within nuclei,
and cells were identified as Caspase-positive through empirical
thresholding of this MFI. The number of caspase-positive cells
was divided by the number of total nuclei per image to calculate
a percentage of dead cells. To normalize the data, all points were
divided by the average of the group “Heat Shock Cells treated
with control rhAb,” effectively setting this group’s average per-
centage of dead cells to 100%. To convert to viability, all
datapoints were subtracted from the maximum value in the
“Heat Shock Cells treated with control rhAb” group.

Blood-Brain Barrier Experiments
Wild-type SJL/J mice were injected with 125 μg control anti-
body or TGM-010 by intravenous (i.v.) delivery as previously
established in the literature,13 then were euthanized at either
8 or 24 hours post-injection by anesthesia with avertin and
transcardial perfusion. For detection of antibodies in brain
lysates, brains collected at 8 hours post-injection were homoge-
nized using T-PER (ThermoFisher, 78510) including Protease
and Phosphatase inhibitor cocktail (ThermoFisher, 78442) and
a bead-based homogenizer. A 96-well plate was incubated over-
night with 2 μg/ml goat anti-human IgG (Jackson Immune
Research, 109-005-088). After discarding the supernatant, the
plate was blocked with 3% Blocker A in PBS (MesoScale,
R93AA) for 1 hour. The plate was washed 3 times with PBS
+ 0.1% Tween-20, and then incubated for 2 hours with stan-
dards and samples. The washes were repeated, then the plate
was incubated with 1 μg/ml Sulfo-Tag Labeled anti-Human
Antibody (MesoScale, R32AC). The washes were repeated,
then the wells were incubated with GOLD Read Buffer B
(MesoScale, R60AM) and read on a MESO QuickPlex 120 SQ
120MM. For the imaging studies, the mice were perfused and
the brains collected at 8 and 24 hours post-injection were
harvested, and then fixed as described above, and cryopreserved
in PBS + 30% (w/v) sucrose (Fluka 84097). Brains for the
imaging studies were frozen in OCT, then 30 μm sections were
obtained with a sliding microtome (Leica) and stored in cryo-
protectant buffer (30% glycerol + 30% ethylene glycol in PBS)
at �20�C. Sections were washed in PBS for 10 minutes, and
then incubated in a blocking buffer consisting of 0.1% Triton
X-100 + 1% goat serum + 1% BSA in PBS for 1 hour. Sec-
tions were then incubated with primary antibodies in blocking

buffer overnight at 4�C: Mouse anti-NeuN (1:1000, EMD
Millipore MAB377). The next day, the sections were rinsed
3 � 10 minutes in 0.1% Triton X-100, then incubated with
secondary antibodies for 1 hour in blocking buffer: goat anti-
human conj AlexaFluor 488 (1:1000) + goat anti-mouse conj
AlexaFluor 568 (1:500) + DAPI. The rinses were repeated,
then the brain sections were mounted on slides. Slides were
visualized on a Zeiss LSM980 confocal microscope with a
40�/1.45NA oil immersion lens. Neurons were identified by
expression of NeuN and fluorescence intensity of the rhAb
channel was quantified with FIJI.14 Neurons were identified as
rhAb-positive through iLastik, and images were registered to
the Allen Brain Atlas. Animations were generated using Imaris
(Oxford Instruments).

Experimental Autoimmune Encephalomyelitis
and Therapeutic Administration of Antibodies
Female SJL/J mice (Jackson 000686) were induced for EAE at
7 to 8 weeks of age. Mice were briefly anesthetized with iso-
flurane, then injected s.q. with 25 μg PLP139-151 + 50 μg CFA
in PBS adjacent to the axillary and lumbar lymph nodes. Mice
were observed for recovery, then EAE scores were recorded at
least daily until the termination of the experiments as follows by
personnel blinded to treatment.

The EAE scoring scale is as follows: 0.0 = no discernable
symptoms; 0.5 = tip of tail is limp; 1.0 = limp tail; 1.5 = limp
tail and hindlimb inhibition; 2.0 = limp tail and hindlimb weak-
ness; 2.5 = limp tail and dragging of hindlimbs; 3.0 = limp tail
and complete paralysis of hindlimbs, or almost complete
hindlimb paralysis, or paralysis of one front and one hindlimb;
3.5 = limp tail and hindlimb paralysis, in addition to inability to
right itself or flat hindquarters; and 4.0 = limp tail, complete
hindlimb and partial forelimb paralysis. Mice were euthanized in
case of severe paralysis or weight loss.

Mice with EAE scores of 2.5 or greater for at least 2 con-
secutive days during the initial demyelinating episode (initial
attack) were included in the experiment. A second criteria for
inclusion was remission of the initial demyelinating episode
defined as EAE score of 1.5 or below between day 17 and
19 post-EAE induction. Mice were excluded from analysis if they
displayed atypical EAE symptoms, such as head-tilting or axial
rotation.

For intracranial injections, mice were randomized for
treatment and injected in the lateral ventricle with 5 μg of
antibodies as previously established.15 For intraperitoneal
injections, mice were randomized for treatment with 200 μg
of control antibodies or TGM-010 beginning on day 19 post-
induction, and administered every other day for a total of
6 injections. The dosage of 200 μg was determined based on
previous studies concerning antibody treatment in EAE
mice.16 At the completion of the experiment, the mice were
perfused transcardially with PBS and 4% PFA. Brains and spi-
nal cords were extracted, drop-fixed in 4% PFA for 48 hours,
washed with PBS, and embedded in paraffin. Sagittal brain
slices and transverse spinal cord slices (5 μm) were processed
by the UT Southwestern Histo Pathology Core.
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Post-EAE Demyelination and Inflammation
Evaluations
Hematoxylin and eosin (H&E) plus Luxol Fast Blue (LFB)
staining was performed on spinal cords by the UTSW Histo
Pathology Core as follows. Slides were deparaffinized in 95%
ethanol and subsequently incubated overnight at 57 to 60�C in
0.1% Luxol Fast Blue solution. After incubation, white and gray
matter was differentiated by immersion in 0.05% lithium car-
bonate, followed by serial changes of 70% ethanol with continu-
ous monitoring to prevent over-differentiation. Upon
completion of Luxol Fast Blue staining, slides were rinsed in
water and processed for routine H&E staining using a Sakura
Prism Plus x-y-z robotic stainer with Leica Selectech reagents
(Hematoxylin 560 and Alcoholic Eosin Y 515). Slides were then
cover slipped with Permount Mounting Medium (Fisher Scien-
tific SP15-100). The slides were then digitally scanned using an
Aperio GT 450 system (Leica Biosystems). Semi-quantitative
scoring of cellular infiltrate was performed by a blinded board-
certified neuropathologist as follows: 0 = no inflammation;
1 = cellular infiltrate only in the perivascular areas and menin-
ges; 2 = mild cellular infiltrate in parenchyma; 3 = moderate
cellular infiltrate in parenchyma; and 4 = severe cellular infiltrate
in parenchyma. Additionally, the percent area of demyelination
to the total area of white matter was calculated using QuPath
software.

Post-EAE Neuron Enumeration
Confocal images of the sacral spinal cord were cropped to
include only the ventral region by drawing a rectangular region
of interest (ROI) around the lower half of the tissue, where the
lower half was defined by the midpoint of the central canal. An
ImageJ macro was then used to enumerate NeuN positive cells
within this region in the following basic steps: automatic
thresholding (default method), binary mask conversion, binary
hole filling, binary close operation, adjustable watershed
processing, and particle analysis.

Statistical Analyses
Analyses were performed with GraphPad Prism 10 software.
Two-way analysis of variance (ANOVA) was used to compare
analyses over multiple timepoints. One-way ANOVA was used
to compare most other experiments, unless there were <3 groups
in which case a Student’s t test was appropriate. Data are repre-
sented as mean � SEM (ns = not significant; *: p ≤ 0.05;
**: p ≤ 0.01; ***: p ≤ 0.001; and ****p ≤ 0.0001).

Results
TGM-010 Binds Human and Mouse Neuronal
Nuclei
Previous experiments examining B cells from the CSF of
adult patients with MS identified several antibodies that
preferentially bound neuronal soma in the gray matter of
human brain and mouse cortex.8 Among these neuron-
binding antibodies was TGM-010 (previously called

AJL10), a VH4+ antibody that exhibited notably stronger
binding to neuronal nuclei than others evaluated in these
early characterization studies.8 To verify binding to
human and mouse neuronal nuclei, we used iPSC-derived
human neurons and primary MCNs to examine
co-localization of TGM-010 with these neuron types
and verify localization to the nucleus. Indeed, TGM-010
bound to MAP2+ human iPSC-derived motor neurons
(Fig 1A) and MAP2+ primary MCNs (Fig 1C), specifi-
cally in the nucleus. In contrast, the control rhAb failed to
bind these cells (Fig 1B, D). These results indicate that
TGM-010 binds human and mouse neuronal nuclei. We
next used whole mouse brain tissue to examine the bind-
ing of TGM-010 to specific brain regions. As indicated in
Supplementary Figure S1A, TGM-010 binds neurons in
the gray matter of wild-type (WT) mouse cortex, but not
white matter in the corpus callosum, as we had observed
earlier with human brain tissue from a patient with MS
S1A.8 Closer examination of the hippocampus confirmed
TGM-010 colocalized with NeuN+ neurons, but not
S100b+ astrocytes (Fig 1E). Similar neuron-binding was
observed in pyramidal layer of the hippocampal formation
and the granule layer of the dentate gyrus (Supplementary
Fig S1C and Fig 1E). Notably, the control rhAb did not
exhibit binding within these regions (Supplementary
Fig S1B, D and Fig 1F). Neuron-binding by TGM-010
was also detected throughout the gray matter of spinal
cord tissue derived from WT mice, whereas the control
rhAb did not bind to this tissue (Supplementary
Fig S1E, F).

TGM-010 is Internalized by Neurons and
Protects Against Neurotoxic Stress
To examine the binding pattern of TGM-010 in live cells,
we harvested primary MCNs from postnatal mice and
incubated them with TGM-010 (Fig 2A). We found that
TGM-010 was rapidly internalized into the nuclei of
MCNs within 30 minutes (Fig 2B, C–G). In contrast, a
control antibody was not internalized into the nuclei of
MCNs over time (Fig 2B, H–L). We confirmed these
results in human iPSC-derived motor neurons, detecting
internalized TGM-010 (but not the control rhAb) in the
nuclei within 30 minutes (Supplementary Fig S2). These
results demonstrate that TGM-010 transitions across the
cell membrane of human and mouse neurons.

To determine the impact of TGM-010 on
neuronal health, we adapted an in vitro method to induce
neuronal death via thermal stress in MCNs.17 We used
Caspase 3/7 activity as an indicator of early non-reversible
death pathway engagement18 to focus our studies on acute
impact (Fig 3A). In this context, neuron viability declines
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FIGURE 1: TGM-010 binds human and mouse neuronal nuclei. Representative images of iPSC-derived human motor neurons
showing binding of TGM-010 (A) but not a control rhAb. (B) The insets to the right of A and B show subsets of neurons from A
and B at higher magnification. Green = rhAb; red = MAP2; and blue = DAPI. Representative images of mouse primary neurons
showing binding of TGM-010 (C) but not a control rhAb. (D) The insets to the right of C and D shows subsets of neurons from C
and D at higher magnification. Green = rhAb; red = MAP2; and blue = DAPI. Representative images from a fixed WT mouse
brain showing binding of TGM-010 (E), but not a control rhAb (F) to NeuN+ neurons in the dentate gyrus. Green = rhAb;
red = NeuN; violet = S100b; and blue = DAPI. iPSC = induced pluripotent stem cell; rhAb = recombinant human antibody;
WT = wild-type.
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such that only 20% of neurons remain Casp3/7negative
after 2.5 hours of thermal stress (Fig 3B) and continues to
decline for up to 8 hours (data not shown). In contrast,
thermally stressed MCNs treated with TGM-010
maintained nearly 100% viability (Fig 3C). Thermally
stressed MCNs treated with the control antibody had sig-
nificantly reduced viability compared with MCNs treated
with TGM-010 (see Fig 3C, E–G). MCN viability was
not impacted by exposure to TGM-010 or the control
rhAb in the absence of thermal stress (Fig 3D). Total neu-
ronal density was not affected by heat shock or antibody
treatment (Supplementary Fig S3A–C). This suggests that
exposure to TGM-010 reduces MCN toxicity caused by
thermally induced neuronal stress.

TGM-010 is Internalized by Neurons In Vivo and
Modulates Relapse in a Mouse Model of MS
The in vitro data suggested that TGM-010 modulates
stress-induced neuronal death. To examine this in the
context of MS, we first verified that TGM-010 could be
detected in the CNS of mice systemically injected with
TGM-010 or the control rhAb. To do this, 125 μg of
TGM-010 or the control antibody was injected into the
tail vein of WT female SJL/J mice and brain tissue was
harvested at 8 and 24 hours post-injection (Fig 4A).
TGM-010 was detected in brain lysate at 8 hours post-
injection (Fig 4B), neurons within the cortex of mouse
brain tissue 8 and 24 hours post-injection (Fig 4C–E) and
throughout the brain at 24 hours post-injection by tail

FIGURE 2: TGM-010 is internalized by primary mouse neurons in vitro. (A) Schematic of the experiment workflow.
(B) Quantification of mean fluorescence intensity of TGM-010 and control antibody internalization within mouse neuronal soma.
(C–G). Representative images from TGM-010 internalization to MAP2+ primary neurons. (H–L) Representative images from
control antibody internalization to MAP2+ primary neurons. G and L show an inset of neurons from F and K. Green = rhAb; and
red = MAP2. rhAb = recombinant human antibody.
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vein (Supplementary Video S1). There was no significant
difference in the neuron density of mice treated with
TGM-010 or the Control antibody at 8 or 24 hours post-
injection (see Supplementary Fig S3D).

To examine the potential neuroprotective effects of
TGM-010 in vivo, we used the relapsing-remitting MS
model in the SJL/J strain, as female SJL/J mice typically
undergo an initial demyelination episode within 10 to

FIGURE 3: TGM-010 protects against neurotoxic stress. (A) Schematic of the experiment workflow. (B) Quantification of neuronal
viability after incubation at 37�C (UT) or 2 hours thermal stress at 45�C (HS). (C) Quantification of neuronal viability after thermal stress,
with incubation of vehicle, a control rhAb, or TGM-010 post-stress induction. (D) Quantification of neuronal viability after incubation at
37�C (UT) with incubation of vehicle, a control rhAb or TGM-010. (E–G) Representative images from mouse primary neurons incubated
with a vehicle control (E) control rhAb (F), or TGM-010 (G) and induced for thermal stress. N = 4 images/group, *: p ≤ 0.05, **: p ≤ 0.01
by 1-way ANOVA. ANOVA = analysis of variance; HS = heat shocked; rhAb = recombinant human antibody; UT = untreated.
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12 days of induction that is characterized by tail and limb
weakness, paralysis,19 and inflammation.20,21 This episode
lasts a few days, then the mice experience a remission,
followed by relapsing episodes during which time axon
loss is observed.20,21 We induced disease and selectively
identified mice that experienced a severe initial episode,
then treated them with TGM-010 or the control rhAb
during remission in 2 delivery approaches: (1) intra-
cerebroventricular (ICV) injections to remove the con-
founder of BBB integrity on the results and
(2) intraperitoneal (i.p.) injection to query the potential
confounder of BBB integrity on the results. In the ICV
injection model, TGM-010 or the control rhAb were
injected once at the remission stage, and blinded score
monitoring continued until euthanasia at day 31 post-
EAE induction (Supplementary Fig S4A). In this ICV
model, TGM-010 reduced EAE scores compared to con-
trol (Supplementary Fig S4B) and TGM-010 could also

be detected in the hippocampus (Supplementary
Fig S4C, D).

In the i.p. injection model, TGM-010 or control
rhAb were injected every 48 hours for 6 treatments at the
remission stage, and blinded score monitoring continued
until euthanasia at day 31 post-EAE induction (Fig 5A).
In this i.p. model, mice treated with the control rhAb
exhibited increased severity of disease disability during the
relapse phase, whereas mice that were treated with TGM-
010 exhibited reduced severity of disease disability
(Fig 5B). Additionally, mice treated with TGM-010 dis-
played significantly less white matter demyelination in the
lumbar-sacral region of spinal cords (Fig 5C,E,F), and
reduced cellular infiltrate in the spinal cord (see Fig 5D–F)
compared with control-treated mice. Loss of NeuN+ neu-
rons provides evidence of neurodegeneration in the EAE
model22,23 particularly at this later stage of EAE.20,21

Indeed, mice treated with TGM-010 exhibited an

FIGURE 4: TGM-010 is internalized by neurons in vivo. (A) Schematic of the experiment workflow. (B) Quantification of rhAb in
brain lysates of mice following intravenous delivery of TGM-010. **** p ≤ 0.0001 by t test. (C, D) Representative images from the
entorhinal cortex of a WT mouse following intravenous delivery of control rhAb (C) or TGM-010 (D) 24 hours post-injection.
Green = rhAb; and red = NeuN. (E) Quantification of rhAb signal in NeuN+ cells. N ≥ 500 cells/group. ** p ≤ 0.01 by 2-way
ANOVA. ANOVA = analysis of variance; rhAb = recombinant human antibody; WT = wild-type.
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(Figure legend continues on next page.)

10 Volume 00, No. 0

ANNALS of Neurology
 15318249, 0, D

ow
nloaded from

 https://onlinelibrary.w
iley.com

/doi/10.1002/ana.78149, W
iley O

nline L
ibrary on [10/01/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



increased frequency of neurons compared with control-
treated mice (Fig 5G–I).24 These data demonstrate that
TGM-010 reduces disease severity and neuronal loss in
this model of MS. Of note, mice experienced similar
symptom features of the initial attack and remission(Sup-
plementary Fig S5A–N). Other symptom features of the
relapse including day of peak severity, time from remission
to peak severity, and cumulative score of the relapse phase
were significantly different between the control-treated
and TGM-010-treated mice (Supplementary Fig S5O–R).
Animal mass was not impacted (Supplementary Fig S5S).

Discussion
Autoantibodies in the context of CNS disease have classi-
cally either been categorized as (1) epiphenomena with no
impact on disease pathology or (2) pathological with a
direct link to disease cadence.25–28 Of note, these autoan-
tibody categorizations are based largely on whether the
antigen target is intracellular or expressed on the cell sur-
face. Autoantibodies targeting intracellular antigens have
been considered epiphenomena with no pathological
potential. This is a widely accepted conclusion based on
the presumption that autoantibodies are incapable of
being internalized by intact neurons thereby limiting tar-
get interactions.25–27 One early exception has been the
anti-YO antibodies associated with paraneoplastic cerebel-
lar degeneration (PCD) which are internalized by neurons
and induce neuronal death in vitro.29,30 Histopathological
examination of cerebellar tissues of patients with PCD
and high titers of anti-YO autoantibody display features of
both neuroinflammation and neurodegeneration.31 In
MS, neuroinflammation and neurodegeneration are docu-
mented to drive pathology, and disability has been linked
directly to loss of neurons. TGM-010 is an anti-neuronal
antibody targeting an intracellular antigen that was cloned
from a B cell in the cerebrospinal fluid of a patient with
MS.4,8 Here, we demonstrate that TGM-010 is internal-
ized by live neurons. But rather than inducing cell death,
this anti-neuronal antibody protects neurons from death.

The premise of TGM-010 as a therapeutically useful
neuroprotective antibody in the CNS would require it to
cross the BBB. By convention, antibodies cross the BBB
using uncontrolled nonspecific protein brain entry or the
endogenous transport system of receptor-mediated trans-
cytosis (RMT).32 Thus, many ongoing studies cham-
pioning the use of antibodies as biologicals in the
treatment of CNS disease are focused on identifying mod-
ifications of the Fc portion of antibodies that would
enhance BBB transcytosis and uptake into the central ner-
vous system.32–35 For example, the anti-BACE1 human
IgG1 antibody is designed to clear amyloid beta from
brains of patients with Alzheimer’s disease, but only dem-
onstrated efficacy with the modified antibody version that
had higher penetrance to the brain.35 In the case of
TGM-010, the unmodified version crosses the BBB even
in WT mice that have not experienced inflammation or
reduced integrity of the BBB. Elucidating the mechanism
of internalization and retention of TGM-010 in the brain
and, in particular, neurons, is one focus of our future
investigations.

The underlying disability and disease progression in
patients with MS is due to the slow degeneration of neurons
as measured by reduced neuron density.36–40 Despite a multi-
tude of immunotherapies to treat MS, there are currently no
therapies available to directly abrogate neuronal cell death41,42

as evidenced by well-documented continuance of progression
despite effective immunomodulation.37,43–45 In the PLP-SJL
EAE model,21 disability following the initial attack is driven
by the extent of neuronal loss as it is in patients with
MS.36–40 Thus, we tested the impact of TGM-010 treatment
following the initial attack on disability scores and neuron
density in this model. Treatment with TGM-010 following
the initial attack reduces disability quantified by EAE scoring
and preserves neuron density. To our knowledge, there is no
other anti-neuronal antibody documented to impact EAE dis-
ease in this manner.46 We speculate that TGM-010 amelio-
rates disease severity in this relapsing-remitting model of
EAE by altering neuronal function in a manner that enhances
resilience to the long-term impact of initiating insult(s).

FIGURE 5: TGM-010 modulates relapse in a mouse model of MS. (A) Schematic of the experimental workflow. (B) Average of
daily EAE scores of a cohort of EAE mice treated with a control antibody (grey) or TGM-010 (black). Arrowheads indicate the
days after induction in which mice were treated with rhAbs. N = 11–12 mice/group. *: p ≤ 0.05 by 2-way ANOVA. (C) Area of
demyelination in lumbar and sacral spinal cord of mice treated with a control rhAb or TGM-010 on day of euthanasia (d31).
N = 18 to 19 sections, 9 to 10 mice per group. *: p ≤ 0.05 by t test. (D) Frequency of mice at inflammatory infiltrate score of 2 to
4 within the lumbar-sacral spinal cord on day of euthanasia (d31). N = 18 to 20 sections, 9 to 10 mice per group. (E, F)
Representative images of H&E/LFB staining showing demyelination and inflammatory infiltrate in mice treated with control
antibody (E) or TGM-010 (F). (G) Quantification of NeuN+ neurons in spinal cords of mice treated with control rhAb or TGM-010.
**: p ≤ 0.01 by t test. (H, I) Representative images of NeuN+ cells in ventral lumbosacral spinal cord of mice treated with a
control rhAb (H) or TGM-010 (I). Blue = DAPI; and red = NeuN. ANOVA = analysis of variance; EAE = experimental autoimmune
encephalomyelitis; H&E = hematoxylin and eosin; LFB = Luxol Fast Blue; MS = multiple sclerosis; rhAb = recombinant human
antibody; WM = white matter.
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Alternatively, TGM-010 may correct homeostatic imbalance
rather than interfere in the autoimmune response. Indeed,
TGM-010’s ability to protect neurons against thermal stress
in vitro, in the absence of immune cells, supports these con-
cepts. However, neurodegeneration following disease initiation
is also influenced by the degree of inflammation, glutamate
toxicity, mitochondrial dysfunction, and oxidative stress. Thus,
our observation that, at this later stage of EAE, TGM-010 also
reduces features of neuroinflammation including cellular infil-
trate and extent of demyelination is not unexpected. Neverthe-
less, examining the impact of TGM-010 treatment on the
initial demyelinating event (preventative model) when cellular
infiltration and demyelination is high20,21 would also be of
interest and may further extend the efficacy of TGM-010 to
early stages of disease.

Our focus here was the efficacy of TGM-010 treat-
ment at a later stage of established disease to examine its
impact on features of neurodegeneration including pro-
gression of disability measured by EAE scores and reduced
neuron density. This therapeutic treatment model
approach also conveyed scientific rigor by treating mice
that displayed high disease severity prior to treatment.
However, we identified several limitations to the study,
including the lack of biomarker panels that further define
features of neurodegeneration in MS and its mouse
models.47–49 For example, others have shown that the
frequency of stress granule puncta is a measure of neu-
rodegeneration in EAE,23 but the extent of neuronal death
in the control-treated mice combined with a later experi-
mental endpoint in our approach limited our ability to
quantify SG puncta. Future studies should incorporate
emerging biomarkers and approaches to further define fea-
tures of neurodegeneration impacted by treatment with
TGM-010. A second limitation is that whereas we used
well-established methods to quantify cellular infiltration
and demyelination,50–53 the composition of the cellular
infiltrate (ie, microglia, and T cell and B cell frequen-
cies)20 and quantification of myelin basic protein (MBP)54

was not incorporated into this dataset. Future studies
should include detailed examination of the cellular infil-
trate and quantification of MBP-specific demyelination to
further elucidate more specifically the impact of TGM-
010 on disease progression. Finally, it should be noted
that whereas TGM-010 impacts several features of EAE
disease, other rhAbs we had examined in the original pub-
lication also displayed neuron binding properties,8 which
we later verified was largely isolated to VH4+ rhAbs.4

Future studies should focus on examining if these other
VH4+ neuron binding rhAbs also display neuroprotective
properties like TGM-010.

In conclusion, we have identified an antibody
expressed by a B cell from the cerebrospinal fluid of a

patient with MS with neuroprotective properties both
in vitro and in vivo. To our knowledge, TGM-010 is the
first human-derived antibody identified that can prevent
or reduce neuronal death which underlies disease progres-
sion in MS and neurodegenerative disorders more broadly.
Within patients with MS, other neurodegenerative disor-
ders, and the EAE model, clinical disability is correlated
with neuronal loss. In the context of inflammatory stress,
neurons are triggered to undergo apoptosis thereby caus-
ing long lasting clinical disability. TGM-010 enters the
brain and specifically enters neurons. In the setting of
chronic inflammation, neurons are protected from death
and EAE mice have lower disability scores. The next steps
would be to identify the antigen target and investigate
how (1) TGM-010 modulates this pathway to impact dis-
ease progression and (2) whether other patients with MS
exhibit antibody binding to this target antigen. Under-
standing whether the neuroprotective properties of TGM-
010 are unique, shared among other rhAbs or prevalent in
other patients, is of great importance but was not
addressed here. Because many of the other CNS-centric
diseases are hallmarked by ongoing neurodegeneration,
such studies into the mechanism by which TGM-010
modulates neurodegeneration may inform toward a
broader use.
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