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Editorial on the Research Topic

Brain-Targeted Autoimmunity: Beyond Multiple Sclerosis

INTRODUCTION

There is mounting evidence indicating that brain-targeted autoimmunity develops in a large range
of neurological conditions in which the involvement of the adaptive immune system was not
previously envisioned. Beyond multiple sclerosis and a few central nervous system (CNS) disorders
acknowledged to be autoimmune by nature, it now appears that multiple neurological conditions
are accompanied by brain-targeted autoimmune processes. The eleven articles gathered in this
Research Topic fall into four main research themes, which represent the likely focus of major
investigative efforts in the near future: i) links between physiological and pathological brain-targeted
autoimmunity, ii) the functional impact of post-lesional brain-targeted autoimmunity, iii) the role
of brain-targeted autoimmunity in neurodevelopmental and neurodegenerative disorders, iv) the
emergence of new clinical entities associated with brain-targeted autoimmunity. In this editorial, we
first provide a brief summary of the main advances presented by these articles. We then discuss the
concept of “brain-targeted autoimmunity” and how to refine it in order to improve our
pathophysiological understanding of a growing array of CNS diseases.

UNRAVELING THE LINKS BETWEEN PHYSIOLOGICAL AND
PATHOLOGICAL BRAIN-TARGETED AUTOIMMUNITY

In their article, Arevalo-Martin et al. show that in patients suffering from spinal cord injury, elevated
levels of autoantibodies directed against CNS antigens can be identified as early as 5 days post-
injury. These autoantibodies were determined to be naturally-occurring following their detection in
the serum of healthy individuals as well. Along this line, Chantran et al. propose an original
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pathophysiological scheme in which naturally-occurring
autoantibodies directed against the amyloid beta peptide
AP1-40 may be responsible for the development of cerebral
amyloid angiopathy complications. Finally, the data mining
article by Nataf et al. points to a potential role of B-cells in
shaping physiological autoimmune responses against
neurodegeneration-associated proteins such as amyloid beta,
alpha-synuclein and tau.

POST-LESIONAL BRAIN-TARGETED
AUTOIMMUNITY

Owens et al. demonstrate that in patients suffering from
intractable pediatric epilepsy, irrespective of etiology, brain-
infiltrating T-cells are present in resected brain tissue samples.
Thus, in both patients with immune-mediated epilepsy (more
specifically Rasmussen encephalitis) and patients with epilepsy of
non-immune origin, a robust immune response involving
myeloid cells and T-cells is observed in the brain parenchyma.
In their article, Javidi and Magnus review and discuss previous
experimental findings assessing the kinetics and functional role
of adaptive immune responses during the course of stroke and
brain injury.

BRAIN-TARGETED AUTOIMMUNITY IN
NEURODEVELOPMENTAL AND
NEURODEGENERATIVE DISORDERS

While Yshii et al. describe the pathophysiological mechanisms of
paraneoplastic cerebellar degeneration and the resulting
therapeutic implications that might be drawn from these
experimental findings, Garretti et al. discuss recent data
obtained in Parkinson’s disease patients and mouse models
regarding the occurrence of autoreactive T-cells targeting
neoepitopes of alpha-synuclein. Finally, Gata-Garcia and
Diamond review the experimental and epidemiological
evidence supporting the idea that maternal brain-reactive
autoantibodies might impact fetal brain development and
contribute to long-term behavioral and/or cognitive
phenotypes, including autism spectrum disorders.

EMERGENCE OF NEW CLINICAL
ENTITIES ASSOCIATED WITH BRAIN-
TARGETED AUTOIMMUNITY

Three articles of this special issue relate to clinical, imaging and/
or biological findings that are directly relevant to the practice of
neurology and the diagnosis, therapeutic approach, and
management of patients with autoimmune CNS disorders.
Such pathologies include autoimmune glial fibrillary acidic
protein astrocytopathy (Shan et al.) and autoimmune
encephalitis (Lv et al; Nobrega et al.).

CONCLUSION

Articles from this Research Topic highlight that the definition of
“brain-targeted autoimmunity” requires further investigation
and clarification. Obviously, demonstrating that autoantibodies
and/or T-cells react against brain antigens under pathological
conditions is not sufficient to formally conclude that such
autoimmune processes play a significant pathophysiological
role. This is particularly true when it comes to inferring that
brain-targeted autoimmunity is a primum movens. Thus, animal
models are critical to causally implicate such brain-targeted
autoimmune processes in related disorders, and to decipher the
underlying cellular and molecular mechanisms. With this
framework, the paper by Yshii et al. offers a nice illustration of
such experimental evidence in the context of paraneoplastic
cerebellar degeneration. It becomes even more important to
develop experimental approaches in animal models in light of
new evidence that autoimmunity against CNS antigens also
develops during the course of CNS disorders which are not
primarily autoimmune, including prevalent and devastating
conditions such as stroke and brain trauma (Javidi and
Magnus), epilepsy (Owens et al.) and spinal cord injury
(Arevalo-Martin et al.). Interestingly, at least in the context of
stroke and spinal cord injury, CNS-targeted adaptive immune
responses are found to develop early in the course of CNS injury
and to likely stem from naturally-occurring autoantibodies and
pre-existing self-reactive T cells. Such findings suggest that, while
exerting physiological functions in the steady state, naturally-
occurring adaptive immune responses might induce disease-
specific effects which are somehow inhibited under normal
conditions. In line with this view, the paper by Chantran et al.
put forward an interesting pathophysiological scheme in which
naturally-occurring autoantibodies directed against amyloid
beta are proposed to serve protective functions during aging
but can also contribute to complications of cerebral amyloid
angiopathy in some individuals. Although the mechanisms
underlying the development of naturally-occurring brain-
targeted autoimmunity are still uncertain, the data mining
analyses reported by Nataf et al. indicate that human B-cells
physiologically express a large range of proteins involved in
neurodegenerative processes and that these cells might be
involved in the antigenic presentation of peptides derived from
such proteins. On this basis, the authors posit that a main
function of physiological brain-targeted autoimmunity is to
prevent the accumulation of aggregated forms of amyloid
beta, alpha-synuclein and/or tau proteins in the periphery.
Although this assertion seems contradictory to the evidence
of pathogenic autoimmune responses in patients with
neurodegenerative conditions, Garretti et al. illustrate that
pathogenic autoimmune T-cell responses against alpha-
synuclein are indeed directed against neoepitopes, which occur
under specific inflammatory conditions. Therefore, it is
conceivable that protective and deleterious autoimmune
responses to alpha-synuclein are directed against distinct
epitopes and may actually co-exist in the same individual. This
point is of particular importance as it suggests that harnessing
the adaptive immune system for treating neurodegenerative
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disorders might require epitope-specific manipulations in order
to achieve effectiveness and safety.
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Spinal cord injury (SCI) results in long-term neurological and systemic consequences,
including antibody-mediated autoimmunity, which has been related to impaired functional
recovery. Here we show that autoantibodies that increase at the subacute phase of
human SCI, 1 month after lesion, are already present in healthy subjects and directed
against non-native proteins rarely present in the normal spinal cord. The increase of
these autoantibodies is a fast phenomenon-their levels are already elevated before
5 days after lesion—characteristic of secondary immune responses, further supporting
their origin as natural antibodies. By proteomics studies we have identified that the
increased autoantibodies are directed against 16 different nervous system and systemic
self-antigens related to changes known to occur after SCI, including alterations in neural
cell cytoskeleton, metabolism and bone remodeling. Overall, in the context of previous
studies, our results offer an explanation to why autoimmunity develops after SCI and
identify novel targets involved in SCI pathology that warrant further investigation.

Keywords: spinal cord injury, neurotrauma, natural autoantibodies, proteomics, autoimmunity

INTRODUCTION

Spinal cord injury (SCI) results in neurological and systemic alterations that dramatically interfere
with patient quality of life. Several factors contributing to SCI pathology have been proposed in
an attempt to identify novel targets for therapeutic intervention. One of these are autoantibodies
(AADb) against central nervous system antigens, which are elevated in SCI patients and are
pathogenic in rodents (1-5). In mice, SCI induces B cells to proliferate and differentiate into
immunoglobulin (Ig) G secreting B cells, which results in increased levels of IgG in peripheral
blood (3). Injecting these circulating IgG into the spinal cord of intact animals induces necrosis,
inflammation and motor impairment (5). Accordingly, mice genetically devoid of B cells, which
do not produce antibodies, develop smaller lesions and recover better from SCI. Although the

Frontiers in Immunology | www.frontiersin.org 7

October 2018 | Volume 9 | Article 2365


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2018.02365
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2018.02365&domain=pdf&date_stamp=2018-10-11
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:aarevalom@sescam.jccm.es
https://doi.org/10.3389/fimmu.2018.02365
https://www.frontiersin.org/articles/10.3389/fimmu.2018.02365/full
http://loop.frontiersin.org/people/575210/overview
http://loop.frontiersin.org/people/599046/overview
http://loop.frontiersin.org/people/244163/overview
http://loop.frontiersin.org/people/590903/overview
http://loop.frontiersin.org/people/577878/overview
http://loop.frontiersin.org/people/581036/overview

Arevalo-Martin et al.
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body of evidence suggest that suppressing antibody production
could be an effective therapeutic strategy to promote recovery,
paradoxically, SCI patients also develop a well-defined immune
depression syndrome that increases their susceptibility to
infections, the major cause of morbidity and mortality after SCI
(6, 7). Like in humans, mice show impaired immune responses
after SCI -including decreased antibody production- that
increase their susceptibility to infections (8-10). Consequently,
therapies directed to interfere with antibody production and/or
their effector mechanisms should not be based on a general
immunosuppression, but specifically directed toward those
responses related to SCI pathology. So far, significant increased
levels of AAb have been described against myelin basic protein
(MBP), ganglioside GM1 (GM1), myelin galactocerebroside
(GalC), glial fibrillary acidic protein (GFAP) and collapsing
response mediator protein-2 (CRMP-2) in humans after SCI
(1, 2, 4, 11-13). Also, by incubating patient blood sera with
a phage display of a human spinal cord cDNA expression
library, a set of five AAbs against 26S proteasome non-ATPase
regulatory subunit 4 (PSMD4), glyceraldehyde-3-phosphate
dehydrogenase (G3P), myeloma-overexpressed gene protein
(MYEOV?2), protein S100-B (S100B) and adipocyte enhancer-
binding protein 1 (AEBP1) has been proposed to be enriched
in patients, although individually none of these AAbs reached
statistical significance (14). However, the complete repertoire
of AADb specificities induced after SCI remains unknown
because most studies have been done by selecting the antigenic
determinants to be tested “a priori, not by unguided discovery
methods.

Why immune depression and autoimmunity co-occur
after SCI remains unsolved. A proposed explanation is
that autoimmunity is inversely related to the magnitude of
immune depression (6). Immune depression after SCI is more
pronounced after cervical and high thoracic lesions (injuries
above the 5th thoracic spinal segment) due to the dysregulation
of the sympathetic nervous system below the lesion site (10, 15).
Accordingly, it has been reported that high thoracic lesions,
but not low thoracic, inhibit the production of antibodies
after immunization with exogenous antigens in mice (8, 15).
However, cervical injuries increase AAb levels against spinal
cord self-antigens (16). These opposed results between the
responses of antibodies against exogenous and self-antigens
may be explained by the observations in rodent experimental
models showing that (i) SCI only impairs the generation of new
antibody responses but preserves already existing immunity (17)
and that (ii) AAbs detected after SCI may exist before lesion
(18). Therefore, AAbs observed after SCI could be the result of
secondary immune responses of previously existing immunity;
i.e., these AAbs could be naturally occurring AAbs. These are
normally present in healthy subjects as IgMs and IgGs (19-24)
and have been suggested to be either involved in homeostatic and
healing processes by recognizing proteins with modifications
induced by cell stress or damage (25-27) as well as being the
origin of pathological AAbs (25, 28-30).

By using a hypothesis-free methodology we show that AAbs
against damaged spinal cord are already detectable in the sera
of normal subjects and that AAbs against 16 different targets are

significantly increased in the subacute phase after SCI. Among
these AADb targets, 13 are reported for the first time to be
increased after SCI and unveil a portrait of cellular and molecular
alterations with therapeutic interest for SCI.

MATERIALS AND METHODS

Patients and Healthy Control Subjects
Fifty-two patients with traumatic SCI and ten patients with
traumatic central cord syndrome were recruited at Hospital
Nacional de Paraplejicos (Toledo, Spain)—a national center
specialized in spinal cord injury—and at Trauma Centre Murnau
(Bavaria, Germany)—a cross-regional trauma center with a
specialized spinal cord injury department. All patients included
in this study were examined at a median time of 31 & 1 days after
injury, and a subgroup of eleven patients from the fifty-two SCI
individuals were additionally examined at a mean time of 2 +
0.4 days after injury (range 0-5 days). All patients fulfilled the
inclusion and exclusion criteria and gave their informed consent
to participate. Inclusion criteria were:

- Males and females

- Atleast 18 years old

- Any neurological level of injury, but cauda equine syndrome

- Complete and incomplete lesions

- If patient was treated with glucocorticoids, it should have
passed at least 7 days after ending the treatment

Exclusion criteria were:

- Diagnosed autoimmune disorder
- Diagnosed tumor
- Diagnosed neurodegenerative disease

Sensorimotor function of patients was evaluated following the
International Standards for Neurological Classification of Spinal
Cord Injury scale (ISNCSCI). All evaluations were performed
by trained personnel with experience certified by the centralized
ISNCSCI training course at Heidelberg University Hospital.
Lesion level and severity of patients is summarized in Table 1.

Age and gender-matched voluntary healthy individuals were
recruited by the Department of Occupational Health at Hospital
Nacional de Paraplejicos (Table 2).

The study protocol and the informed consent sheet were
evaluated and approved by the Ethics Committee of the Toledo
Health Care Area and by the Ethics Committee of the Bavarian
Medical Board. The study follows and adheres to the World
Medical Association Declaration of Helsinki and is registered
at the public database Clinicaltrial.gov (registration number
NCT02493543).

Blood Sera

Peripheral blood was collected in anti-coagulant free tubes by
venepuncture at the medial cubital vein. Blood clot was allowed
to form by maintaining the tubes for 45 min at room temperature
(RT) and 1h at 4°C. Blood was centrifuged at 1,500 g for 20 min
at 4°C and serum was collected, aliquoted and stored at —80°C
until used.
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TABLE 1 | Lesion level and severity of patients.

NLI2 AIS A (#) AIS B (#) AIS C (#) AIS D (#)
Cervical 14 1 6 1
Thoracic 23 2 1

Lumbar 2 1 1

aNLI, neurological level of injury.

TABLE 2 | Demographical characteristics of patients and control subjects.

n Age, years (mean + sem)
SCI? total 52 40.6 +2.2
Men 46 39.1+23
Women 6 52.3+£8.1
CTLP total 16 45+28
Men 13 45.0+ 3.2
Women 3 47.7 £ 6.7

aSCl, spinal cord injury patients.
bCTL, control healthy subjects.

Whenever a blood sample was taken, a standard hematological
analysis including red and white cells count and related
parameters determination was performed by the clinical
laboratories at Hospital Nacional de Paraplejicos (Toledo, Spain)
or at Murnau Trauma Centre (Murnau, Germany).

Animals and Experimental Spinal Cord
Injury (SCI)

Young adult male Wistar rats (295-315g, 12 weeks of age) were
obtained from Harlan-Interfauna Iberica (Barcelona, Spain) and
were maintained in our animal facilities on a 12:12-h light:dark
cycle, receiving food and water ad libitum. All experimental
procedures were approved by our institutional animal use
and care committee. Rats were handled in accordance with
the guidelines published by Spain and the European Union
(RD1201/2005, 2010/63/EU).

SCI at T8 vertebral level was induced as previously described
(31). Briefly, we anesthetized rats with an intraperitoneal
injection of sodium pentobarbital (45 mg/Kg, Normon
Veterinary Division, Madrid, Spain) and Xylacine (10 mg/Kg,
Calier, Barcelona, Spain). After confirming the absence of
reflexes, we injected atropine (50 wg/Kg, Brown Medical,
Barcelona, Spain) and we applied artificial tears to prevent
corneal abrasion and infection. We performed a laminectomy
of T8 vertebra and we stabilized the vertebral column by
clamping spiny processes of T7 and T9 vertebras. Spinal cord
contusion/short compression was performed with the “Infinite
Horizon™” device (Precision Systems and Instrumentation,
Lexington, KY, USA), applying a force of 200 Kdyn and a
compression time of 5 seconds over the exposed cord. Force and
displacement curves generated by the impactor were checked to
confirm that injuries were done with similar values and profiles
without artifacts indicative of an erroneous/abnormal lesion.

Post-operative care included analgesia (Buprenorphine),
prophylactic antibiotic treatment (Enrofloxacine) and hydration
(saline serum) during the first week after injury. Bladder was
manually voided until animals were sacrificed.

We minimized the number of rats subjected to SCI. In
detail, three rats were lesioned to detect endogenous IgGs in the
spinal cord at 1 day after injury by immunohistochemistry
(results shown in Figure5); two to be employed in
immunohistochemistry with human sera at 14 days after
injury (results shown in Figures 1-3); two to isolate spinal cord
proteins at 1 day after injury to be employed in Western blot
experiments with human sera (results shown in Figure 1); and
two to isolate spinal cord proteins at 28 days after injury to
be used in Western blot experiments with human sera (results
shown in Figure 1). In addition, two intact rats were sacrificed
and perfused for immunohistochemistry experiments (results
shown in Figures 1-3, 5) and two other intact rats were sacrificed
to isolate spinal cord proteins for Western blot experiments
(Figure 1).

Processing of Rat Spinal Cord for

Immunohistochemistry

At 1 or 14 days after injury, rats were anesthetized with
an intraperitoneal injection of sodium pentobarbital and
transcardially perfused with 4% paraformaldehyde in 0.1 M
phosphate buffer. The spinal cord was dissected out and post-
fixed for 4h in the same solution at 4°C. Tissue blocks of 1 cm
were embedded in low-melting agarose and cut into 40 pm
thick coronal sections with a Leica VT1000S vibratome (Madrid,
Spain). Sections were stored in Olmos solution until they were
used for free-floating immunohistochemistry.

Inmunohistochemistry

Rat spinal cord was processed as previously described (31)
using as primary antibodies the IgGs contained in sera
samples or commercial antibodies against MBP (1:1,000,
Covance, Princeton, NJ, USA), NFM (1:500, Aves Lab, Tigard,
Oregon, USA), GFAP (1:2,000, Dako, Glostrup, Denmark) and
APC (1:300, Calbiochem, Darmstedt, Germany). To detect
these antibodies we used Cy3 conjugated anti-human IgG
(1:1,000, Jackson Immunoresearch, Ely, UK), Cy5 anti-chicken
IgY, Alexa Fluor-594 anti-rabbit IgG (1:1,000, Invitrogen,
Barcelona, Spain) and Alexa Fluor-488 anti-mouse IgG (1:1,000,
Invitrogen). To detect endogenous IgG in rat spinal cord, HRP-
conjugated anti-rat IgG (1:1,000; Jackson Immunoresearch) was
used and their localization was detected by DAB-peroxidase
reaction. Also, HRP-conjugated anti-rabbit IgG (1:1,000; Jackson
Immunoresearch) was employed as a control of specificity. When
performed, nuclei were counterstained with Hoescht 33,258
(1:5,000; Invitrogen).

Samples were analyzed with a LEICA SP5 confocal
microscope. All post-capture image modifications were
identically performed between groups, including cropping, noise
reduction and minor adjustments to optimize contrast and
brightness.
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FIGURE 1 | Healthy control subjects present autoantibodies preferentially directed against damaged spinal cord. As measured by ELISA, (A) serum IgG concentration
is increased in patients compared to control healthy individuals, while (B) serum IgM levels are not statistically different between both groups. Neurological level

(Continued)
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FIGURE 1 | of lesion (C,D) and severity (AIS A complete vs. sensory incomplete; E,F) do not significantly affect the levels of IgGs nor IgMs in patients. (G-L)
Immunohistochemistry was performed to detect binding of serum IgGs to intact and injured rat spinal cord. All experiments were performed in parallel, to avoid
potential batch effects. Confocal microscopy images (single confocal plane) were acquired by setting up photomultiplier voltage (sensitivity) to values far beyond those
where unspecific background may arise. (G) With confocal microscope photomultiplier at 750 mV no signal is observed on injured spinal cord when only secondary
anti-human IgG is added. (H) Even at higher intensities, 850 mV, in the lesion border, where autofluorescence is more intense, no signal is detected in these
experiments. Rectangles (a,b) in the insert of panel (G) indicate the spinal cord regions shown in panels (G,l-L) (a) or in panel H (b). (I) Serum IgGs form control
individuals weakly react with intact rat spinal cord, preferentially binding to motoneurons in the ventral horn (arrow), but strongly react with glial and neuronal cellular
profiles in injured rat spinal cord (K). Serum IgGs from SCI individuals react with intact tissue (J) and with injured spinal cord (L). (M) Representative Western blots
showing reactivity of serum IgGs from control individuals (CTL, left panel) or spinal cord injury patients (SCI, right panel) over protein extracts from intact rat spinal cord
(SC), injured rat SC at 1 days after lesion or injured rat SC at 28 days after injury. (N) Quantification of overall IgG immunoreactivity in Western blots show that CTL
serum IgGs (n = 3) present a significant higher immunoreactivity against proteins isolated from injured rat spinal cord than against proteins isolated from intact rat
spinal cord. On the other hand, SCI sera IgGs (n = 3) show higher immunoreactivity than control serum IgGs at any condition (2-way ANOVA p = 0.006). Basal
condition is defined as the mean value of CTL serum IgG immunoreactivity against proteins isolated from intact rat spinal cord. Gray line in (G,l-L) marks spinal cord
border, and pointed-line delimits the ventral horn. Gray line in H depicts lesion border. Arrows in C~F point to ventral horn motoneurons. *p < 0.05. Scale bar, 75 pm.

Intact spinal cord

Injured spinal cord

FIGURE 2 | Serum IgGs react with antigens expressed on axons and disorganized myelin. IgGs from SCI individuals (in red) bind to normal appearing axons
(NF-positive, in white) in control rat spinal cords (A-D) as well as to dystrophic axons in injured tissue (E-H). However, IgGs do not seem to react with normally
appearing myelin (as detected by being MBP-positive, in green), although they can be localized in some disorganized myelin structures in SCI tissue (yellow signal in
G, H). Allimages are a single confocal plane. NF, neurofilament. MBP, myelin basic protein. Scale bar, 50 pm.

IgG and IgM Enzyme-Linked Madrid, Spain). Briefly, tissue was mechanically homogenized

Immunosorbent Assays (ELISA) and sonicated in chilled 40 mM Tris base buffer supplemented
Total levels of serum IgG and IgM were determined with Human with protease inhibitors (Complete Mini, Roche Diagnostics,

IgG or IgM Platinum ELISA kits (eBioscience-Thermo Fisher Mannheim, Germany). The volume of buffer employed for every
tissue sample was escalated to be in the range of 200 mg of

tissue per 1 ml of buffer. Samples were centrifuged at 15.000
x g for 30 min at 4°C and supernatants —fraction containing
hydrophilic proteins— were collected. Pellets were resuspended
and sonicated in the same volume of 2-D rehydration/sample
buffer, containing 7 M urea, 2 M thiourea, 1% ASB-14 detergent,
40 mMTris base and 0.001% bromophenol blue supplemented
with 0.2% tributylphosphine (TBP) reducing agent. Samples
were centrifuged at 15,000 g for 20 min at RT and supernatants

Scientific, Madrid, Spain) following manufacturer’s instructions.
All samples were measured by duplicate and those with a
coeflicient of variation >10% were repeated. Dilution curves of
standard IgG or IgM were performed for each 96-well plate.
Consistency of results among different plates was confirmed by
introducing the same sample from a healthy control subject in all
plates and observing reproducible values. When the values of this
sample were not reproducible, the whole plate was discarded and

repeated.
—fraction containing hydrophobic proteins— were collected.
. . Protein concentration of both insoluble and soluble fractions was
Protein Isolation From Human and Rat determined by RC DC protein assay (Bio-Rad). Samples were
Spinal Cord aliquoted and stored at —80°C until further use.
Protein isolation was performed with ReadyPrep™ protein In the case of rat spinal cord, intact and injured rats

extraction kit for soluble and insoluble proteins (Bio-Rad, (at 1 and 28 days after lesion) were anesthetized with an
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Intact spinal cord —

Injured spinal cord

Injured spinal cord

FIGURE 3 | Serum IgGs react with antigens expressed on astrocytes and oligodendrocytes. IgG from SCI individuals (in red) bind to astrocytes (GFAP-positive, in
white) and oligodendrocytes (APC-positive, in green) both on intact spinal cord tissue (A-F) and on injured tissue (G-L). The same immunostaining pattern is
observed with IgGs from healthy individuals on injured tissue (M-R). As shown in the micrographs, not all astrocytes or oligodendrocytes in the rat spinal cord are
targeted by human IgGs. All images are maximal projections obtained from a z-stack formed by five confocal planes. GFAP, glial fibrillar acidic protein. APC,
adenomatous polyposis coli. Arrows point to IgGs reacting on astrocytes and arrowheads to IgGs reacting on oligodendrocytes. Scale bar, 10 um for all images.
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intraperitoneal injection of sodium pentobarbital. The spinal
cords were dissected out at 4°C and tissue blocks of 5mm
comprising the rostral part of the lesion epicenter were processed
for protein isolation. Protein isolation and determination of their
concentration was performed as described above, and samples
were aliquoted and stored at —80°C until further use.

Western Blot With Rat Spinal Cord Tissue

Protein lysates were mixed with 5x Laemmli sample buffer and
heated at 60°C for 5 min. Equal amounts of protein were resolved
in 4-15% gradient Mini-PROTEAN® TGX™ precast protein
gels (Bio-Rad) and electroblotted onto nitrocellulose membranes.
Membranes were blocked for 30min at room temperature
with synthetic blocking solution (Invitrogen, Madrid, Spain)
and incubated overnight at 4°C with a pool of human sera
(1:500 dilution) from control or SCI individuals. Pools were
constructed by mixing equal volumes of sera from four different
subjects. Three different serum pools of intact individuals and
three different pools of SCI patients were used. Membranes
were then incubated at room temperature for 90 min with
Alexa Fluor 790-conjugated anti-human IgG antibodies (Fc,
fragment specific, 1:1,000; Jackson Immunoresearch). Protein
loading was evaluated by incubating the membranes overnight at
4°C with anti-GAPDH antibody (1:500,000; Abcam, Cambridge,
UK) followed by incubation with secondary Alexa-680 anti-
mouse IgG (1:5,000; LI-COR Biosciences) for 90 min at room
temperature. Blots were visualized and acquired using Odyssey®
CLx equipment (LI-COR Biosciences, Lincoln, NE, USA).
Immunoreactivity of human serum IgGs against spinal
cord proteins from intact or injured rats was quantified by
determining the integrated intensity of the protein bands
observed in each western blot (WB) lane using the FIJI
distribution of Image] software (32). The sum of integrated
intensities for a given lane was normalized to the protein loading
in that lane estimated by measuring GAPDH integrated intensity.

Detection of Human Spinal Cord Targets of
Autoantibodies by Two

Dimensional-Western Blot

Due to the lack of non-fixed spinal cord samples from SCI
patients and considering that autoantibodies could be directed
against proteins newly expressed or modified by lesion, we
searched for human spinal cord samples where inflammation-
or cell death-induced modifications could be present. Therefore,
we pooled proteins extracted from pathological spinal cord
tissue obtained from Balo concentric sclerosis lesions, multiple
sclerosis demyelinated areas and amyotrophic lateral sclerosis. In
addition, since it could not be discarded that some autoantibodies
might be directed against proteins more abundantly or
exclusively present in control subjects, we also extracted proteins
from non-pathological human spinal cord samples and mixed
them in a final pool with pathological spinal cord tissue samples
(Supplementary Table 1). Frozen non-fixed human spinal cord
tissue blocks were kindly supplied by the Neurological Tissue
Biobank of Hospital Clinic-IDIBAPS (Barcelona, Spain) and
CIEN Foundation Tissue Bank (BT-CIEN; Madrid, Spain).

Protein isolation was performed as described above. Proteins
were precipitated using the 2D Clean Up Kit (Sigma, Madrid,
Spain) following manufacturer’ instructions and resuspended in
labeling buffer containing 7M urea, 2M thiourea, 4% CHAPS
and 30 mM Tris. After checking samples to be between pH 8.0-
9.0, soluble and insoluble fractions were mixed in a 1:1 ratio.
Proteins were then labeled with Cyanine 2 NHS ester minimal
dye (Lumiprobe, Hannover, Germany) following manufacturer’s
instructions, for 30 min in dark conditions.

Non-lineal 11cm strips, pH 3-10 (GE Healthcare, Little
Chalfont, UK), were placed in a re-swelling tray (GE Healthcare)
to actively rehydrate overnight with 150 pg Cy2-labeled proteins.
Isoelectric focusing was then performed in a Protean IEF cell unit
(Bio-Rad), at 20°C, according to the following program: 30 min
at 500V, 1h at 1,000V (ramping), 3h at 5,000 V (ramping) up
to a total of 35,000 V/h. After isoelectrofocusing, strips were
equilibrated in 1.5 M Tris, ph 8.8 buffer containing 6 M urea, 30%
glycerol, 2% SDS and bromophenol blue, with the addition of 1%
DTT for 20 min. Then, strips were incubated for 20 more min in
the same buffer in the presence of 2.5% iodoacetamide. Proteins
were then separated accordingly to their molecular weight in
Criterion™ TGX™ AnykD™ midi precast gels (Bio-Rad).

After 2D-electrophoresis, proteins were transferred to low
fluorescence PVDF membranes with a semi-dry protocol using
Trans-Blot® Turbo™ transfer system (Bio-Rad). Membranes
were blocked with BlockAid solution (Thermo Fisher Scientific,
Madrid, Spain) for 30 min at RT and incubated overnight at
4°C with sera diluted 1:500 in PBS, 0.1% Triton X-100 and
10% BlockAid Solution. After several washing steps, membranes
were incubated for 2h at RT with secondary Cy3-conjugated
goat anti-human IgG (Fc, fragment specific; 1:1,000; Jackson
Immunoresearch) and Alexa-647 goat anti-human IgM (Fcs),
fragment specific; 1:1,000; Jackson Immunoresearch).

We performed the complete procedure described above for
every serum sample analyzed (no stripping and reblotting of
membranes was performed). Reproducibility of the procedure
was tested by randomly repeating five serum samples and
confirming in a selected subset of protein spots that bound AAb
values were similar between duplicates.

2D-WB Images Acquisition

2D-WB were visualized with the laser confocal scanner
Typhoon™ Trio (GE Healthcare) and images were acquired at
50 wm/pixel with a 16-bit depth. Voltage of photomultipliers was
maintained throughout all experiments. To determine voltage
values for Cy2 channel -the whole spinal cord proteome-
we confirmed that no signal was observed in a membrane
without Cy2-labeled protein and we fixed a value that did not
result in a saturated signal. For Cy3 and Alexa-647 channels
we confirmed that no signal was detected when omitting the
secondary antibodies and we fixed values that did not result in
saturation.

2D-WB Analysis

Protein spots resulting from 2D-WB were segmented and
matched among membranes with DeCyder 7.0 software (GE
Healthcare). A careful visual inspection of segmentation and
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matching was performed and errors were manually corrected.
Also, spots containing technical artifacts, like air bubbles or
fluorochrome precipitates, were eliminated. After background
correction, the volumes (integrated densities) of every spot on
Cy2, Cy3 and Alexa-647 channels were exported and processed
with R programming language (33). Minimal labeling with Cy2
dye ensures labeling of a single lysine per protein molecule,
so Cy2 integrated density values are proportional to protein
loading. Cy3 integrated density —-bound IgG AAb- and Alexa-
647 integrated density ~-bound IgM AAb- are a function of their
abundance and of that of their antigenic target. Therefore, every
Cy3 and Alexa-647 values were corrected by the Cy2 value of
their respective target. All values were transformed to log, scale,
so all IgG and IgM level values are the log ratio of their abundance
relative to their antigenic target abundance:

1¢G Adb = log, <Cy3 integrated density)

Cy2 integrated density

IgM AAb = 10g2 <Alexa_647 integrated density)

Cy2 integrated density

Comparison of AAb Binding to Their
Targets Between SCI and Control
Individuals

In every 2D-WB performed, any spinal cord protein recognized
by IgG and/or IgM was annotated. This procedure was performed
with all control and SCI individuals, generating a list of all
antigenic targets visually detectable by AAbs in our population.
Binding of AAD to their targets were compared between SCI
and control subjects by two-tailed t-test. Multiple comparison
correction was performed by Benjamini-Yekutieli method (34).
All statistical analysis were performed in RStudio (35).

Identification of Antigenic Targets by

MALDI/MS-MS

Targets of AAbs were in-gel digested using the Ettan Digester (GE
Healthcare). The digestion protocol used was that of Shevchenko
et al. (36) with minor variations: gel plugs were submitted
to reduction with 10mM dithiothreitol (Sigma Aldrich) in
50mM ammonium bicarbonate (99% purity; Scharlau) and
alkylation with 55 mM iodoacetamide (Sigma Aldrich) in 50 mM
ammonium bicarbonate. The gel pieces were then rinsed with
50 mM ammonium bicarbonate in 50% Methanol (gradient,
HPLC grade, Scharlau) and acetonitrile (gradient, HPLC grade,
Scharlau) and dried in a Speedvac. Modified porcine trypsin
(sequencing grade; Promega, Madison, WI, USA) at a final
concentration of 20 ng/pl in 20 mM ammonium bicarbonate
was added to the dry gel pieces and the digestion proceeded
at 37°C overnight. Finally, 60% aqueous acetonitrile and 0.1%
trifluoroacetic acid (99.5% purity; Sigma Aldrich) were added
for peptide extraction. To confirm protein identity, digestion
of every spot was repeated at least from two different gels.
Then, proteins were identified by MALDI/MS-MS: 0.5 pl of
each digestion solution were deposited using the thin layer

method, onto a 384 Opti-TOF 123 x 81 mm MALDI plate
(Applied Biosystems, Madrid, Spain) and allowed to dry at room
temperature. The same volume of matrix (3 mg/mL a-cyano-
4-hydroxycinnamic acid -Sigma Aldrich- in 60% acetonitrile,
0.1% trifluoroacetic acid) was applied on every sample in the
MALDI plate. Samples were deposited by duplicate in every
MALDI plate to avoid cross-contamination. MALDI-MS/MS
data were obtained in an automated analysis loop using a 4800
Plus MALDI TOF/TOF Analyzer (Applied Biosystems). Spectra
were acquired in the reflector positive-ion mode with a Nd:YAG,
355 nm wavelength laser, at 200 Hz laser frequency, and 1,000-
2,000 individual spectra were averaged. The experiments were
acquired uniform with fixed laser intensity. For MS/MS 1 kV
analysis mode, precursors were accelerated to 8 kV in source 1,
selected with a relative resolution of 200 (FWHM) and metastable
suppression. Fragment ions generated by collision with air in
a CID chamber were further accelerated by 15 kV in source
2. Automated analysis of mass data was performed using the
4000 Series Explorer Software version 3.7.0 (Applied Biosystems).
Internal calibration of MALDI-TOF mass spectra was performed
using two trypsin autolysis ions with m/z = 842.510 and m/z
= 2,211.105. For MALDI-MS/MS, calibrations were performed
with fragment ion spectra obtained for Glub-fibrinopeptide
(4700 Cal Mix, Applied Biosystems). MALDI-MS and MS/MS
data were combined through the ProteinPilot Version 5.0.1 to
search a nonredundant protein database (Swissprot 2017_02)
using the Mascot software version 2.5 (Matrix Science) with 50
ppm precursor tolerance, 0.6 Da MS/MS fragment tolerance,
CAM (carbamidomethylcystein) as fixed modification, oxidized
methionine as variable modification and allowing 1 missed
cleavage. MALDI-MS/MS spectra and database search results
were manually inspected in detail using the aforementioned
software.

Maps of Protein Isoforms Targeted by AAbs
The observed molecular weight (MW) and isoelectric point
(pI) of the proteins targeted by AAbs were calculated with the
Biological Variation Analysis module implemented in DeCyder
7.0 software (GE Healthcare). The predicted MW of the different
alternative splicing isoforms of each protein were obtained from
UniProtKB database (37) and their pIs were calculated with
ExPASy’s compute pI/MW tool based on their aminoacidic
sequence (38, 39). Observed protein targets of AAbs are
represented by circles and the predicted basal isoforms by crosses
in order to allow a rapid visual estimation of how much AAb-
targeted isoforms differ from their basal (non-modified) proteins.
All maps were represented in RStudio.

Functional Enrichment Analysis

Cytoscape (40) app ClueGO (41) was used to perform functional
enrichment analysis of AAb targets. Human Gene Ontology
Biological Function database from 18.05.2017 was used. Two-
tailed hypergeometric test followed by Benjamini-Hochberg
multiple comparison correction was employed. Only terms
significantly enriched after multiple comparison correction (p <
0.05 and false discovery rate (FDR) < 0.05) are shown in the
results section.
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Other Statistical Analysis

Comparison of IgG binding from healthy and SCI individuals
to proteins isolated from intact and injured spinal cord (shown
in Figure IN) was performed by two-way ANOVA in R Studio,
using stat package (33).

RESULTS

IgGs Against Proteins Found in Damaged
Spinal Cord Are Present in the Sera From
Healthy Individuals and Their Levels

Increase in SCI Patients

Serum IgG levels in SCI patients are significantly higher at 1
month after injury compared to healthy subjects, while IgM
levels fail to reach statistical significance (Figures 1A,B). In
experimental models, at the acute phase, total IgG and IgM serum
levels increase after low thoracic lesions (3) and decrease after
cervical lesions (16). Contrasting with these observations, in our
study neither neurological level of injury nor severity affects total
IgG or IgM serum levels (Figures 1C-F). To explore whether
the increased serum IgG after SCI could be related to higher
levels of autoantibodies (AAbs), we tested the immunoreactivity
of sera samples IgG against rat spinal cord tissue. Confocal
microscope settings were tuned to assure that any signal detected
was specific, not attributable to background or unspecific staining
from secondary antibodies. For this purpose, sections from
rat spinal cord at 14 days after lesion were incubated only
with the secondary anti-human IgG Ab used to detect IgG in
human sera. This control immunostaining does not display any
signal neither around the lesion epicenter when photomultiplier
gain is set up at 750 mV, nor in the lesion epicenter (where
autofluorescence is higher) with even less restrictive conditions
(gain at 850 mV; Figures 1G-H). On the contrary, at the lower
photomultiplier sensitivity setting —750 mV- specific signal
is observed whenever human serum is tested (Figures 1I-L).
Indeed, a weak although specific IgG signal is detected with
sera from healthy control subjects on intact rat spinal cord,
depicting mainly motor neurons in the ventral horn (Figure 1I).
However, when sera from control subjects are incubated with
injured spinal cord tissue sections instead of intact tissue, an
unexpected stronger IgG signal against spinal cord antigens
is observed (Figure 1K). In this case, cellular structures are
observed consistent with neuronal bodies in the gray matter and
axons and glia in the white matter. In comparison, with the
same confocal settings, sera from SCI patients show a robust IgG
signal against intact rat spinal cord, depicting motor neurons in
the ventral horn as well as axons and glial profiles in the white
matter (Figure 1J), which among other mechanisms could be
related to the higher IgG levels in SCI sera (Figure 1A). Also,
IgG from SCI patients strongly bind to injured spinal cord tissue
(Figure 1L). Altogether, our results suggest that both healthy and
SCI individuals carry IgG AAbs against spinal cord antigens,
although AAb from healthy individuals are clearly detectable
only when their sera are tested against injured spinal cord.
To confirm this, we analyzed by western blot the binding of
serum IgGs to proteins isolated from spinal cords of intact and
injured rats at 1 and 28 days after lesion (Figure 1M). Our

results show that IgGs from healthy control subjects display
the same pattern of bands against protein extracts from both
intact and injured rat spinal cords, although immunoreactivity
is stronger against proteins isolated from injured spinal cord
(Figure 1M, left panel). Similarly, IgGs from SCI patient’s sera
recognize the same pattern of bands in protein extracts from both
intact and injured spinal cord (Figure 1M, right panel). Two-
way ANOVA of Western blots quantification confirms that IgG
immunoreactivity from SCI patients is significantly higher than
that of IgGs from control individuals (p = 0.006; Figure 1N).
Also, Student’s t-tests confirms that IgG immunoreactivity from
control subjects is significantly higher toward proteins isolated
from injured spinal cords at 1 or 28 days after injury than toward
proteins isolated from intact spinal cords (Figure 1N).

Serum IgGs Target Antigens Expressed on
Neurons, Astrocytes, and
Oligodendrocytes

Although serum IgGs clearly depict ventral horn motoneurons
and white matter axons (Figurel), we confirmed this by
immunohistochemistry: Figure 2 shows that IgGs from SCI
patients bind to cellular structures positive for Neurofilament
(NF) both in intact and injured spinal cord white matter.
Interestingly, while IgGs from SCI patients do not bind to
intact myelin surrounding white matter axons [determined
as structures positive for Myelin Basic Protein (MBP)], they
react with disorganized myelin adjacent to dystrophic axons
on injured spinal cords (Figures 2C,D,G,H). Also, IgGs bind
to cellular profiles negative for NF and MBP: as shown in
Figure 3, patient’s IgGs bind to cells expressing Glial Fibrillar
Acidic Protein (GFAP, a marker of astrocytes), and Adenomatous
Polyposis Coli (APC, a marker of oligodendrocytes) both in
tissue sections of intact (Figures 3A-F) and injured spinal cord
(Figures 3G-L). IgGs from healthy subjects also bind to neurons
(see ventral horn motoneurons depicted in Figure 1K), astrocytes
and oligodendrocytes in the injured spinal cord (Figures 3M-R).

Altogether, our results show that increased AAbs after SCI
target neurons, astrocytes and oligodendrocytes in the spinal
cord.

Autoantibodies Increased at the Acute
Phase Are Naturally Occurring Antibodies
Preferentially Directed Against Non-native

Isoforms of 16 Different Proteins

We detected and quantify the binding of serum AAbs to
their targets by Two Dimensional-Western blot (2D-WB) of
sera against a pool of proteins extracted from pathological
and control human spinal cords. Afterwards, we identified
AAb targets by mass spectrometry (workflow schematized
in Supplementary Figure 1). Thus, by 2D-WB we observed,
again, that AAbs are present in the sera of both control
and SCI subjects (Supplementary Figure 2) and bind to 173
different targets that correspond to isoforms/post-translational
modifications of 37 different proteins (Supplementary Table 2).
An overall increase in both IgG and IgM AAD levels after SCI
compared with age- and gender-matched control individuals
is observed (volcano plot representations of SCI/control
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ratios are heavily skewed toward the right; Figures4A,B),
although only 47 IgG and 15 IgM AAbs reached statistical
significance (t-test followed by multiple comparison correction
by Benjamini-Yekutieli method under a false discovery rate
(FDR) minor than 0.05; orange spots in Figures 4A,B). The
increased IgGs and IgMs react against several isoforms/post-
translational modifications of a limited number of proteins.
Specifically, 15 different proteins are targets of IgG (Figure 4C)
while 8 are targets of IgMs (Figure 4D). Seven out of eight
targets of IgMs are also targeted by IgGs, so a total of
16 different IgG and IgM AAbs specificities are detected.
Among these, anti-GFAP, -MBP and -G3P AAbs have been
previously described to increase after SCI, but the remaining
AAbs are, to our knowledge, for the first time described to
augment in this study. Identification of AAbs against GFAP,
MBP, neurofilament light (NFL) and neurofilament intermediate
(NFM) confirms our immunohistochemical observations; i.e.,
astrocytes, oligodendrocytes and neurons are targets of AAbs
after SCI. On the other hand, we have also identified targets
whose expression is not restricted to the central nervous
system [for example albumin (ALBU), hemoglobin subunit
alpha (HBA) or hemoglobin subunit beta (HBB)]. The antigenic
targets recognized by AAbs for which there are not significant
differences between healthy and SCI individuals are shown
in Supplementary Table 2 and include actin cytoplasmic 1
(ACTB), fructose-biphosphate aldolase C (ALDOC), annexin A2
(ANXA2), annexin A5 (ANXAS5), carbonyl reductase 1 (CBR1),
60 kDa heat shock protein (CH60), dihydropyrimidinase-related
protein 2 (DPYL2), stress-70 protein (GRP75), heat shock-related
70 kDa protein 2 (HSP72), malate dehydrogenase (MDHC),
moesin (MOES), nicotinamide riboside kinase-2 (NRK2),
peripherin (PERI), peroxiredoxin-1 (PRDX1), peroxiredoxin-
6 (PRDX6), phosphoglycerate mutase 1 (PGAMI), pyruvate
kinase (KPYM), tubulin alpha-1C chain (TBA1C), tubulin beta-
4A chain (TBB4A), tubulin beta chain (TBB5), and vimentin
(VIME).

Consistent with the description of natural autoantibodies as
directed against modified proteins, most of the 47 IgGs and 15
IgMs increased after SCI bind to isoforms that differ in their
isoelectric point (pI) and/or molecular weight (MW) from the
basal predicted values (Figures 4E-G; Supplementary Figure 3),
suggesting that most of the A Abs that we have detected in control
and SCI subjects are directed against proteins with alterations
or post-translational modifications. In this regard, some AAbs
elevated after SCI recognize proteins with a lower MW than
predicted, as occurs with the increased anti-NFM IgM AAD, that
recognize an isoform around 60 kDa whose peptidic sequence
confirms that is a degraded fragment of the canonical 102 kDa
NFM (Figure 4E). Other AAbs recognize modifications of targets
that affect their pl, as anti-MBP IgGs, that are directed against
more acidic forms than the native isoforms (Figure 4F), and
other AAbs recognize isoforms with alterations affecting both
their MW and pl, as occurs with the elevated anti-GFAP IgGs
(Figure 4G; MW and pI of all other antigenic targets shown in
Supplementary Figure 3). Overall, our results suggest that the
AADs increased after SCI are directed against degraded protein
fragments and/or post-translational modifications of proteins.

If as our results suggest, AAbs increased after SCI are natural
antibodies (AAb naturally present in healthy subjects), their
augmentation should be the result of a secondary humoral
response and, consequently, their increase should be detected
very early after SCL. To test this, we had the opportunity of
assessing sera at 2 & 0.4 days after injury (mean and standard
error) obtained from a subgroup of 11 patients among the 52
individuals studied at 1 month. We compared in these patients
by paired t-test the AAD levels at 2 days with those at 1 month
after injury. As shown in Figure 4H, all 47 IgG augmented at 1
month after injury are already increased at 2 days (no statistically
significant differences are found between 1 month and 2 days),
and the same is observed for 12 out of 15 IgMs (80%), supporting
that most AAb increased at the acute phase of SCI are natural
antibodies.

Endogenous IgG AAbs Against Spinal Cord
Antigens Are Also Detected Very Early
After Experimental SCI in Rats

Since our results show that AAbs against injured spinal cord are
naturally present in the sera of healthy subjects, theoretically they
should extravasate into the spinal cord once the blood-spinal
cord barrier breaks after SCI and should be detectable at early
stages, before new IgGs may be synthesized. We experimentally
confirmed this in rats, observing endogenous IgGs in the injured
spinal cord after 1 day, depicting cellular profiles at the lesion
epicenter (Figure 5A) and on the most rostral spinal cord level
affected by the lesion (Figure 5B). Target cells are located both in
the gray matter (as the cell profile pointed out in the ventral horn
in Figure 5C) and in the white matter (Figure 5D). However,
as expected, endogenous IgGs cannot be detected in the spinal
cord of intact rats (Figure 5E) and no signal is observed when
tissue sections are incubated with an antibody against rabbit-IgG
(signal is species-specific; Figure 5F). Therefore, in agreement
with the results described above on AAbs after human SCI,
naturally occurring IgG AAbs against injured spinal cord are also
detectable in rodents.

Binding of Autoantibodies to Spinal Cord
Proteins Increases After Injury

Independently of Lesion Level and Severity
Cervical or high thoracic lesions impairs primary humoral
responses to a greater extent than low thoracic or lumbar lesions
(8, 15). However, secondary immune responses are not affected
by injury level (17). Our results show that binding of IgG and
IgM AAb to their targets is not affected by lesion level: only 1
IgM AAD against hemoglobin subunit alpha (HBA) is increased
in paraplegics compared with tetraplegic patients (¢-test p-value
< 0.5 and FDR < 0.05, Figures 6A,B) while not a single AAb
is significantly affected by lesion level when classifying patients
based on whether lesion is above or below the 5th thoracic
segment (Figures 6C,D).

Also, in contrast with previous reports, the severity of lesion
does not have an overall effect on IgG or IgM AAb binding
to their targets (Figures 6E,F). To further assess the effect of
severity on AAbs after SCI, we analyzed whether AAb levels
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FIGURE 4 | correction by Benjamini-Yekutieli method). Dotted horizontal orange line represents t-test p-value = 0.05. Orange-filled spots represent FDR < 0.05 after
multiple comparison correction by Benjamini-Yekutieli method (C,D) Relative abundance and identity of the 47 IgGs and 15 IgMs increased in SCI patients. PPIA,
peptidylprolyl isomerase 1; PGK1, phosphoglycerate kinase 1; PEBP1, phosphatidylethanolamine binding protein 1; NFL, neurofilament light; NFM, neurofilament
intermediate; MBP, myelin basic protein; HSP7C, heat shock cognate 71 KDa protein; HBB, hemoglobin subunit beta; HBA, hemoglobin subunit alpha; GFAP, glial
fibrillar acidic protein; G3P, glyceraldehyde-3-phosphate dehydrogenase; ENOA, alpha-enolase; CAH2, carbonic anhydrase 2; DHES3, glutamate dehydrogenase 1,
mitochondrial; ATPA, ATP synthase subunit alpha, mitochondrial; ALBU, aloumin. (E-G) Most of the autoantibodies increased after SCI are directed against proteins
with modifications affecting their isoelectric point (pl) and/or their molecular weight (MW). Crosses represent the pl and MW of the basal isoforms produced by
alternative splicing and circles represent the isoforms targeted by autoantibodies increased after injury. (H) Among the 47 IgGs increased at 1 month after injury, all of
them reached similar levels at 2 days after injury (no statistically significant differences were found after paired t-test between AAb binding at both times), while the
same is observed for 12 out of the 15 IgMs.

FIGURE 5 | Endogenous IgGs are detected in the spinal cord at 1 day after injury. Tissue sections from rat spinal cord at 1 day after injury were incubated with anti-rat
IgG antibody and its binding was revealed by DAB-peroxidase reaction. Endogenous rat IgG is detected and depicts cellular profiles both in the lesion epicenter (A)
and periphery (B). (C,D) Show magnified details of inserts in (A,B), where cell profiles in the ventral horn (arrow in C) and white matter (arrow in D) are clearly marked
by endogenous IgG. (E) No endogenous IgG is observed in intact spinal cord. (F) IgG signal is species-specific, as shown by the absence of immune detection when
using a secondary anti-rabbit IgG on injured spinal cord. Scale bar, 500 pm in (A,B,E,F); 100 um in C and D.

were different in a less severe SCI group, constituted by ten  ontology biological function terms associated to their targets.
cervical AIS D central cord syndrome patients (CCS) (42). In  This results in the statistically significant over-representation of
fact, with the exception of slight anemia and thrombocythemia,  functions that can be clustered in six major groups: (1) functions
the hematological values of CCS patients are like those of  related with cytoskeleton organization (intermediate filaments,
control subjects, while their counterparts cervical AIS A non-  Figure 7A); (2) oxygen transport and removal of oxygen reactive
CCS SCI patients present more severe alterations that also affect  species (Figure 7B); (3) energetic metabolism (Figure 7C); (4)
to leukocyte populations (Supplementary Table 3). However,  albumin-related functions (Figure 7D); (5) response to virus
the levels of AAbs of CCS patients are like those of cervical  (Figure 7E) and glutamate biosynthesis (Figure 7F).

AIS A non-CCS SCI patients (Figures 6G,H), reinforcing the

observation that AAD levels are not affected by lesion severity.

DISCUSSION
Functional Enrichment Analysis of Our results show that SCI induces a rapid increase in the levels
Autoantibody Targets of pre-existing natural IgG and IgM AAbs against modified

AADs increased after SCI might be involved in pathophysiology  isoforms from 16 different proteins independently of lesion level
(5) and/or might serve as biomarkers of underlying and severity. Among the antigenic targets, 13 are described for
pathophysiological alterations (43, 44). To gain insight into  the first time and could become new therapeutic targets to test
the biological role of the increased AAbs, we analyzed the gene  in future studies. Altogether, our results suggest that the origin
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FIGURE 6 | Autoantibody levels are higher in spinal cord injury patients independently of lesion level and severity. (A,B) IgG and IgM AAb binding are not significantly
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FIGURE 6 | AAb against HBA (orange-filled spot, B). (C,D) However, when classifying patients into those with lesions above or below T5 spinal segment, not a single
AADb present different levels between the two groups. (E,F) Complete patients (AIS A) and incomplete patients (AIS B-D) do not show significant differences in IgG nor
IgM AADb levels. (G,H) Comparison of cervical AlS D central cord syndrome patients (CCS, a less severe traumatic spinal cord injury) with their counterparts cervical
AIS A patients (Non-CCS) also fails to found any statistically significant difference in AAb levels due to lesion severity. Dotted horizontal orange line represents t-test
p-value = 0.05. Orange-filled spot represents FDR < 0.05 after multiple comparison correction by Benjamini-Yekutieli method.
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FIGURE 7 | Functional enrichment analysis of autoantibody targets reveals functions that could be affected by AAbs or that are affected by other injury-related
processes and are being sensed by AAbs. Biological Function Gene Ontology terms associated to AAb targets are functionally organized into a network structure.
Only significant terms after hypergeometric test followed by Benjamini-Hochberg multiple comparison correction are shown. Most significant terms of each functional
group are highlighted. Six functional clusters may be established (A-E): (A) a cluster formed by terms coupled to intermediate filaments-related functions, including
proliferation and autophagy; (B) a cluster related to the control of oxygen radicals and oxygen transport, that is functionally related to a subcluster comprising CAH2
(carbonic anhydrase 2) functions, including bone remodeling; (C) a cluster including terms related to energetic metabolism, comprising glycolysis and NAD and ATP
biosynthesis; (D) functions related to albumin; (E) functions related to PPIA (also known as cyclophilin A) that are involved in control of viral latency; (F) glutamate
biosynthesis.

of antibody-mediated autoimmune responses after SCI is the =~ AAbs levels and specificity on 2D-WB experiments. Since we

expansion of previously formed natural AAbs. observed that sera from healthy individuals contain AAbs that

. . are preferentially directed against antigens present in injured
Autoantibodies That Increase After SCI tissue (Figure 1), we made our antigen collection by pooling
Exist Before Lesion protein extracts from intact and pathological human spinal cord

Natural AAbs are usually overlooked in healthy population  samples to include both normal proteins as well as potential
mainly due to technical reasons (45). In this regard, several  neoepitopes arising after damage. Indeed, the recognition of
methodological details may explain why we observe a specific ~ protein neoepitopes induced by cell damage or stress is a major
signal from AAbs in healthy individuals. For instance, our use  characteristic of natural AAbs (26, 27) and it has been shown
of immunofluorescence and high sensitivity scanning to detect ~ that two neoepitopes arising after SCI are targeted by IgM AAbs
AAbs may uncover signals that remain below the threshold of — naturally present in intact mice (46). Accordingly, our results
detection by commonly techniques like chemoluminiscence or ~ show that most AAb increased after SCI are directed against
peroxidase reactions. But a major difference between our study  isoforms with isoelectric points and molecular weights suggestive
and others may be the antigen collection employed to test for  of degraded fragments or post-translational modifications. In this
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regard, it should be considered that due to the lack of non-
fixed human SCI tissue, the antigen collection is derived from
control spinal cord samples as well as samples from patients
with multiple sclerosis, Balo concentric lesions and lateral
amyotrophic sclerosis. As explained before, these pathological
samples were selected to include proteins that may be expressed
“de novo” or modified by inflammation and neurodegeneration,
events occurring also after traumatic SCI. We do not know
whether exactly the same protein modifications are present in
the spinal cord after traumatic injury, but the increase of AAbs
against these modifications in SCI patients suggests that this
might be the case.

Further supporting that AAbs increased after SCI are pre-
existing AAbs is their rapid augmentation after injury, suggesting
that they are part of secondary rather than primary humoral
responses. In this regard, AAbs rise before new primary IgG
responses may be detected (47), at the very acute phase in patients
(Figure 4) and bound to their antigens in the spinal cord of
rats at 1 day after lesion (Figure5). Also supporting that this
increase is due to secondary responses is the observation that it is
independent of the neurological level of lesion, contrary to what
occurs with primary humoral responses (17). Overall, our results
do not distinguish whether the increased binding of IgG AAbs
induced by SCI is just the result of increasing the levels of pre-
existent natural AAbs or the result of maturating their affinity,
but our data strongly support that increased AAbs at the subacute
phase of SCI have their origin in naturally occurring AAbs.

The existence of naturally occurring IgG AAb in healthy
subjects was reported in the early days of immunology and
it has been a subject of research that challenges the classical
view of the role of the immune system as merely defensive
(44, 48, 49). Natural AAbs are originally present as germ line-
encoded IgMs in newborns and as T-cell-dependent IgGs in
adults (20, 22-24). Naturally occurring A Abs have been suggested
to participate in physiological responses to tissue damage, such
as cleaning of cellular debris, and their deficiency have been
related to disease (26, 50, 51). Indeed, intravenous IgG (IVIg)
preparations, which are used to treat both immunedepression
and autoimmune disorders, are manufactured by pooling the
serum IgGs from more than 1,000 healthy donors and are
loaded with AAbs against a wide range of antigens (52). In this
regard, a commercial human IVIg preparation containing IgG
AAbs that bind to astrocytes, oligodendrocytes, microglia and
neurons is therapeutic in experimental SCI (53), suggesting that
endogenous naturally occurring AAbs might have a protective
role immediately after SCI as well. A strong parallelism has
been reported to occur in stroke, where pre-existing anti-
NMDARI autoantibodies normally present in healthy subjects
have an acute protective role if the blood brain barrier (BBB)
is competent before occurrence of the ischemia (54, 55).
However, when the BBB is chronically compromised before
the insult, anti-NMDARI autoantibodies associates with larger
lesion volumes. The access of pre-existing AAbs to the central
nervous system after breakdown of the BBB has been also related
with the pathogenesis of other neurological conditions (56).
Unsolved issues worth of further research are whether the AAbs
upregulated after SCI might also behave as a two-edged sword

depending on the patient previous BBB estate and whether,
additionally, these AAbs could convert into pathogenic due to
their expansion, affinity maturation or other processes.

It should be also considered that although we have detected by
immunohistochemistry, Western blot and 2D-Western blot the
presence of these autoantibodies in the sera from sixteen intact
subjects, their levels may vary depending on the age and gender
of individuals (20). Further studies including a higher number
of control subjects should be performed to assess the potential
effect of these variables on the presence of naturally occurring
autoantibodies throughout the population of healthy individuals.

Potential Implications of the Augmentation

of Natural Autoantibodies After SCI

Regardless of whether the increased AAbs detected at this
time are beneficial, pathogenic and/or could be used just as
biomarkers of underlying processes, we performed a gene
ontology based functional enrichment analysis to infer which
cellular or physiological processes associated with the AAb
targets could be more likely to be affected. This resulted in
a significant enrichment of functions related to cytoskeleton
organization, energetic metabolism, albumin-related functions,
viral latency, transport of oxygen and bone remodeling as well as
glutamate biosynthesis. Regarding the first set of these processes,
cytoskeleton organization, it is well-known that SCI induces
changes that affect glial and neuronal cytoskeleton, such as
astrocytosis, axon dystrophy and myelin disorganization (clearly
observable in Figures 2, 3). Thus, the increase in anti-GFAP,
anti-NFL and anti-NFM AAb levels could be contributing to
cytoskeleton changes and/or reflecting that their targets are being
modified. Of note, although anti-GFAP, anti-NFL and anti-NFM
AADs target intracellular proteins, it should not be discarded that
AADs could reach them in vivo (57, 58).

Patients also present an altered metabolic rate and several
mechanisms have been proposed to explain it (59). The increase
in anti-G3P, anti-ENOA, anti-KPYM, anti-PGK1, and anti-ATPA
AAbs suggest that their target antigens are being modified after
SCI -which could offer new perspectives on why metabolic
alterations occur- and/or that metabolic alterations might be
induced by an autoimmune response. In the same line of
evidence, SCI patients develop osteoporosis and one of the
gene ontology terms significantly enriched is “bone resorption,”
associated to CAH2.

Likewise, the levels of anti-PPIA AAbs increase. This protein,
also known as cyclophilin A, is the target of the immunosupressor
cyclosporine A (60), which opens the question of whether anti-
PPIA AAbs might be endogenously mimicking cyclosporine.
Functional enrichment analysis suggests that PPIA is, in
addition, related to viral responses. In this regard, PPIA is
necessary for the replication and reactivation of several virus,
including human Cytomegalovirus (CMV) (61), proposed to
be a general cause of immunosenescence (62, 63) and more
specifically of immunosenescence after SCI (64). Whether
anti-PPIA AAb levels could be an underlying mechanism of
immunosenescence/immunodepression after SCI is worth of
further studies.
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It has been previously reported that SCI-induced immune
deficiency syndrome (SCI-IDS) is rapidly established after lesion
(65, 66) and is dependent on the lesion level and severity
(10, 15). In an apparent contradiction, our results show that
the opposite phenomenon, autoimmunity, is established at the
same time and is independent of lesion level and severity.
Thus, if both immunedepression and autoimmunity co-exist,
they are likely to be independent phenomena. Supporting
this, deficient humoral reactions are circumscribed to primary
responses (responses against new antigens), while secondary
antibody responses (already established responses) are preserved
and thus not affected by the lesion level (17). Accordingly, as
previously discussed, our results suggest that at least part of the
AAD responses that are induced after SCI are secondary since
(i) AAbs that augment after SCI are already present in healthy
subjects at lower levels, (ii) all IgG AAbs that increase at 1 month
after injury are also augmented before new IgG responses may
occur, at 2 days after injury, and (iii) the level and severity of
injury do not affect the levels of AAbs after SCI. Therefore, the
AAD response at the subacute phase might be an independent
phenomenon of immune depression because is the consequence
of secondary immune responses of pre-existing AAbs.

CONCLUSIONS

Overall, our results show that a set of naturally occurring AAbs
are expanded after SCI, which in the light of previous studies
could help to explain why antibody-mediated autoimmunity
initiates after SCI. Also, we report 16 antigenic targets that are
involved in alterations that are known to occur after SCI, such as
cytoskeleton remodeling, osteoporosis or metabolic rate change.
Further studies are needed to elucidate the role of each AAb
independently and the dynamics of their serum levels.
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Autoimmune glial fibrillary acidic protein (GFAP) astrocytopathy is an autoimmune disease
of the nervous system first defined in 2016. GFAP autoantibody, especially IgG that
binds to GFAPa, has been reported in the cerebrospinal fluid (CSF) and serum of
patients with GFAP astrocytopathy. The positive predictive value of GFAP antibody
in the CSF is higher than in the serum. Tissue-based assay (TBA) and cell-based
assay (CBA) are both recommended methods for the detection of GFAP antibodly.
GFAP astrocytopathy is accompanied by neoplasms, but the relationship between virus
infection and GFAP astrocytopathy is unclear. GFAP antibody itself does not induce
pathological changes; it is only a biomarker for the process of immune inflammation. The
pathology of GFAP astrocytopathy in humans is heterogeneous. GFAP astrocytopathy is
commonly diagnosed in individuals over 40 years old and most patients have an acute
or subacute onset. Clinical manifestations include fever, headache, encephalopathy,
involuntary movement, myelitis, and abnormal vision. Lesions involve the subcortica
white matter, basal ganglia, hypothalamus, brainstem, cerebellum, and spinal cord. The
characteristic MRI feature is brain linear perivascular radial gadolinium enhancement in
the white matter perpendicular to the ventricle. Currently, there are no uniform diagnostic
criteria or consensus for GFAP astrocytopathy and coexisting neural autoantibodies
detected in the same patient make the diagnosis difficult. A standard treatment regimen is
yet to be developed. Most GFAP astrocytopathy patients respond well to steroid therapy
although some patients are prone to relapse or even die.

Keywords: astrocyte, antibody, meningoencephalitis, glial fibrillary acidic protein, astrocytopathy

BACKGROUND

The novel concept of astrocytopathy, including neuromyelitis optica spectrum disorders (NMOSD)
and autoimmune glial fibrillary acidic protein (GFAP) astrocytopathy, was recently suggested
(1, 2). Unlike NMOSD characterized by aquaporin (AQP) 4 antibody, GFAP astrocytopathy is
a meningoencephalomyelitis or limited form of meningoencephalomyelitis associated with IgG
binding to GFAP. This disease usually involves the cerebra, meninges, spinal cord and optic nerve,
and manifests as fever, headache, encephalopathy, myelitis, and abnormal vision (2-13).
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HISTORY

Since 1991, reports of the clinical manifestations, images,
and features of cerebrospinal fluid (CSF) in corticosteroid-
responsive  meningoencephalomyelitis, also known as
chronic or subacute corticosteroid-responsive non-vasculitic
autoimmune inflammatory ~meningoencephalitis (NAIM),
have been published (14). Patients suffer from NAIM
manifested as chronic/subacute encephalopathy or progressive
dementia, and they tend to have severe abnormal findings
by electroencephalography but no obvious changes by
magnetic resonance imaging (MRI). Pathological analysis
has revealed periangitis, gliosis, and T and B cell infiltration,
with intact blood vessels in the brain parenchyma. As an
autoimmune disease, NAIM is very sensitive to corticosteroid
treatment.

Reports of zoonotic autoimmune disease are increasing.
For example, N-methyl-D-aspartic acid (NMDA) antibody
encephalitis was reported in polar bears (15). In addition,
GFAP antibody was confirmed as a biomarker for necrotizing
meningoencephalitis of pug dogs (16, 17). Classification by
pathology includes granulomatous meningoencephalomyelitis
(GME), necrotizing meningoencephalitis (NME), and
necrotizing leukoencephalitis (NLE).

In 2016, a group led by Lennon (2, 3) in the Mayo
Clinic published two important reports of meningoencephalitis
in humans and termed the disorder autoimmune GFAP
astrocytopathy. Our group started similar studies in 2013 and
reported the pathological features of several cases of GFAP
astrocytopathy. A long follow-up study has also been carried out.
Several studies of GFAP astrocytopathy have been published to
date (2-13) (Table 1).

DETECTION METHOD

AQP4 expressed on the endfeet of astrocytes was identified as
a biomarker of NMOSD. The methods to detect this antibody
include tissue-based assay (TBA), cell-based assay (CBA), flow
cytometry, immunoblotting, and immunoprecipitation assay.
Because GFAP is a cytosolic intermediate filament protein of
astrocytes, methods for the detection of its antibody are limited.
Currently, we can test for GFAP antibody by IF, CBA, and western
blot.

Our previous studies (4, 5) and unpublished data used frozen
sections of the hippocampus, brainstem and cerebellum and
demonstrated that a characteristic IF pattern of GFAP-IgG was
observed when IgG binds to the pia and subpia mimicking
AQP4-IgG (Figure 1). However, the IF pattern differs from
AQP4-1gG as follows (Figure 1): (1) it is prominent in the cell

Abbreviations: GFAP, autoimmune glial fibrillary acidic protein; IF, indirect
immunofluorescence; CBA, cell-based assay; NMOSD, neuromyelitis optica
spectrum disorders; AQP, aquaporin; CSE cerebrospinal fluid; NAIM, non-
vasculitic autoimmune inflammatory meningoencephalitis; MRI, magnetic
resonance imaging; NMDA, methyl-D-aspartic acid; GME, granulomatous
meningoencephalomyelitis; NME, necrotizing meningoencephalitis; NLE,
necrotizing leukoencephalitis; LESCLs, longitudinally extensive spinal cord
lesions; CNS, central nervous system; IVIG, immunoglobulin

body and end-process located in all layers (molecular layer,
white matter, and granular layer) whereas AQP4-IgG mainly
binds to locations around the microvessels and the Virchow-
Robin space; (2) in the cerebellum, it was detected in the
molecular layers with a Bergmann radial pattern (Figure 1A2),
which differs from the AQP4-IgG pattern that only has a
microvessel profile (Figures 1B1,B2). Furthermore, the AQP4-
IgG pattern is located at the border between two molecular
layers with a Virchow-Robin space profile (Figure 1B2); and
(3) in contrast to AQP4-IgG, no pattern-specific staining was
detected in the stomach or kidney tissues when using CSF
(Figure 1).

Tissue sections from different animals affect the results. In our
study, sections from rats are better than from monkeys. Methods
based on histology are sensitive but they cannot distinguish
different subtypes of GFAP antibody. A disadvantage of this
method is that it detects other protein antibodies coexpressed
with GFAP in astrocytes, resulting in false positive results. For
example, transglutaminase-6 is expressed in astrocytes, and its
antibody is related to progressive multiple sclerosis (19).

CBA (Figure 1B5) is recommended for testing for AQP4
antibody and is the main method to test GFAP antibody.
Because GFAP protein has more than eight isomers, using
CBA to test all these isomer antibodies is very difficult. Testing
of GFAP-IgG in the Mayo Clinic reported IgG reactive with
the GFAP« isoform in 102 patients (100%) and GFAP-reactive
IgG was lower than for other isoforms (3). A series of 22
patients from a European tertiary referral hospital reported
a frequency of 100% binding to GFAPa, 63.6% to GFAPa
and GFAP3, and none to the GFAP3 isoform alone (7).
Therefore, detection of GFAPa may be performed by CBA.
However, in 19 Chinese patients who underwent CSF testing,
we found fourteen cases that were GFAPa-IgG positive, and
five cases who were only GFAPe-IgG positive, indicating that
this result should be confirmed by other laboratories in the
future.

Regarding the specificity of GFAP antibodies in the serum,
more data are required for evaluation. Early studies using
Enzyme-linked Immunosorbent Assay (ELISA) showed high
concentrations of GFAP antibody in the serum of patients
with Alzheimer’s disease and trauma (20, 21). Therefore,
the consequence of GFAP antibody in the serum of GFAP
astrocytopathy is hard to determine. From our study and
other recent reports, GFAP antibody in the CSF had a high
specificity and sensitivity (2, 3, 5). Because ELISA has a number
of disadvantages, such as low specificity for the detection of
antibodies in some neuroimmune diseases (22), the influence of
the methodology on the results cannot be ignored.

Earlier literature showed that GFAP antibodies were present
in the CSF of some patients with MS (23). It was speculated
retrospectively that patients previously diagnosed as MS but
who did not meet the latest diagnosis criteria might have
GFAP astrocytopathy. According to published studies (Table 1),
patients with meningoencephalitis, myelomeningoencephalitis,
encephalitis, myelitis, optic neuritis or autonomic nervous
dysfunction with unclear reason should be tested for GFAP-IgG.
TBA and CBA are both recommended methods.
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TABLE 1 | Literatures of human GFAP astocytopathy.

Author Year Country n Pathological Main findings

examination

Fang et al. (2) 2016 USA 16 No The first paper to described human GFAP astrocytopathy. They describe GFAP-IgG found in
serum or cerebrospinal fluid that is specific for a cytosolic intermediate filament protein of
astrocytes.

Flanagan et al. (3) 2017 USA 102  Yes Retrospectively analyzed 102 GFAP-IgG positive patients. Specificity of serum and CSF testing,
the clinical and radiological phenotype evaluate, the significance of coexisting antibodies, and
therapy responses were reported. CSF-GFAPaa-IgG is highly specific for an
immunotherapy-responsive autoimmune CNS disorder.

Yang et al. (4) 2017 China 7 Yes To assess the treatment response in seven GFAP-IgG-positive patients with long-term follow-up.
Some patients with GFAP astrocytopathy experienced a poor response to treatment although
they received steroids and immunosuppressive agents,

Long et al. (5) 2018 China 19  Yes To describe the clinical, radiological and pathological features in 19 patients with CSF-GFAP-IgG
in CSF. The features of the neuropathology and immunopathology of GFAP astrocytopathies
were perivascular inflammation and loss of astrocytes and neurons.

Yang et al. (6) 2018 China 10 Yes To study overlapping syndromes in autoimmune GFAP astrocytopathy. Overlapping antibodies
are common in GFAP astrocytopathy.

lorio et al. (7) 2018 Italy 22 Yes To report the clinical and immunological characteristics of 22 new patients with GFAP-IgG. GFAP
autoimmunity is not rare. The clinical spectrum encompasses meningoencephalitis, myelitis,
movement disorders, epilepsy and cerebellar ataxia. coexisting neurological and systemic
autoimmunity are relatively common. Immunotherapy is beneficial in most cases.

Zarkali et al. (8) 2018 UK 1 No To report a young man presenting with subacute meningoencephalitis and subsequent myelitis,
and discuss the typical presentation and management of this severe but treatable condition.

Shu et al. (9) 2018 China 1 Yes To examined brain biopsy sections from a patient with autoimmune GFAP astrocytopathy using
hematoxylin and eosin and Luxol fast blue staining, and immunostaining with antibodies.

Martin et al. (10) 2018 USA 1 Yes To report a 13-years-old girl with acute-onset meningoencephalitis and incidental finding of
ovarian teratoma was found to have coexisting anti-NMDA-R and GFAP antibodies present in her
cerebrospinal fluid.

Lietal (11) 2018 China 1 No To report a case of autoimmune GFAP astrocytopathy after herpes simplex viral encephalitis.

Dubey et al. (13) 2018 USA 90 Yes This study demonstrates CSF GFAPa-IgG is a specific autoimmune meningoencephalomyelitis

Sechi et al. (18) 2018 USA 13 No biomarker, with favorable corticosteroid response. Lack of response should prompt evaluation for

co-existing NMDA-R-IgG or malignancy.

This study found that spinal cord lesions in GFAP-IgG myelitis were commonly longitudinally
extensive (>80%) and centrally located. Compare to AQP4-IgG lesions, they were more subtle
lesions with poorly defined margins and less swelling. In GFAP-IgG myelitis, spinal cord central
canal, punctate or leptomeningeal enhancement was typical.

EPIDEMIOLOGY AND DEMOGRAPHICS

GFAP astrocytopathy is a rare condition even if probably
under-diagnoses yet. Nowadays, epidemiological data of this
disease is limited. GFAP astrocytopathy has a slight female
predominance and tends to present in patients over 40 years old.
Recently, children with GFAP astrocytopathy were reported with
pediatric clinical presentations similar to adults (13). In a Chinese
population, 19 patients were positive for GFAP antibodies,
comprising 13 females and six males (ratio 2.17). The median age
at disease onset was 54 years (range 23-73 years). A study by the
Mayo Clinic reported 54% (55/102) were female and the median
age at neurologic symptom onset was 44 years (range, 8-103
years). lorio et al. found that the median age of their patients was
52 years (range: 6-80 years) and 13 patients were female (59%).

ETIOLOGY AND PATHOGENESIS

Currently, there is limited information regarding GFAP
astrocytopathy and its pathogenesis. Similar to autoimmune
encephalitis, GFAP astrocytopathy is also accompanied by a

neoplasm. In a study by Lennon (2, 3), neoplasia was diagnosed
in 34% patients, 66% of which were found within 2 years after
neurologic onset. Twenty-two patients had neoplasms at disease
onset, of which 15 were teratoma of the ovary, three were adrenal
carcinoma, two were glioma, one was squamous cell carcinoma,
and one was multiple myeloma. Results from Iorio et al. (7)
showed that three patients had a history of tumors, and in our
recent study, we found one patient with thyroid carcinoma,
two patients with suspected meningeoma, and three with other
benign tumors. Immunohistochemical staining of an ovarian
teratoma from a GFAP astrocytopathy patient showed the
cytoplasm of the glial process in neuronal tissue and epithelial
cells reacted strongly with GFAP-IgG (7, 13). This supports
the concept that ectopic expression in nervous system tissues
contributes to the triggering of immune responses, such as that
in autoimmune encephalitis (24).

Regarding infection, Lennon (2, 3) reported that 29% patients
with GFAP antibody developed flu before neurologic symptoms
and one patient had HIV. In a study by Iorio et al. (7), six
(27%) patients had a premonitory symptom of flu, including
one case of dengue fever. Two researchers from China found
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FIGURE 1 | Comparison of immunofluorescence-pattern between GFAP-IgG and AQP4-1gG. (A1-A5) IgG from patient with GFAP astrocytopathy. (A1) The IgG is
bound to the foot process at pia (arrow) and astrocyte body in hippocampus. (A2) IF pattern in different layer of cerebellum: (1) The IgG is bound to the astrocyte body
in different layer, especially white matter (arrow); (2) it was detected in molecular layers with bergmann radial pattern (arrow). (A3,A4) no pattern-specific staining was
detected in the kidney and stomach tissue but positive for GFAP-transinfected HEK-293 cell. (B1-B5) IgG from a positive AQP4-IgG NMO patient. (B1) The IgG is
bound to the cell with the foot process around the microvessels (arrow) in brain and pia (arrow). (B2) Anti-AQP4 pattern located at the border between two molecular
layers with Virchow-Robin space profile (arrow) without bergmann radial pattern. (B3-B5) Pattern-specific staining was detected in the stomach, kidney tissue, and

AQP4-transinfected HEK-293 cell.

evidence of herpes simplex infection in some patients (5, 11). The
relationship between virus infection and GFAP astrocytopathy is
unclear.

Currently, it is recognized that AQP4 antibody causes
the loss of AQP4 antigen expression and the decrease of
astrocyte numbers. AQP4 antibody binds to AQP4 expressed
in the endfeet of astrocytes and activates complement. The
downstream pathways involve excitatory amino acid transporter-
2 endocytosis and result in demyelination and tissue necrosis.
Using immunohistochemical analysis, we found the loss of AQP4
antigen expression and the decrease of astrocytes at different
degrees in the lesions of patients with GFAP astrocytopathy.
However, unlike AQP4, GFAP is an intracellular protein, thus it
is difficult for GFAP antibody to interact with it. When a patient
is positive for AQP4 antibody, the decrease in astrocyte numbers
may be caused by AQP4 autoimmunity. However, this might also
be secondary to other autoimmune diseases.

Animal model studies (25) indicated that GFAP
astrocytopathy is mediated by GFAP peptide-specific cytotoxic
T cells. The hypodermic injection of rat cerebral homogenate

could induce vacuole or softening lesions in the cerebral cortex
and CD3™ T cells and microglial cells infiltrate the lesions. GFAP
autoantibody can also be detected in the serum when CD3™
T cells attach to GFAP-positive astrocytes. These pathological
features of rats were consistent with those of canine NME. The
above findings indicate that T cell-mediated immunity plays an
important role in GFAP astrocytopathy.

NEUROPATHOLOGY

Histopathological research of human GFAP astrocytopathy is
limited. No post-mortem report of this disease has been
published. Histopathology analysis of the leptomeningeal biopsy
specimen from one patient in a report by Iorio (6) revealed
inflammatory changes in local tissues with mononuclear
infiltration by macrophages and CD8* T cells. In a study by
the Mayo Clinic, there was a rough description of the clinical
characteristics including chronic inflammation and microglia
activation without vasculitis. In China, five pathological studies
reported data from stereotactic biopsy (4, 9). All the studies
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showed inflammation around small vessels (Figure 3). The
vascular wall was unaffected and no necrotic changes were
found in tissues. T and B cells had infiltrated and scattered
neutrophilic segmented granulocytes and eosinophils were
present in the tissue. Many plasma cells were present in two cases.
Histochemistry revealed two cases of severe AQP4 and GFAP
dislocation, two cases of focal dislocation, and one case without
dislocation. Therefore, the pathology of GFAP astrocytopathy
in humans is heterogeneous. However, local stereotactic biopsy
has disadvantages and does not reflect the whole picture of the
disease.

In animal studies, a fatal necrotizing meningoencephalitis
with GFAP-IgG as a biomarker was described (25). GME,
NME, and NLE are idiopathic inflammatory diseases of the
canine central nervous system (CNS) with differences in
their clinical and pathological features (13). Histopathological
necrosis was observed in both NME and NLE. Regarding
the clinical features, GME involved a wide range of tissues
including the cerebral cortex, cerebellum, brainstem, optic
nerve, and spinal cord, and there was a marked elevation
of white blood cells and protein levels in the CSF. Imaging
revealed extensive abnormalities in the subcortical white matter.
Histopathologically, GME was characterized by the accumulation
of CD3" T cells and CD20 B cells around the vessels with
an infiltration of plasma cells and monocytes. Neutrophils
and granulomas were occasionally observed. Therefore, GME
might be an equivalent to autoimmune GFAP astrocytopathy
in humans.

CLINICAL FEATURES

Most patients have an acute or subacute onset, and progressively
aggravated disease or have a relapse-remission pattern. Clinical
manifestations include fever, headache, encephalopathy,
involuntary movement, myelitis, abnormal vision, ataxia, mental
disorder, epilepsy, abnormal autonomic nervous function,
and other symptoms and signs of meningoencephalomyelitis.
Reports of this disease were presented by the Mayo Clinic (USA),
the Second Afhiliated Hospital of Guangzhou Medical University
(China), and Catholic University (Italy) (2-7, 13).

The report by Lennon (3) included 102 patients, whose
most prominent clinical manifestations were encephalitis
and meningitis (54.5%), followed by myelitis (10.5%)
encephalomyelitis (8%), optic neuropathy, meningitis, ataxia,
and meningoencephalomyelitis. Rare symptoms included
epilepsy, dementia, and autonomic nervous dysfunction. In the
study by Iorio, 10/22 (45%) cases manifested as encephalitis and
meningitis. Other symptoms included ataxia, chorea, myelitis,
optic neuritis, epilepsy, and dyskinesia (7). However, in a Chinese
study, more patients suffered from myelitis (68.4%) and optic
neuritis (63.2%), and longitudinally extensive transverse myelitis
was more common (5). A recent study showed 10 children
with positive GFAP-IgG had similar manifestations to previous
studies in adults. Especially, seven cases with positive CSF-IgG
all had a meningoencephalitis phenotype (13).

BIOLOGICAL AND IMAGING FEATURES

CSF in patients with GFAP astrocytopathy have high numbers
of white blood cells (>50 x 106/L), including lymphocytes,
monocytes, and multinucleate cells. In addition, protein levels
were increased to >1 g/L. The positive predictive value of GFAP
antibody in the CSF is higher than in the serum. Patient serum
and CSF in three cohorts (2, 3, 5, 7) contained other auto-
antibodies, such as NMDAR antibody, AQP4 antibody and other
antibodies related to autoimmune diseases.

Brain MRI abnormalities are common (Figure 2).
Lesions involved the subcortical white matter, basal ganglia,
hypothalamus, brainstem, cerebellum, meninges, ventricle,
and skull. In 32 Mayo Clinic patients, 18 of 32 (56%) had
T2 hyperintensities and 21 of 32 (66%) had gadolinium
enhancement (3). The characteristic pattern was brain
linear perivascular radial gadolinium enhancement in the
white matter perpendicular to the ventricle (Figures2A-D),
which was observed in 17 patients (53%). They also found a
radial enhancement pattern in two patients with cerebellum
abnormalities. Other enhancement patterns were observed in
leptomeningeal (n = 7, 22%), sinuous demyelination (n = 6,
19%), and ependymal (n = 3, 9%) regions. Iorio et al. found
hyperintense lesions on T2-weighted images consistent with
inflammation present in 10 of 22 patients (45%), of which nine
(41%) showed gadolinium enhancement. However, no cases with
a characteristic pattern with radial enhancement were described
in their study (7). In Chinese patients (5), 17 of 19 showed
brain abnormalities (89.5%). Radial enhancing patterns were
found in eight (42.1%,) and cortical abnormalities were found in
four patients (21.1%). Positron emission computed tomography
results from one patient showed extensive hypermetabolism
in the cortex (5) and another patient showed hypometabolism
in the basal ganglia (9). Other abnormalities occurred in the
hypothalamus (15.8%), midbrain (36.8%), pons (68.4%), medulla
(36.8%), cerebellum (36.8%), meninges (21.1%), skull (5.3%),
and hydrocephalus (5.3%). The brain enhancement disappeared
soon after treatment (4). Pathology showing meningitis and
inflammation around small blood vessels indicated that the
enhancement was caused by gadolinium leaking from the
damaged blood-brain barrier (5). Following treatment, the
blood-brain barrier was repaired rapidly and the enhancement
disappeared.

Myelitis is commonly seen in GFAP astrocytopathy (2-8,
13). Among 71 patients with meningoencephalomyelitis from
the Mayo Clinic, meningoencephalomyelitis phenotypes with
myelitis were noted in 29 cases whereas myelitis alone was
reported in two cases (combined: 43.6%, 31/71) (13). In early
reports, of eight patients with MRI spine images available, six had
longitudinally extensive myelitic abnormalities, one had a short
myelitic lesion, and one had normal imaging. Linear-appearing
central canal enhancement was noted in 21% of spinal cord
magnetic resonance images (2). Abnormalities of the spinal cord
were detected in four patients (4/22, 18.2%). In the study by Iorio
(7), and three had a lesion that extended longitudinally for more
than three contiguous vertebral segments. Recently, a study led
by Sechi et al. (18) found that spinal cord lesions in GFAP-IgG
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FIGURE 2 | Imaging findings in patients with GFAP astrocytopathy. (A-D) were from a female meningoencephalitis patient. (A) MR images showing extensive
abnormalities in the white matter around the ventricle (arrow). (B) Sagittal section showed linear perivascular radial gadolinium enhancement in the white matter
perpendicular to the ventricle(arrow). (C,D) Coronal section (C) and cross section (D) showed vessel-like enhancement (arrows). (E) and (F) from a male
meningoencephalitis patient showed pons abnormality (black arrow) and pia enhancement (white arrow). (G1) and (G2) were from a female with myelitis. (G1) Cervical
lesion extended to the area postrema of medulla(arrow), sparse cervical abnormality(red round area) and thoracic LESCLs (star marker). (G2) Slightly enhancement in
medulla (arrow). (H1) and (H2) were from a male meningoencephalomyelitis patient. Longitudinal extensive lesions in the whole spinal cord (H1) and soon recovery
after the treatment (H2).

myelitis were commonly longitudinally extensive (>80%) and  criteria of meningoencephalomyelitis? We should not ignore that
centrally located. Compare to AQP4-IgG lesions, they were more  there have been some GFAP seropositivity in disease controls
subtle lesions with poorly defined margins and less swelling.  (e.g., astrocytoma) and perhaps it could occur occasionally as a
In GFAP-IgG myelitis, spinal cord central canal, punctate or  secondary phenomenon. Should we term it collectively as “GFAP
leptomeningeal enhancement was typical. Our study revealed  spectrum disorders?” It seems that the “classical phenotype”
more common spinal cord lesions. In Chinese cases, cervicaland ~ is meningoencephalitis or myelomeningoencephalitis, especially
thoracic spinal cord MRIs were performed for 16 patients (84.2%,  with positive CSF GFAP-IgG. However, the clinical scpectrum
16/19). Thirteen of these (81.25%) exhibited abnormal results, of ~ might be broader. (2) does the diagnosis of GFAP antibody
which 11 patients had longitudinally extensive spinal cord lesions ~ negative astrocytopathy exist in patients manifesting as typical
(LESCLs) (5). All cases showed central gray matter involvement — meningoencephalomyelitis, which was previously known as
in the spinal cord (Figure 2G1). LESCLs also were reported in  non-vascular autoimmune inflammatory meningoencephalitis?;
some single cases (8). (3) how should we classify other neurologic syndromes with

GFAP antibody?; and (4) does GFAP astrocytopathy usually

coexist with other autoantibodies that bind to astrocytes,
DIAGNOSIS AND OVERLAPPING neurons, and oligodendrocytes? For example, coexisting neural
AUTOIMMUNE SYNDROMES autoantibodies were detected in five patients in the study by

Iorio et al. (7). Lennon found that 41 of 102 patients (40%) had
Currently, there are no uniform diagnostic criteria or consensus ~ coexisting antibodies in the CSF. N-methyl-D-aspartate receptor-
for GFAP astrocytopathy. The following questions require IgG was the most common coexisting antibody. The other
answers: (1) should the diagnosis of GFAP astrocytopathy be  coexisting antibodies included aquaporin 4-IgG, anti-neuronal
based on the presence of GFAP antibody in the CSF or on the  nuclear antibody-1, Purkinje-cell cytoplasmic IgG, leucine-rich
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perivascular, Virchow-Robin, and interstitial spaces.

FIGURE 3 | Neuropathological features of a patient with encephalitis. The case involved a woman, whose age at onset was 69 years. In January 2015, she
experienced psychosis, dyskinesia, persistent fever, and paralysis of a right-side limb. Antibody detection and biopsy were conducted before the IVMP and IVIG
treatment. She then received treatment with methylprednisolone and azathioprine. She did not response well to this treatment and died of acute respiratory failure 1
year later. (A) Hematoxylin-eosin staining of brain biopsy tissue shows extensive infiltration of inflammatory cells; (B) Immunostaining for anti-CD20 is mainly around
the vessels in lesions; (C) Immunostaining for anti-CD3 is sparse throughout the lesion, with some staining around the large vessel; (D) CD1387 cells are present in

glioma-inactivated protein 1-IgG, contactin-associated protein
2-1gG, and glutamic acid decarboxylase-65 isoform-IgG (3).
In our study, 10 patients had GFAP antibody coexisting
with other specific autoantibodies (5). Therefore, overlapping
antibodies are common in GFAP astrocytopathy and make the
diagnosis more difficult, especially at the initial attack. Care is
needed when expanding the clinical spectrum based on serum
positivity given it may be overlap with other autoimmune
diseases.

TREATMENT AND PROGNOSIS

The treatment of GFAP astrocytopathy in the acute stage
includes high-dose corticosteroids, intravenous immunoglobulin
(IVIG), and plasma exchange. Long-term treatment includes
oral steroids and immunosuppressants. About 70% of patients
respond well to steroid therapy although some patients are
prone to relapse. As a result, a standard treatment regimen
has not been developed yet. According to our experience, some
patients had a poor response to treatment or even died, and
some patients were left with different degrees of functional
disability (4).

Pathological biopsy showed that CD138% plasma cells
were present in the brain lesions of the patients (5). This
suggested that autoantibodies were synthesized in the brain,
explaining why antibodies in the CSF are higher than in
the peripheral blood. Furthermore, the continuous secretion

of antibodies in the brain might affect the therapeutic effect.
From our retrospective experience, pure steroid or IVIG
therapy has a poor effect on patients with extensive brain or
spinal cord lesions as well as high concentrations of GFAP
antibodies in the CSF. Plasma exchange or immunosuppressive
therapy may be more beneficial in the early stages of disease.
This is also in accordance with the study in GME in
dogs (26).

FUTURE PERSPECTIVES AND
CONCLUSIONS

GFAP astrocytopathy is an autoimmune disease of the nervous
system that requires further study regarding its etiology,
pathology, mechanism, diagnosis, and treatment. In the report
from the Mayo Clinic, most patients were Caucasian, while
all subjects in our study were of Han nationality. Therefore,
we should compare our patients with Caucasians regarding the
prevalence, clinical manifestations, and prognosis.

To date, five of our patients have undergone pathological
examination. However, stereotactic biopsy has some limitations.
Invasive biopsy, or even autopsy, might provide more clear
data regarding the immune mechanism involved in GFAP
astrocytopathy. Currently, researchers consider GFAP antibody
does not induce disease, but the main mechanism involved is
still unknown. In vitro cell culture and animal experiments will
enhance our understanding.
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The clinical diagnosis of GFAP astrocytopathy needs to be
resolved, especially in Overlapping Autoimmune Syndromes.
Treatment in the acute stage includes glucocorticoids, IVIG,
and plasma exchange. In addition to oral steroids the long-
term use of immunosuppressive agents is appropriate for some
patients.
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Evidence for Innate and Adaptive
Immune Responses in a Cohort of
Intractable Pediatric Epilepsy
Surgery Patients

Geoffrey C. Owens ™, Alejandro J. Garcia?, Aaron Y. Mochizuki?3, Julia W. Chang ",
Samuel D. Reyes’, Noriko Salamon?®, Robert M. Prins %78 Gary W. Mathern'*"° and
Aria Fallah"7"°

" Department of Neurosurgery, David Geffen School of Medicine, University of California, Los Angeles, Los Angeles, CA,
United States, 2 Division of Hematology Oncology, Department of Medicine, David Geffen School of Medicine, University of
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University of California, Los Angeles, Los Angeles, CA, United States, “ Intellectual and Developmental Disabilities Research
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Brain-infiltrating lymphocytes (BILs) were isolated from resected brain tissue from 10
pediatric epilepsy patients who had undergone surgery for Hemimegalencephaly (HME)
(n = 1), Tuberous sclerosis complex (TSC) (n = 2), Focal cortical dysplasia (FCD)
(n = 4), and Rasmussen encephalitis (RE) (n = 3). Peripheral blood mononuclear cells
(PBMCs) were also isolated from blood collected at the time of the surgery. Cells were
immunostained with a panel of 20 antibody markers, and analyzed by mass cytometry.
To identify and quantify the immune cell types in the samples, an unbiased clustering
method was applied to the entire data set. More than 85 percent of the CD45% cells
isolated from resected RE brain tissue comprised T cells; by contrast NK cells and
myeloid cells constituted 80-95 percent of the CD45™ cells isolated from the TSC and
the FCD brain specimens. Three populations of myeloid cells made up >50 percent of
all of the myeloid cells in all of the samples of which a population of HLA-DR* CD11b™
CD4~ cells comprised the vast majority of myeloid cells in the BIL fractions from the FCD
and TSC cases. CD45RAT HLA-DR~ CD11b™ CD16% NK cells constituted the major
population of NK cells in the blood from all of the cases. This subset also comprised the
majority of NK cells in BILs from the resected RE and HME brain tissue, whereas NK cells
defined as CD45RA~ HLA-DRT CD11b~ CD16~ cells comprised 86-96 percent of the
NK cells isolated from the FCD and TSC brain tissue. Thirteen different subsets of CD4
and CD8 af T cells and y8 T cells accounted for over 80% of the CD3* T cells in all of
the BIL and PBMC samples. At least 90 percent of the T cells in the RE BILs, 80 percent
of the T cells in the HME BlLs and 40-66 percent in the TSC and FCD BILs comprised
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activated antigen-experienced (CD45RO+ HLA-DR* CD69™) T cells. We conclude that
even in cases where there is no evidence for an infection or an immune disorder, activated
peripheral immune cells may be present in epileptogenic areas of the brain, possibly in
response to seizure-driven brain inflammation.

Keywords: brain, epilepsy, inflammation, peripheral immune cells, mass cytometry (CyTOF)

INTRODUCTION

It has been estimated that by 15 years of age, approximately one
percent of children will have experienced at least one seizure
(1). For reasons that may not always be understood ~10% of
children go on to develop medically refractory epilepsy, which
is defined as a failure of two or more antiepileptic drugs to
control seizures, and at least one seizure per month for >18
months (2). Recurrent seizures may severely impair a child’s
cognitive development leading to lifelong learning and behavioral
difficulties. For children with drug-resistant epilepsy, surgery
may be the only option to obtain seizure freedom, but will result
in neurological deficits if the zone of resection involves eloquent
cerebral cortex.

Many of the children who are candidates for epilepsy surgery
suffer from rare neurological disorders including Rasmussen
encephalitis (RE), Tuberous Sclerosis Complex (TSC), Focal
Cortical Dysplasia (FCD), and Hemimegalencephaly (HME). RE
patients present with partial (focal) seizures; magnetic resonance
images (MRI) may indicate inflammation and atrophy in the
affected cerebral hemisphere (3). The inflammation may spread
through the affected cerebral hemisphere, but generally does not
cross over to the contralateral hemisphere (4). Histopathological
examination of resected brain tissue and brain biopsies show T
cells in perivascular spaces, leptomeninges, and in small clusters
scattered throughout the affected gray and white matter (5, 6).
Clonally focused T cells have been found in resected RE brain
tissue strongly implicating an antigen driven immune response
in disease etiology (7-10).

In TSC patients, germ line and somatic dominant loss of
function mutations in the genes encoding hamartin (TSCI1) or
tuberin (TSC2) can cause the development of benign tumors and,
abnormally differentiated cortical neuronal progenitors that may
cause focal seizures (11). Tuberin and harmatin are components
of a complex that regulates the activity of the protein kinase,
mTOR (12). Similarly, FCD and HME can be caused by activating
somatic mutations in the MTOR gene, and in genes that
regulate mTOR activity (13-15). Histopathological examination
of resected brain tissue and analysis of RNA transcripts has
shown that FCD and TSC lesions may be associated with an
inflammatory reaction (11, 16-19).

In the present study we report on the characterization, by mass
cytometry, of brain-infiltrating lymphocytes (BILs) isolated from
surgical resections of epileptogenic tissue to treat FCD, TSC, and
HME, as well as RE, and of peripheral blood mononuclear cells
(PBMCs) prepared from blood collected at the time of surgery
from the same cases. Immune cell profiling showed that activated
T cells were present in brain tissue from all of the cases examined,
and that the relative abundance of adaptive and innate lymphoid

cells, and myeloid cells markedly differed between the RE and
non-RE cases.

METHODS

Patient Cohort

Under UCLA IRB approval (IRB#18-000154) brain tissue and
blood were collected at surgery as part of UCLAs Pediatric
Epilepsy Surgery Program. All of the patients or their parents
or legal guardians provided informed consent for the use of the
surgical remnant and blood for research purposes. All specimens
were collected using the same standard operating procedures.
De-identified patient information including age at seizure onset,
age at surgery, gender, and affected cerebral hemisphere was
collected with informed consent (Table S1).

Isolation of Peripheral Blood Lymphocytes
and Brain-Infiltrating Lymphocytes

PBMCs were isolated by density gradient centrifugation using
Ficoll-Paque PLUS (GE Healthcare, Piscataway, NJ). BILs were
isolated from collagenase-treated brain tissue by fractionation
on a step gradient (20). Briefly, brain tissue was diced manually
on ice in dissociation solution (HBSS with 20 mM HEPES pH
7.0, 5mM glucose, and 50 U/ml penicillin/streptomycin). Tissue
fragments were incubated with agitation at room temperature
overnight in dissociation solution containing 0.5 mg/ml Type
IV collagenase (Worthington Biochemical Corp., Lakewood, NJ)
and 5% filtered human serum (Mediatech Inc., Manassas, VA).
The dissociated tissue was fractionated on a 30%: 70% Percoll
(SigmaAldrich, St. Louis, MO) step gradient in RPMI containing
20mM HEPES. PBMCs and BILs were cryopreserved in 90%
human serum /10% DMSO.

Multiparameter Mass Cytometry

The panel comprised the following markers: CD45 (89Y
or 154Sm), CD196 (141Pr), CD19 (142Nd), CD69 (144Nd),
CD4 (145Nd), CD8 (146Nd), CD25 (149Sm), CD103 (151Eu),
CD45RA (155Gd), CD183 (156Gd), CD56 (163Dy), CD45RO
(164Dy), CD16 (165Ho), TCRyd (168Er), CD3 (170Er), CD195
(171Yb), HLA-DR (174Yb), CD194 (175Yb), CD127 (176Yb),
and CDI11b (209Bi). All metal-tagged antibodies (Abs) were
obtained from Fluidigm (San Francisco, CA) except the CD8 and
TCRy8 antibodies, which were conjugated in-house. PBMCs and
BILs were stained according to Fluidigm’s protocol. In brief, cells
were thawed, and washed in phosphate-buffered saline (PBS);
prior to staining BILs were filtered through a 40 um sieve to
remove any aggregates. Cells were resuspended in 1 ml of PBS
and stained for 5min with 1M Cisplatin. After quenching
the staining with Maxpar® cell staining buffer (Fluidigm), cells
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were incubated with the cocktail of Abs in 100 1l of Maxpar®
cell staining buffer for 30 min at room temperature. The Ab
cocktail for staining PBMCs contained the CD45 Ab conjugated
to Samarium 154 (154Sm) while the BIL Ab cocktail contained
the CD45 Ab tagged with Yttrium 89 (89Y). Following two wash
steps, cells were fixed overnight at 4°C in Maxpar® fixation
and permeabilization buffer containing 0.125uM Intercalator-
Ir (Fluidigm). BILs and PBMCs from the same surgery were
combined at this point and washed twice with Maxpar® cell
staining buffer and a further two times with water. Having
barcoded the BILs and PBMCs with a different metal-conjugated
CD45 Ab it was possible to analyze them as single sample,
thus the larger number of PBMCs served as a carrier for the
smaller number of BILs that were isolated from brain tissue. Cells
were resuspended in 10 percent EQ™ Four Element Calibration
Beads (Fluidigm) containing Cerium (140/142Ce), Europium
(151/153Eu), Holmium (165Ho0), and Lutetium (175/176Lu).
Samples were acquired on a Helios® cytometry time of flight
(CyTOF) system (Fluidigm) at an event rate of 300-500 events/s.
Post-acquisition data normalization was done using bead-based
normalization in the CyTOF software. Prior to analysis, data were
gated to eliminate normalization beads, debris, dead cells, and
doublets.

The analysis of FCS files was initially carried out using
Cytobank (21). For each surgery case, the marker expression
on the BILs was resolved by first gating live singlets on
CD45 (89Y). Conversely marker expression on PBMCs was
resolved by first gating on CD45 (154Sm). The data were
then split into two separate FCS files using software tools
in Cytobank (21). To define subsets of immune cells in
each BIL and PBMC population, the entire high dimensional
dataset (comprising 20 FCS files) was converted into a
matrix of pair-wise similarities by implementing the t-based
stochastic neighbor embedding (t-SNE) algorithm, followed
by a density-based clustering method (ClusterX) (22). The
resulting 2-D plots from this procedure were exported to
CorelDraw2017 as portable document format files (Corel
Corporation, Ottawa, Canada). Individual FCS files were
analyzed using FlowJo® software (FlowJo LLC, Ashland, OR); 2-
D contour plots were exported as scalable vector graphic (svg)
files to CorelDraw2017. The median level of expression of each
marker was used to assign a phenotypic identity to each cluster.
Heat maps were generated using Morpheus software (www.
broadinstitute.org) and exported to CorelDraw2017 as svg files.
Principal component analysis (PCA) was performed using PAST
software (https://palaeo-electronica.org/2001_1/past/issuel_01.
htm).

RESULTS

PBMCs and BILs isolated from 10 pediatric epilepsy cases were
analyzed by CyTOF using a panel of antibodies designed to
identify populations of adaptive lymphoid cells, innate lymphoid
cells, and myeloid cells. Implementing the mass cytometry data
analysis pipeline developed by Chen et al. (21) generated 46
clusters, corresponding to putatively distinct populations of

CD45™ cells (Figure 1). Clusters were classified as T cells, NK
cells, and myeloid cells based on the relative expression of 19
immune cell markers. Immune cell clusters were divided into a
CD3" (n = 30, median CD3 expression values of 4.648-6.283)
and a CD3~ group (n = 16, median expression values of 0.001-
0.81). The CD3™ group was subdivided into subsets of CD4, CDS,
and y8 T cells based on the level of expression of these three
phenotypic markers (Figure 2). The CD3~ group was further
divided into five NK cell subsets, ten myeloid and one B cell
population based on the expression of CD56 and CD19 (Figure 2;
Table S2).

Visual inspection of the t-SNE plots (Figure 1) showed that
there were clear differences between the BILs from each surgical
case compared with the corresponding PBMCs. On the other
hand, the profiles of BILs from the two TSC (Case IDs 460 and
462) and the four FCD cases (Case IDs 475, 490, 494, and 495)
appeared to be very similar and distinct from the three RE cases
(Case IDs 472, 484, and 497), and dissimilar from the HME (Case
ID 485), which appeared more similar to the RE cases. Principal
components analysis based on the relative abundance of all of the
clusters in each sample (percentages of CD45% cells) confirmed
this observation, and also showed that the immune cell profiles of
PBMCs from all of the cases were very similar (Figure 3). From
the magnitude of the PCA loading values (Table S3), Clusters 1
and 8 accounted for the largest amount of variance in the first
component, thus, the relative numbers of NK and myeloid cells in
the BIL fractions appears to explain in large measure the observed
difference between the TSC and FCD BILS compared with the RE
and HME BILs. As summarized in Figure 4, CD45" cells from
the FCD and TSC brain tissue specimens comprised far more NK
cells and myeloid cells than CD45" RE BILs, which in agreement
with previous studies (5, 6, 20, 23), were predominantly CD8*
af T and y8 cells, The HME BILs comprised approximately equal
numbers of T cells, NK cells and myeloid cells.

Three populations of myeloid cells (Clusters 1, 7, and 45)
(Figure 2) made up >50 percent of all of the myeloid cells in
all of the samples (Figure 5; Table S4). The Cluster 1 myeloid
population comprised the vast majority of CD11b™ cells in the
BIL fractions from the FCD and TSC cases (Figure 5), whereas
Cluster 7 CD11b™ myeloid cells were more abundant in two of
the three RE BIL fractions (Case IDs 472 and 484), and in all
of the PBMCs (Figure 5). The only other marker that defined
the Cluster 1 population was HLA-DR, thus it was not possible
to assign a definitive phenotype to cells in this population, but
they are likely to be macrophages. Likewise, Cluster 7 cells,
which are CD3~ CD4" could constitute a dendritic cell or
monocyte population, but additional markers are also required
to adequately define this population.

Cluster 3 NK cells are CD56" CD45RA™ HLA-DR™ CD11b*
CD16" (Figure 2), and constituted the major population of NK
cells in the blood from all of the cases (Figure 5). This subset
also comprised the majority of NK cells that were found in
BILs from the resected RE and HME brain tissue (Figure 5).
By contrast, Cluster 8 NK cells, defined as CD56" CD45RA~
HLA-DR' CD11b~ CD16~ (Figure 2) comprised 86-96 percent
of the NK cells isolated from the FCD and TSC brain tissue
(Figure 5; Table S4). We confirmed the existence of Cluster 3
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FIGURE 1 | tSNE plots showing the relative number of different immune cells in BILs and PBMCs from the pediatric epilepsy surgeries. The expression of 20 immune
cell markers was analyzed by CyTOF. To define subsets of CD45% cells in each BIL and PBMC population, the entire high dimensional dataset (comprising 20 FCS
files) was converted into a matrix of pair-wise similarities by implementing the t-based stochastic neighbor embedding (t-SNE) algorithm, followed by a density-based
clustering method (ClusterX). The clusters were assigned as either T cells, NK cells, myeloid cells, or B cells based on the median expression values of specific
immune cell markers (CD3, CD4, CD8, TCR y3, CD11b, CD56, and CD19).
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and 8 NK cell populations by manually curating the original
FCS files from FCD case 490 using the Flow]O software package
(Figure S1A).

Six subpopulations of CD4" af T cells (Clusters 2, 5, 9, 12,
15, and 23), four of CD8" af T cells (Clusters 4, 10, 13, and
14), and three subsets of y3 T cells (Clusters 11, 26, and 42)
accounted for over 80% of the CD3™ T cells in all of the BIL
and PBMC samples, although there were marked differences in
the proportion of the different T cell subsets between the BIL and
PBMC samples (Figure 5; Table $4). Clusters 2, 9 and 23 CD4"
T cells constitute naive T cell populations (CD45RA™ CD45RO™
CD127\"%) (Figure 2); different median levels of expression of
CD4 and CD127 appear to account for the generation of two
clusters of naive conventional T cells (Clusters 2 and 23), whereas
expression of CD56 by Cluster 9 CD45RATCD45RO~CD4* T
cells indicates that they may be unconventional NKT cells.

Clusters 5 and 15 define two different subpopulations of
antigen-experienced CCR4™ CD4™ T cells (Figure 2). Based on

the expression of CD25, the interleukin-2 receptor a chain (IL-
2R) and lack of CD127, the interleukin-7 receptor a chain (IL-
7R), Cluster 15 cells appear to be conventional regulatory T
cells (Tregs) (24), and were found almost exclusively in the BIL
fractions (Figure 5). Additional minor populations of CD45RO™
CD25% CCR4T CD4T cells (Clusters 21, 22, 30, and 38) found
predominantly in the blood may also be Tregs (Figure 2). Cluster
5 CD4 cells were found in both the brain and blood, and may
be both IL-7 and IL-2 dependent (Figures2, 5). Cluster 12
defined an activated effector memory population of CD4 T cells
(CD45RO™ HLA-DR™ CD69") (Figure 2) that was found in all
of the BIL fractions (Figure 5). These cells also expressed the
chemokine receptors CXCR3 and CCR5 thus may have trafficked
to the epileptogenic brain area that was resected, possibly due to
local inflammation (25).

Cluster 4 CD8T cells were primarily found in the PBMC
fractions and appear to correspond to an activated unprimed
subtype (CD45RA™ CDI127%) since they also expressed the
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FIGURE 3 | Clustering of BlLs and PBMCs from pediatric epilepsy surgeries.
The relative number of cells in each cluster in each sample (as a percentage of
the total number of CD45% cells analyzed in each sample) was used to
implement a principal component analysis (PCA). The first two components
could account for 65.72% of the total variance in the data set. The 2D PCA
plot shows that the BIL fractions are clearly different from the corresponding
PBMCs, and that BILs from the RE and HME cases are distinct from those
from the FCD and TSC cases.

chemokine receptor CXCR3 (26). A CD45RA™ CD45R0O®
subpopulation (Cluster 14) made up most of the remaining
CD8T cells in the blood (Figures 2, 5; Table S4). Cells in Clusters
10 and 13 appear to be activated (CD69" HLA-DR™) effector
memory subtypes, and were found almost exclusively in the
brain (Figures 2, 5). Based on the marker panel used in this
study, the only difference between these two clusters was the
expression of the resident memory marker CD103. Fewer Cluster
13 CD8™ resident memory T cells (Tgry) were found in the
brain compared with Cluster 10 T cells with one exception, Case
ID 484, a RE patient. In agreement with previous work (27),
the majority of the CD8" T cells isolated from resected brain
tissue from this patient were Try cells. Likewise, the majority of
v T cells isolated from a second RE case (Case ID 472) were
Trm cells (Cluster 26, Figure 5) (27). Cluster 26 and Cluster
42 y8 T cells expressed the activation markers CD69 and HLA-
DR and were almost exclusively found the brain (Figures 2, 5).
These two activated subsets comprised 88-98 percent of the y3
T cells in the RE BIL fractions, whereas a third subset, Cluster
11, a CCR5" CXCR3™ effector memory population (CD45RA™
CD45RO™ CD1277") contributed up 70 percent of the y3 T
cells in the other cases (Table S4). The Cluster 11 subset also
made up the vast majority of y3 T cells in the blood from
all of the cases (Figure5). We verified the existence of all of
the major T cell populations defined by the ClusterX clustering
algorithm by manually curating several of the original FCS files
(Figures S1B-D).

The donut plots in Figure 6 summarize the proportion of
CD69" HLA-DR™ T cells found in each of the BIL fractions from

the 10 surgery cases. At least 90 percent of the T cells isolated
from the RE cases and 80 percent of the T cells from the HME
case were activated. Even though T cells made up only a small
fraction of the CD45™ cells isolated from the TSC and FCD cases,
40-66 percent of the T cells were also activated at the time of
surgery.

The absence of CD8T Tgry cells in the BIL fraction from
RE case ID 497 suggested that the disease may not have
progressed as far in this patient compared with the other two
RE cases in the study cohort (Cases IDs 472 and 484). A
['8F]-deoxyglucose positron emission tomography (FDG-PET)
brain scan of the patient made before the surgery showed
hypometabolism extending over the entire affected hemisphere,
with no definitive areas of atrophy. In the other two RE cases,
areas of atrophy were clearly visible (Figure 7). Case ID 497 was
the youngest of the three RE patients at the time of seizure onset
and underwent surgery after the shortest time following onset of
seizures (Table S1).

DISCUSSION

We have used CyTOF to gain a better understanding of the
involvement of peripheral immune cells in intractable epilepsy in
children. We implemented an unsupervised clustering method
to resolve the resulting high dimensional data into the main
subtypes of adaptive and innate lymphoid cells present in
resected epileptogenic brain tissue. Our small cohort study, and
other recent work (28) implicate cellular immunity not only in
RE, but in intractable epilepsy in children where an infection or
immune disorder is not suspected. With the caveat that we only
analyzed a limited number of surgery cases, we found a clear
difference in the relative number of innate vs. adaptive peripheral
immune cells in fractions of CD45™ cells isolated from resected
TSC and FCD brain tissue compared with involved RE brain
tissue. The FCD and TSC BIL fractions were dominated by a
single subset of NK cells (Cluster 8) and a population of myeloid
cells (Cluster 1) that are likely to be macrophages, possibly
classically activated pro-inflammatory M1 macrophages. Adding
CD38 and CD163 antibodies to the staining panel will allow us
to distinguish between M1 and M2 macrophages, respectively
(29, 30). In an animal seizure model, infiltrating monocytes were
shown to exacerbate neuronal damage (31), indicating that the
abundant myeloid population that we found in the FCD and TSC
BIL fractions may be pathologically relevant.

Most NK cells in the blood express a low level of CD56
(CD56%™) and are CD16%, thus can engage in antibody-
dependent cell-mediated cytotoxicity by binding antibody-
coated target cells via the low affinity Fcy receptor III (CD16)
(32). Fewer circulating NK cells express a high level of CD56
(CD56""8Mt); these cells generally lack CD16, but can produce
pro-or anti-inflammatory cytokines (32). CD56°"8h NK cells
are considered to be more immature than CD564™ NK cells
in that they mostly do not express killer cell immunoglobulin-
like receptors (KIRs) (33). Unlike CD56%™ NK cells they express
CD62L (L-selectin) and CD197 (CCR7), cell surface molecules
that facilitate homing to secondary lymph nodes (32). CD564™
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NK cells express KIRs and CD57 and are considered to be  to the marker panel will clarify the phenotype of Cluster 3 NK
intrinsically more cytotoxic (32, 33). The most abundant NK  cells.

cells that we found in the blood of all of the patients in By comparison to the NK cells in the PBMC fractions, the
our study cohort presumably correspond to CD564™CD16"  majority of NK cells found in the FCD and TSC BIL fractions
NK cells (Cluster 3). This subset also comprised the majority  expressed a lower level of CD56 suggesting that they correspond
of NK cells present in the BIL fractions from the RE and toa CD56%m sybset (Cluster 8) (Figure 2, Figure S1A). Unlike
HME patients (Figure 5). Adding CD62L, CD197, and CD57  canonical CD564™ NK cells, Cluster 8 cells did not express
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FIGURE 7 | [18F]—deoxyglucose positron emission tomography (FDG-PET) identified areas of atrophy in RE cases 472 and 484 (red arrows). In RE case 497 there
were no obvious signs of atrophy in the affected hemisphere, rather decreased glucose metabolism over the entire hemisphere was apparent.

CD16, however populations of CD56%™ NK cells expressing  this cluster may correspond to an activated resident subset
little or no CD16 have been previously described (34). Lack  (32).

of CD16 may be due to the fact that the Cluster 8 NK BIL fractions from the RE cases were predominantly CD8 af3
cells were highly activated; it has been reported that the Fcy  and y3 effector memory and resident memory T cells with fewer
receptor 111 is proteolytically cleaved in degranulating CD564™  effector memory CD4 T cells, confirming previous work (20, 27).
NK cells (35). In contrast to Cluster 3 NK cells, Cluster 8 @ We and others have shown that T cells found in RE brain are
NK cells also expressed HLA-DR (Figure 2, Figure S1A), which  clonally focused (7-10), which strongly implicates an antigen-
suggests that they may be adaptive NK cells (32, 33). A third driven adaptive immune response in the etiology of RE, and is
population of NK cells (Cluster 33), only found in appreciable = consonant with the idea that RE is an autoimmune disease (36).
numbers in BILs from the HME case (Case ID 485) expressed  Finding Try CD8 af and y8 T cells in affected RE brain tissue
CD69 along with CCR5, CXCR3, and CD103 suggesting that  indicates that an earlier immune response had occurred that left
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a resident memory population in place. Compared with RE cases
472 and 484 however, no Try cells were present in the BILs
isolated from RE case 497, suggesting that this case may represent
an early stage of the disease. In support of this idea, brain atrophy,
a feature of late phases of the disease (4), was not evident in an
FDG-PET brain scan of RE case 497, but was in RE cases 472 and
484 (Figure 7).

In pathological specimens from FCD and TSC surgeries
scattered T cells have been previously observed (16, 17), and in
our study we found activated CD4, CD8, and y8 T cells in the BIL
fractions from the FCD and TSC cases (Figure 6). Determining
the clonal diversity of these T cells by sequencing VP chain third
complementarity determining regions may indicate whether they
are unspecific bystanders or presage an adaptive response against
self-antigens. Binding of self-peptides would however depend
on the MHC alleles carried by the individual (37-39). The
proportion of activated T cells in the single HME case (Case ID
485), which exceeded the number of NK cells (Figure 4), may
indicate that an autoimmune response had already occurred in
this very young patient who suffered from severe seizures. Future
recall assays in which T cells isolated from resected brain tissue
are cocultured with autologous neurons and glia differentiated
from patient-derived induced pluripotent stems cells will directly
answer whether the T cells are autoreactive.

The immune cell profiles of peripheral blood from all of the
cases comprised both naive and antigen experienced T cells. yd
T cells that were CD127", CD45RO™*, CXCR3™, and CCR5"
comprised the majority of Y3 T cells in all of the PBMC samples,
as well as in the FCD and TSC BILs (Cluster 11; Figures 2, 5,
Figure S1D). They likely express V32/Vy9 TCR receptors (40)
since V32/Vy9 y3 T cells make up alarge fraction of circulating yd
T cells (41). Expression of CXCR3 and CCR5 would allow these
y8 T cells to access sites of inflammation (26). CXCR3 expression
by naive CD45RA™ CD8 T cells (Cluster 4; Figure 2, Figure S1C)
indicates that they are activated (42), and that development
into effector T cells may be enhanced (43, 44). Whether the
presence of these T cell subsets in the blood is directly related
to inflammation in the brain remains to be determined. In
future work we plan to compare the immune cell profiles of
blood collected at the time of surgery and after recovery from
surgery. Removal of epileptogenic brain tissue, the potential
source of inflammation may change the relative frequency of
specific circulating T cell subsets. Such subsets could potentially
be used as biomarkers to assess the extent brain inflammation in
children presenting with intractable epilepsy.

The distribution of the two most abundant CCR4™ CD4 T
cell subsets (Clusters 5 and 15) differed between the blood
and brain. Cluster 15 cells were almost exclusively found in
BIL fractions, and appear to be activated effector memory-
like Tregs (CD25% CD45ROTCD69THLA-DRY) (Figures 2,
5, Figure S1B). Tregs are also defined by expression of the
transcription factor FOXP3 (24); adding this intracellular marker
to the CyTOF panel will confirm the identity of these CD4T
cells. In a cohort of pediatric epilepsy surgery patients, a negative
correlation between seizure frequency and the relative number
of Tregs in resected epileptogenic brain was recently reported

(28). In our study cohort, the relative number of Cluster 15
Tregs cells ranged from 2.61 to 31.53 percent of CD4 T cells in
the BIL fractions (Table S4). However, the limited number of
self-reports of seizure activity available do not allow us to draw
any conclusions about the number of seizures and the percent
Tregs in our patient cohort. Cluster 5 CD45ROTCCR4" CD4 T
cells (Figure 2, Figure S1B), which express both IL-2Rs and IL-
7Rs, were found in both BIL and PBMC fractions, and may
correspond to a subset of CD4T cells that express CD25 and
CD127 and low levels of FOXP3, and are not suppressive in vitro
(24). Adding the FOXP3 Ab to the marker panel may help clarify
the identity of this subset of CD4 T cells.

Extensive animal studies have shown that inflammation in
the brain is both a cause and a consequence of seizure activity
(45). Attention has focused on the innate response of brain
resident microglia and astrocytes to seizures and on the pro-
inflammatory molecules produced by these cells as drivers of
epileptogenesis (46-48). In seizure models, chemokines and
cytokines produced by activated microglia and astrocytes can
cause blood brain barrier leakage, and can attract peripheral
lymphoid and myeloid cells to the brain (31, 49-51). Our data
suggest that this could be happening in children with chronic
pharmacoresistant seizures. Intractable epilepsy might be viewed
as a “sterile” infection in which T cells and other immune cells
traffic to epileptogenic areas of the cerebral cortex in response
to local seizure-driven inflammation. Activated T cells and NK
cells for example could permanently alter brain circuitry by
directly or indirectly damaging neurons (52-55). Adjunctive
treatments that block the recruitment of pro-inflammatory
peripheral lymphoid and myeloid cells to the brain (56-61) may
therefore be therapeutically beneficial.
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Evidence from a variety of studies implicates a role for the adaptive immune system
in Parkinson’s disease (PD). Similar to multiple sclerosis (MS) patients who display a
high number of T cells in the brain attacking oligodendrocytes, PD patients show higher
numbers of T cells in the ventral midbrain than healthy, age-matched controls. Mouse
models of the disease also show the presence of T cells in the brain. The role of these
infiltrating T cells in the propagation of disease is controversial; however, recent studies
indicate that they may be autoreactive in nature, recognizing disease-altered self-proteins
as foreign antigens. T cells of PD patients can generate an autoimmune response to
a-synuclein, a protein that is aggregated in PD. a-Synuclein and other proteins are
post-translationally modified in an environment in which protein processing is altered,
possibly leading to the generation of neo-epitopes, or self-peptides that have not been
identified by the host immune system as non-foreign. Infiltrating T cells may also be
responding to such modified proteins. Genome-wide association studies (GWAS) have
shown associations of PD with haplotypes of major histocompatibility complex (MHC)
class Il genes, and a polymorphism in a non-coding region that may increase MHC
class Il in PD patients. We speculate that the inflammation observed in PD may play
both pathogenic and protective roles. Future studies on the adaptive immune system
in neurodegenerative disorders may elucidate steps in disease pathogenesis and assist
with the development of both biomarkers and treatments.

Keywords: Parkinson’s disease, T cells, adaptive immune system, autoimmunity, «-synuclein, neuroinflammation,
blood-brain barrier

INTRODUCTION: PARKINSON’S DISEASE AND INFLAMMATION

Multiple studies have highlighted an association between sustained inflammation and a number
of neurodegenerative diseases including Alzheimer’s disease (AD), Parkinson’s disease (PD),
amyotropic lateral sclerosis (ALS), and frontal temporal dementia (FTD) (1). The role of
inflammation in the pathogenesis of these disorders, however, remains undetermined. Here, we
focus on the inflammatory features in PD, the most common movement disorder, affecting
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more than 10 million people worldwide (2). PD patients manifest
motor symptoms including bradykinesia, rest tremor, muscular
rigidity, and postural and gait impairment, as well as non-motor
symptoms (3). Non-motor symptoms include mood disorders,
cognitive impairments, and autonomic dysfunction, such as
orthostatic hypotension and constipation (3). While alleles of
many genes are associated with the disorder, PD remains largely
(~90% of cases) a sporadic disorder associated with older age and
various genetic and environmental risk factors (4).

PD is diagnosed from motor symptoms (3), but non-motor
symptoms are often manifest during a prolonged prodromal
phase as much as 20 years prior to the onset of the
motor features (5). These prodromal non-motor symptoms
include constipation, rapid eye movement (REM) sleep behavior
disorder, depression, anosmia, and excessive daytime sleepiness
(6). The sensitivity and the specificity of these non-motor
symptoms limits their utility in predicting the development
of PD (6).

Pathologically, PD brains are characterized by progressive
degeneration of dopaminergic neurons in the substantia nigra
(SN) pars compacta and Lewy pathology. Misfolded a-synuclein
(a-syn) becomes insoluble and aggregates to form intracellular
inclusions within the neuronal cell bodies (Lewy bodies) and
processes (Lewy neurites) (7). Lewy pathology is not only
restricted to the central nervous system (CNS) but is also
present in the peripheral nervous system (PNS), cardiac plexus,
sympathetic ganglia, enteric nervous system (ENS), and other
neurons (8). a-Syn aggregates are hypothesized to progress from
the periphery, through the spinal cord, into the midbrain and
from there across multiple cortical brain regions, as classified in
Heiko Braak’s staging system (8).

Also noted but often overlooked is the degree of inflammation
in PD, both in the periphery and in the brain. Autoreactive T
lymphocytes, autoantigen presentation, and microglial activation
are detectable in PD patients and animal models of the
disease. The recent identification of a-syn-specific T cells in PD
patients compounded with a-syn pathology and misprocessing
provides a basis for the hypothesis that PD may have features
of an autoimmune disorder. It is possible that inflammatory
characteristics during and after the prodromal phase and disease
might be related. These features, including the adaptive immune
response, could play a role in PD pathogenesis or be of diagnostic
value even during the prodromal phase.

PATIENT DATA: PERIPHERAL PATHOLOGY,
CHANGES IN T CELL SUBPOPULATIONS,
LYMPHOCYTE INFILTRATION INTO THE
CNS AND THEIR ROLES IN PD ETIOLOGY

Peripheral Pathology

PD patients display symptoms of gut dysmotility and altered
microbial composition in the intestine, but the cause of these
disruptions and their role in pathogenesis remain unclear.
Constipation is often an early symptom of PD, preceding
motor symptoms by more than 10 years (9, 10) and worsens
with disease progression (11). Clinical studies have revealed

altered gut microbiota composition in PD patients that may
either increase inflammation (12, 13) or gut permeability (14,
15). Indeed, higher intestinal permeability has been observed
early in PD pathogenesis (16, 17) and has been associated
with enteric a-syn pathology (18). A leaky intestine permits
the translocation of the microbes and their products, such as
LPS, which initiate sustained inflammation, as well as cells
involved in inflammatory responses. It is possible that sustained
inflammation can drive a-syn deposition into the ENS. Chen
et al. demonstrated that aged Fisher rats fed amyloid-protein
curli-producing Escherichia coli display increased neuronal
expression of a-syn in the submucosal and myenteric plexus
of the gut as well as in the brain (19). Possible effects of
altered microbiota in PD were illustrated in an a-syn transgenic
mouse of PD (20). Transgenic mice grown in germ-free
environments exhibited milder symptoms than mice with regular
gut microbiota (20). In addition, germ-free mice that were
transplanted with PD patient microbiomes displayed worsened
motor dysfunction (20).

Influential studies by Braak et al. identified the dorsal motor
nucleus of the vagus (DMV) and the ENS of PD patients
as early locations for Lewy pathology prior to the substantia
nigra (8, 21, 22). They hypothesize that o-syn deposition
begins in the gut and travels through the vagus nerve into
the CNS (8). a-Syn labeling in nerve fibers of the colon is
observed in early stage untreated PD patients but is absent
in healthy controls or irritable bowel syndrome patients (23),
although these findings have not been confirmed in large autopsy
cohorts (24, 25).

The chronology of prodromal symptoms has been
investigated in a rotenone mouse model of PD. Exposure
to rotenone, a pesticide that inhibits complex I of the
mitochondrial respiratory chain (26), is linked to PD (27).
Chronic, intragastric administration of low doses of rotenone
to mice for 1.5 months causes a-syn aggregation in the ENS,
DMYV, and intermediolateral nucleus of the spinal cord without
motor dysfunction (28). Gut motility impairments are observed
after 2 months of rotenone treatment (29). After 3 months,
a-syn aggregation and loss of dopaminergic neurons is observed
in the SN (28). Moreover, a-syn released by enteric neurons
may be taken up by presynaptic sympathetic neurites and
retrogradely transported to the soma in this model (29). The
intragastric rotenone model of PD has been claimed to accurately
recapitulate the spatiotemporal development of pathological and
clinical symptoms and supports the Braak hypothesis that a-syn
pathology begins in the periphery and retrogradely ascends the
CNS (8).

Gut pathology is also linked to intestinal inflammation in PD
patients. Increased levels of pro-inflammatory cytokines, such as
TNFa (tumor necrosis factor o), interleukin (IL)-1f8, IL-6, and
IFNy (interferon-y), are observed and are negatively correlated
with disease duration (30). In addition, CD4™ T cells infiltrate
the colonic mucosa of PD patients with constipation at higher
numbers than in PD patients without constipation (31). The gut
may be an initiating site of inflammation and pathology and
could be the location in which the adaptive immune system is
primed against a-syn deposition.

Frontiers in Immunology | www.frontiersin.org

45

February 2019 | Volume 10 | Article 303


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Garretti et al.

Autoimmunity in Parkinson’s Disease

Changes in T Cell Subpopulations and
Cytokines

Consistent with the “systemic” view that PD involves multiple
systems and tissues, several studies have shown general
alterations in cytokines and immune cell populations.

Proinflammatory cytokines are elevated in the blood of PD
patients, including increased levels of IL-2 (32, 33)—6 (34-
38)—8 (38), MCP-1 (monocyte chemoattractant protein-1) (38),
MIP-1a (macrophage inflammatory protein-1 o) (38), RANTES
(regulated upon activation, normal T-cell expressed and secreted)
(38, 39), TNFa (35, 36, 40, 41), and IFNYy (38). Increased levels
of proinflammatory cytokines and chemokines are indicative of
an immune system responding to tissue damage and/or foreign
molecules. The levels of cytokines and chemokines correlate with
the clinical stage of the disease, highlighting a role for peripheral
inflammation in PD progression (38). Altered T cells populations
can also contribute to the changes in circulating cytokines. Thl
and TH17" CD4™ cells can contribute to the increased levels of
IFNYy, TNFaq, and IL-17 (42, 43).

Several studies have compared the T cell subpopulations in PD
patients with those of healthy controls. PD patients are found to
have fewer naive T cells (44, 45), including CD4™ Th (helper)
cells (44, 46, 47), and more activated T cells (48), including Th2
regulatory T cells (Tregs) (44, 46), than healthy age-matched
controls. Some studies have reported a general decrease in total
Th cells (46, 49, 50), Tregs (42, 51), and CD8™ cytotoxic T cells
(50), whereas other studies show no change in Treg number
(52) with an increase in Thl cells, but more significantly the
Th17 subset in PD patients (43, 51, 53). These disparate findings
in the levels of naive, helper, cytotoxic, and regulatory T cells
in PD may be due to differences in phenotyping methods
and patient recruitment. Note further that these studies only
examine the total bulk populations of T cells without discerning
changes potentially related to autoantigen recognition, which
may represent a very small fraction of the total populations. It
will be important to reexamine these results in light of the recent
growing definition of the antigen specificities of T cells associated
with neurodegenerative diseases.

The number and proportion of T cells types provide clues
to their roles. Tregs respond to heightened inflammation by
suppressing effector T cell proliferation and cytokine production
(54) and their dysregulation can lead to autoimmune disorders.
PD patient-derived Tregs have been shown to have an impaired
ability in suppressing effector T cell proliferation in vitro
compared to Tregs of healthy controls (45). In addition,
effector T cells from PD patients produce higher amounts of
proinflammatory cytokines in response to T cell activators in
vitro and their Tregs fail to suppress cytokine release (42). If
Tregs are dysfunctional in PD, the heightened and persistent
proinflammatory environment observed in patients may remain
unabated throughout the nervous system and periphery.

Blood-Brain Barrier Breakdown

Increased levels of peripheral cytokines act on CNS endothelial
cells that form the blood-brain barrier (BBB) to increase
vascular permeability (55). The CNS was formerly considered

an immunologically privileged site, largely due to the presence
of the BBB, a physical barrier formed by endothelial cells
via interactions with pericytes and astrocytes to prevent
blood proteins, antibodies, immune cells, and drugs from
penetrating into the brain parenchyma (56). The BBB, however,
becomes disrupted during acute and chronic inflammation.
Under sustained chronic inflammation, tight junctions between
endothelial cells that prevent paracellular diffusion are weakened
or disrupted, allowing the passage of antibodies or immune
cells that would otherwise be restricted from the brain (57). In
addition, inflamed CNS endothelial cells upregulate expression
of adhesion molecules (e.g., ICAM and VCAM-1) that bind and
recruit circulating T cells and monocytes, as well as proteins
(e.g., caveolin-1, PLVAP) that promote transcellular transport
of immune cells and antibodies across the barrier (55, 58). A
compromised BBB renders the brain susceptible to circulating
immune cells, antibodies, and pro-inflammatory cytokines. T
cells can then extravasate into the brain via the disrupted
BBB, as seen in both MS patients and animal models for the
disease (55, 58).

Neuroimaging studies on PD patients show that the BBB
is compromised in the vicinity of the midbrain (59) as well
as various deep and cortical gray matter and white matter
regions (60, 61). In post-mortem tissue, there is evidence
of brain capillary leakage indicated by deposition of blood-
derived proteins (e.g., fibrinogen and IgG) in the striatum and
subthalamic nucleus (62, 63). Capillary leakage associated with
microvascular degeneration, disrupted tight junctions, changes
in capillary basement membrane composition in the subthalamic
nucleus (63), and aberrant angiogenesis (marked by increased
levels of integrin avf3, a proangiogenic integrin expressed by
immature endothelial cells) have been found within the SN, locus
coeruleus, and putamen of PD brains (64).

LYMPHOCYTE INFILTRATION AND ITS
ROLE IN PD ETIOLOGY

T Cells in the Midbrain of PD Patients

Perhaps as a result of peripheral inflammation, changes in
lymphocyte subtype populations, and BBB breakdown, T cells
can infiltrate the affected brain regions of PD patients. First
reported by the McGeers in 1988, CD3™ cells, a marker for T cells,
were detected within the CNS of PD brains (65, 66). Brochard
et al. showed that both CD4" and CD8* T cells, but not B and
natural killer (NK) cells, infiltrated the SN of PD patients and
were present at much far greater levels than in healthy controls.
These T cells were located near blood vessels and neuromelanin-
containing dopaminergic neurons (43, 67). The presence of T
cells in the region affected in the disease suggests a targeted
extravasation, rather than a random consequence of increased
BBB permeability by peripheral inflammation. If T cells that had
escaped self-tolerance circulate in the blood of PD patients, it
is plausible that they could infiltrate into the brain permitted
by a leaky BBB. The causal role of infiltrating T cells is further
elucidated in studies from mouse models of PD.
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Data From Animal Models Support a Role

for T Cells in Disease Pathogenesis

Although animal models have limitations in recapitulating PD,
they are useful tools for genetic manipulation and identifying
features of disease pathology. A range of models for studying PD
have been developed, employing toxins or genetic mutations that
recapitulate certain aspects of the disease. Most of the models
highlight a causative role for infiltrating T cells in propagating
neurodegeneration.

Toxin Models of PD

Intracerebral injections of the toxin 6-hydroxy-dopamine (6-
OH-DA) into the midbrain of mice induces degeneration of
dopamine and noradrenaline neurons (68), which are rendered
vulnerable to the drug because they express the dopamine
transporter, DAT, that accumulates the toxin. Once in the
neuronal cytosol, 6-OHDA mediates oxidative stress-related
cytotoxicity (69-71). The subsequent acute neurodegeneration is
manifested in motor deficits in mice and, if injected unilaterally,
in rotational motions. 6-OHDA treated mice show IgG leakage,
indicative of a leaky BBB, as well as T and B cell infiltration
around CNS blood vessels (72). Treg cells are significantly
decreased in the periphery of 6-OHDA treated rats, which
are reported to not show marked T cell infiltration into the
midbrain (73).

Another toxin model 1-methyl-4-phenyl-1,2,5,6-
tetrahydropyridine (MPTP), originally identified as a
contaminant in intravenous drug users who developed PD
(74, 75). MPTP is lipophilic and readily crosses the BBB and it is
then internalized by astrocytes where it is metabolized to MPP™.
Astrocytes release MPP™, which is taken up by dopaminergic
neurons via DAT (76, 77). Once accumulated, MPP* induces
SN death by inhibiting complex I in the electron transport
chain, depleting cells of ATP, and increasing oxidative stress in a
dopamine and calcium-dependent manner (78-81).

T cells extravasate into the SN as soon as 2 days post
MPTP treatment (82, 83), following microgliosis (67). A
causative role for T cells in MPTP-induced dopaminergic
degeneration was investigated using immunodeficient mouse
strains. Mice that lack functioning T cells (Ragl~/~ and Tcrb™/~
mice) are protected from MPTP-induced neurodegeneration.
Despite the observation that CD8™' T cells are more numerous
in the midbrain following MPTP, Cd8a~/~ mice were not
protected from neuronal death. Mice that lack functioning
CD4%1 (Cd4~/~ mice) cells, however, were protected from loss
of dopaminergic neurons (67), implicating this arm of the
adaptive immune system. SCID mice, which are deficient in
functional T and B cells, were also protected against MPTP
induced neuronal death (84). Neurodegeneration was restored in
SCID mice that are reconstituted with wild-type splenocytes (84).
These studies reinforce the notion that a functioning immune
system, and CD4" T cells in particular, may be essential for
neurodegeneration in the MPTP model of PD.

Interestingly, dopamine (DA) receptors are expressed by cells
of the innate and adaptive immune response, including CD8™
and CD4" T cells. Expression of the D3-type receptor (D3R),
one of the five DA receptors in humans, was significantly

uses

reduced in PD patient T cells and is correlated with disease
severity (85). D3R-deficient mice treated with MPTP were
protected from dopaminergic neuron death and microglial
activation, but the protection was lost with the transfer of CD4™
T cells from wild-type animals (86). Additionally, Ragl™/~
mice that were protected against MPTP become susceptible to
neurodegeneration with the transfer of WT CD4™ T cells but not
when reconstituted with D3R-deficient CD4™ T cells (86). These
data suggest that D3R signaling in T cells may be necessary in the
MPTP mouse model.

T cell receptor stimulation is reported to induce D3R
expression on CD4" T cells, and D3R signaling on CD4" T
cells contributes to the expansion of Thl and Th17 cells in the
context of inflammatory colitis (87). DA is in part depleted in
PD, as a subset of dopaminergic and norepinephrinergic neurons
are lost in the disease. The role of DA receptors on T cells
could evolve over the disease course, including via decreased
activation due to DA loss and spikes of activation with treatment
of DA replacing drugs. The level and activation profile of these
receptors throughout the disease could shed light on their role
in contributing to a proinflammatory T cell profile, particularly
during drug treatment.

While CD8" and CD41 Th1 T cells can exert cytotoxic and
proinflammatory effects, CD4" Tregs exert anti-inflammatory
properties that protect cells against neurotoxic molecules
or persistent inflammation. Adoptive transfer of Th cells,
induced by co-polymer immunization, into MPTP mice protects
dopaminergic neurons. This protection seems to be mediated via
suppression of microglial activation (88-91).

Viral Overexpression of «-Syn to Model PD

A different approach to modeling PD uses targeted
overexpression of human a-syn the midbrain of
rodents. In one model, a-syn is overexpressed in the SN
by injection with recombinant adeno-associated virus
vector (AAV2-SYN), which leads to the slow degeneration
of dopaminergic neurons (92). Consistent with findings
from the toxin mouse models above, AAV2-SYN injected
mice display IgG deposition as a consequence of BBB
breakdown, as well as T and B cell infiltration (92).
The AAV2-SYN model induces a slower, less acute
neurodegeneration than the toxin-based PD approaches,
and so may prove useful for understanding the timing of
inflammation and neuronal death. Importantly, human
a-syn overexpression triggers microglial activation, BBB
leakage, and recruitment of T and B cells into the SN
prior to neurodegeneration in mice (92). These findings
support the concept that immune cell recruitment and local
inflammatory features play roles in neurodegeneration,
rather than that they are consequences downstream from
neuronal death.

In a rat model of PD, overexpression of a rare, autosomal
dominant A53T mutant o-syn allele that causes a-syn
aggregation and early onset PD in humans, induces
microgliosis and lymphocytic infiltration in SN (93).
However, administration of FK506, an immunosuppressive
drug that inhibits T cell signal transduction and IL-2

in
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transcription, on the rAAv2/7 o-syn overexpressing rat
model increased the survival of dopaminergic neurons, with
a positive trend for motor improvement. FK506 reduced
the numbers of microglia, macrophages, and CD4" T
cells in the SN and delayed the infiltration of CD8" T
cells (93).

In vitro Studies of iPSC-Derived Dopamine
Neurons With Th17 Cells

A recent in vitro study using induced-pluripotent stem cells
(iPSC)-derived midbrain neurons and T cells from PD patients
was the first to show that PD patient-derived T cells can
kill dopamine neurons directly. Sommer et al. determined
that PD patients contain significantly higher Th17 cells than
healthy controls (43). The PD patient-derived Th17 cells exerted
cytotoxic effects on neurons by releasing IL-17A, a cytokine
detected by IL-17R expressed on neurons (43). The iPSC in vitro
cultures lacked glia, which express MHC-II and can potentially
interact with Th17 cells. In addition, T cells were activated
non-specifically, and so the antigen specificity of Th17 cells
remains unclear (43). While the study indicates that PD-derived
T cells can directly kill dopaminergic neurons, the omission of
professional antigen presenting cells, antigenicity, and neuronal
specificity in the cultures in this initial study overlooks the
role of multiple relevant in vivo factors important for disease
progression. Moreover, the mode of action that garners specific
vulnerability of dopaminergic neurons and avoids unaffected
neurons was not resolved in this study. Nevertheless, the
study indicates Th17 cells may participate in PD-related
neuronal death.

Th17 cells play a prominent role in multiple sclerosis
(MS), a well-characterized autoimmune neurological disease. MS
patients suffer from white and gray matter lesions of neuronal
demyelination and axonal loss due to a dynamic interplay
between the adaptive immune system, glia, and neurons (94).
The origin of the primary lesion and subsequent inflammation is
heavily debated; however, studies in patients and animal models
highlight a critical role for T and B cells in MS pathogenesis
(95). Increased serum levels of IL-17A and Th17 cells in MS
patients has been reported, ranging from 0.77 to 2.48 and
0.34 to 1.55% of total CD4" T cells in MS patients compared
to healthy controls, respectively (96). These levels are higher
than those detected in PD patients (43). In the experimental
autoimmune encephalomyelitis (EAE) model of MS, myelin
oligodendrocyte glycoprotein-specific Th17 cells form direct
contacts with neuronal cells in demyelinating lesions and are
associated with extensive axonal damage (97). Th17 cells seem
to exert their neurotoxic effects by releasing IL-17A, which
interferes with the remyelination process (98) and directly
damages the BBB (99). Th17 cells also release GM-CSE, which
is essential for inducing EAE (100, 101) and likely supports
the recruitment of peripheral monocytes (100, 102), and IFNy
that activate infiltrating macrophages (103). Interestingly, studies
on the mode of action of Th17 cells in EAE do not include
IL17R mediated neurotoxicity. Studies on the role of Th17 in
MS patients and mouse models (EAE), could be emulated in PD

mouse models to further determine the role and mode of action
of Th17 lymphocytes in disease pathogenesis.

The Role of MHC Proteins in PD
Pathogenesis

T cells recognize a complex formed between MHC molecules
(known as HLA; human leukocyte antigen in humans) and a
peptide epitope. The epitope is presented to T cells as a result
of a complex series of events termed antigen processing and
presentation that involve the intracellular degradation of self
and foreign proteins into peptides that are then loaded onto
the antigen-binding groove of MHC molecules. In general, T
cells recognize peptides derived from foreign molecules, but in
disease some T cells also evade self-tolerance and can recognize
self-peptides. MHC class I in general presents peptides derived
from the same cell (endogenous presentation), while MHC class
IT typically present peptides derived from extracellular proteins
(exogenous presentation).

Mature neurons are generally thought to lack MHC expression
and so to not present antigens. However, SN and LC neurons
recently have been shown to express MHC-I and co-localize
with CD8" T cells in response to stimuli such as IFNy
(104). Catecholamine neurons are particularly sensitive to
inflammation in comparison to other neuron types. A lower
amount of IFNY is required by dopaminergic neurons to express
MHC-I in comparison to other neuronal subtypes. The MHC-I
presented by dopaminergic neurons is functional and can result
in cytotoxicity in the presence of matching antigen and CD8™
T cells (104). Dopaminergic neuron sensitivity to inflammation
and corresponding MHC-I upregulation could render them
susceptible to infiltrating T cells versus neighboring, more
resistant GABAergic neurons.

GWAS in PD have shown an association with haplotypes of
MHC II genes, including DRB5*01 and DRB1*15:01 alleles and
a polymorphism in a non-coding region that may increase levels
of MHC class II expression (105-109). MHC-II positive microglia
are detected in the SN of PD patients (65) and their levels increase
with disease severity (110).

Animal models of PD have been employed to investigate the
role of MHC in neurodegeneration. AAV2- a-syn overexpression
in mice that lack MHC-II are protected against microglial
activation, BBB permeability, and neuronal death in the SN (111).
A necessity for MHC-II signaling for riving neuronal death is
reported in the MPTP model of PD. MHC-II null mice are
resistant to neuronal death by MPTP intoxication and their
microglia do not release pro-inflammatory cytokines in contrast
to wild-type animals (112).

Association of HLA alleles to late-onset PD and a positive
correlation between levels of MHC-II expression and disease
severity in humans, in conjunction with the necessity for
MHC-II expression in PD mouse models, suggests that
antigen presentation and adaptive immune signaling may be
involved in dopaminergic neuron death. Infiltrating T cells,
MHC expression, and sensitivity of dopaminergic neurons to
inflammation support the concept that PD possesses features of
an autoimmune disorder.
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The Connection With Innate Immunity and

Antigen Presenting Cells

While functioning T cells and MHC signaling may be critical in
modeling PD pathology, activated peripheral antigen presenting
cells and microglia are potential initiators and drivers of
neuroinflammation. Professional antigen presenting cells detect
foreign pathogens via pattern recognition receptors (PRR), such
as toll-like receptors (TLRs), activating signaling cascades that
change the inflammatory profile of the cell (113). Picomolar
concentrations of a-syn, possibly relevant to extracellular levels
in PD, sensitized the response by macrophages to release
proinflammatory cytokines (114). Extracellular neuromelanin
derived from human autopsy also activates microglia via CD11b/
CD18 (also known as Mac-1) integrin receptors (115). Thus, it is
not surprising that peripheral blood monocytes isolated from PD
patients have been shown to be hypersensitive and predisposed
to an inflammatory stimulus (116). Antigen presenting cells
in the periphery have the potential to be the first in line to
respond to sustained, slight increases in a-syn levels, which
have deleterious effects over time. In addition, in vitro studies
have shown that a-syn acts as a chemoattractant to neutrophils
and monocytes (117). Peripherally activated antigen presenting
cells such as monocytes can extravasate into different tissues,
including the brain, during active disease states (118). In an
AAV overexpressing model of PD, a-syn expression recruited
peripheral monocytes to the brain and their recruitment was
necessary for dopaminergic neuron death (119). «-Syn in
the periphery and CNS acts as an activator and recruiter of
professional antigen presenting cells, potentially initiating an
inflammatory response against itself.

Microglia are the primary immune cells of the CNS and act as
both resident phagocytic and antigen presenting cell to provide
an active immune defense (120). Microgliosis is characterized
by microglia proliferation, change in morphological state from
ramified to amoebic, and the presence of several inflammatory
markers, such as CD68 (120). Microglial activation is an
important potential player in PD-associated inflammation and
immune reactivity. Neurons do not express Class II, while
microglia are MHC Class II expressing antigen-presenting cells.
MHC Class II present peptides derived from extracellular
proteins (exogenous presentation), and cells of the monocyte
lineage such as microglia are particularly apt at internalizing
aggregated proteins (e.g., a-syn aggregates) and presenting
peptides derived from exogenous proteins in the context of class
II MHC molecules. They therefore represent a strong candidate
for MHC class II restricted presentation of a-syn peptides
to T cells.

In vivo imaging studies of microglial activation using
positron-emission tomography (PET) showed that PD patients
have markedly increased neuroinflammation in various brain
regions, including the basal ganglia and striatum, regardless
of the number of years with disease (121, 122). Studies have
determined that inhibiting or preventing microglial activation
renders PD mouse models resistant to neuronal death. RANTES
and eotaxin, two chemokines secreted by activated microglia, are
upregulated in MPTP mice and monkeys (123, 124). Treatment
of MPTP monkeys with NEMO-binding domain (NBD) peptide,

which selectively inhibits NF-«kB activation, decreases microglia
expression of RANTES and attenuates CD8' T cell infiltration
into the SN (123). Neutralization of RANTES and eotaxin in
MPTP-intoxicated mice decreases lymphocyte infiltration in the
SN, reduces inflammation, and confers dopaminergic neuronal
protection and improved motor function (124). The neuron-
derived chemokine fractalkine (CX3CL1) is a ligand for CX3CR1
on microglia and promotes sustained microglial activation. Mice
that are CX3CR1-deficient are protected against dopaminergic
neuron loss in MPTP-treated mice (125). CX3CR1 in microglia
are likely limiting the neurotoxic effect of CCL2 induction
by astrocytes, which promotes CCR2* monocyte infiltration
(126). Treatment of 6-OHDA rats with safinamide suppressed
microglial activation and protected dopaminergic neurons from
degeneration (127). In addition, deficits in microglial restraint
exacerbate dopaminergic neurodegeneration in 6-OHDA rats
(128). Taken together, these studies show that microglial
activation is critical for immune cell recruitment and neuronal
death in PD. a-Syn itself may activate microglia and antigen
presenting cells, initiating an immune response in the brain and
periphery. Peripheral a-syn-specific T cells may migrate to the
brain and be further activated by a-syn-presenting microglia that
have internalized aggregates.

A Model of «-Syn Recognition in PD

It is possible that the innate immune system in the SN is activated
and processes and presents a-syn aggregates to specific T cells
in the brain region prior to neuronal death. While it is unclear
which factors activate microglia, numerous in vitro studies show
that a-syn or conditioned media from a-syn expressing neurons
robustly activate microglia. Treatment of primary microglia
with recombinant, monomeric a-syn consistently induces an
activated, pro-inflammatory profile, such as increased TNFa, IL-
1B, IL-6, COX-2 expression, and iNOS production. When a-syn
is overexpressed in mouse models, either via virus injection or
transgenically, it initiates an immune response via upregulation
of microgliosis and recruits lymphocytes into the SN, prior to
degeneration [for review (129)].

Autoimmunity arises from the failure to recognize
endogenous proteins as self, driving the immune system
to respond to and attack ones own cells and tissues. PD
might result from an autoimmune response by recognizing
aggregated, misprocessed a-syn as a foreign entity. o-Syn is
both hyperphosphorylated and proteolytically misprocessed
in the brains of PD patients, leading to its aggregation and
deposition (130). Modified forms of a-syn are resistant to
normal degradation by the proteasome and chaperone-mediate
autophagy (CMA) (131). Proteolytic misprocessing of mutant or
aggregated protein or post-translation modifications of a-syn in
PD (131) could potentiate the formation of neo-epitopes.

Peptides derived from a-syn elicit in vitro responses from
cytotoxic and Th cells from PD patients but not healthy controls
(132). In addition, one of these peptide regions strongly binds to
MHC complexes encoded by HLA (DRB1*15:01, DRB5*01:01)
that are associated with PD by GWAS (105-109). The second
region of these peptides requires phosphorlyaton at an a-syn
residue, S129, that is found in high levels in Lewy bodies (133).
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We note that these a-syn-specific T cells have thus far only
been detected in the periphery of PD patients. If they were
to extravasate into the brain, they would detect a-syn on the
surface of microglia and neurons. Antigen recognition by Thl
and cytotoxic T cells leads to increased local inflammation and
cell death. However, whether a-syn-specific T cells identified
in PD patients permeate into the CNS and cause dopaminergic
neuron death remains to be determined.

Implications for Diagnosis and

Therapeutics

Understanding the extent of the role of the immune response
in the pathogenesis of PD opens up new avenues of diagnosis
and treatment for patients. Identifying people who are carriers
of HLA alleles that place them at risk for a-syn-specific T cells to
be monitored can help early diagnosis and treatment of PD. In
addition, a-syn-specific T cells could be use as early biomarkers
of the disease, identifying autoimmunity to self proteins prior
to the onset of motor symptoms. Large-scale, longitudinal
studies monitoring a-syn reactivity and the development of PD
would need to be conducted before establishing T cells as PD
biomarkers.

Currently, new treatment avenues targeting the immune
system are being tested on PD patients. Sargramostim is a human
recombinant granulocyte-macrophage colony-stimulating factor
approved by the Food and Drug Administration for the recovery
of patients receiving bone marrow transplantation and cancer
therapies (134). It functions by promoting myeloid recovery and

inducing Treg responses (134). In a preliminary randomized,
double-blind phase 1 clinical trial, Sargramostim-treated patients
showed modest improvements after 6 and 8 weeks of treatment
and increases in Treg numbers and function compared to PD
patients receiving placebo (135). Further clinical investigation
will shed light on the potential of immunomodulatory drugs for
treatment of PD.

Another approach to treatment currently being investigated
is the targeting of a-syn with antibodies to slow the spread and
reverse the effects of a-syn pathology. Monoclonal antibodies
against a-syn have shown to reduce the levels of protein
spread, ameliorate dopaminergic neuron loss, and attenuate
motor deficits in PD mouse models (136, 137). Affitope PD01A
and PRX002/RG7935 currently in clinical trial have shown to
penetrate the BBB and lower plasma levels of a-syn (138, 139).
However, it should be noted that anti-a-syn antibodies are shown
to be present in the blood and cerebral spinal fluid of PD patients
and absent in healthy controls (140-142). Therefore, anti-a-syn
antibodies may be more promising as an early biomarker for PD
rather than a treatment.

The immune system is increasingly acknowledged to play
a larger role in propagating PD than previously thought
and is a promising pathway for treatment. When designing
immune-modulatory drugs, timing is important. If peripheral
inflammation, o-syn aggregation, BBB leakage, and o-syn-
specific T cells drive neuronal death, it is critical to treat
PD patients before the activation of the autoimmune pathway.
Immunomodulatory treatment would be most efficacious at

-@-cm’ T cell
@-cns*T cell

- : Cytokines
a-syn
aggregate
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FIGURE 1 | a-Syn T cells infiltrate into the CNS and recognize antigen presented by microglia and dopaminergic neurons. (A) Prior to BBB damage, peripherally
primed a-syn T cells circulate throughout the blood in the presence of proinflammatory cytokines. a-Syn aggregates have already formed in dopaminergic neurons
and microglia. (B) Increased BBB permeability through either weakened tight junctions or increased transcytosis allows for extravasation of a-syn T cells. Recognition
of a-syn presented by MHC-I on neurons and MHC-I and —Il on microglia leads to T cell activation and release of granzymes and proinflammatory cytokines.
Dopaminergic neurons eventually die in the presence of sustained inflammation and cytotoxic environment.
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the onset of loss of a-syn tolerance, before immune cells
have targeted dopaminergic cells. Developing biomarker tests to
examine patients and identify a-syn-specific T cells early would
provide a longer window for immunomodulatory treatments to
stop PD progression in its tracks.

CONCLUSIONS AND FUTURE
DIRECTIONS

Numerous independent studies suggest that a heightened and
sustained immune response observed in PD patients may be
a driver, rather than a consequence, of neuronal death. a-
Syn pathology may begin in the periphery, where the enteric
nervous system is compromised up to 20 years prior to diagnosis.
Circulating T cells of PD patients have been shown to respond
to a-syn stimulation in vitro. PD patients are afflicted with
sustained peripheral inflammation, which has been shown to
lead to a deterioration of the BBB. Lymphocytes can extravasate
into the CNS via the BBB that is shown to be leaky in PD
patients. Within the CNS, a-syn accumulation and spread,
microgliosis, and antigen presentation can help recruit and
attract a-syn -specific T cells. a-Syn -targeting CD4* and CD8*
T cells observed in PD patients can recognize specific peptides
bound to MHC-II on microglia and MHC-I on dopaminergic
neurons (Figure 1). Further studies are necessary to test this
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Autoimmunity After Ischemic Stroke
and Brain Injury

Ehsan Javidi* and Tim Magnus*

Department of Neurology, University Medical Center Hamburg-Eppendorf, Hamburg, Germany

Ischemic Stroke is a major cause of morbidity and mortality worldwide. Sterile
inflammation occurs after both stroke subtypes and contributes to neuronal injury and
damage to the blood-brain barrier with release of brain antigens and a potential induction
of autoimmune responses that escape central and peripheral tolerance mechanisms. In
stroke patients, the detection of T cells and antibodies specific to neuronal antigens
suggests a role of humoral adaptive immunity. In experimental models stroke leads to
a significant increase of autoreactive T and B cells to CNS antigens. Lesion volume
and functional outcome in stroke patients and murine stroke models are connected to
antigen-specific responses to brain proteins. In patients with traumatic brain injury (TBI)
a range of antibodies against brain proteins can be detected in serum samples. In this
review, we will summarize the role of autoimmunity in post-lesional conditions and discuss
the role of B and T cells and their potential neuroprotective or detrimental effects.

Keywords: autoimmunity, traumatic brain injuries (TBI), autoantibodies, ischemic stroke (IS), adaptive immunity,
neural antigens, autoreactive T and B cells, neuroinflammation

INTRODUCTION

Ischemic Stroke and traumatic brain injury (TBI) cause damage to neurons, glia and the vasculature
resulting in the disruption of the blood-brain barrier (BBB), hemorrhage, edema, and necrotic
cell death. Cell injury and cell death lead to the release of danger signals that activate the
immune system (1, 2). The subsequent sterile inflammatory reaction involves the innate immune
system with activation of resident immune cells of the central nervous system (CNS) and a
rapid infiltration of peripheral immune cells into the brain (3, 4). The presence of brain-derived
antigens in the lymphoid tissue of stroke patients (5) and increased levels of brain antigens in the
CNS and peripheral circulation in both diseases may trigger an adaptive autoimmune response.
This process would require the presentation of antigen by antigen-presenting cells (APCs) to
autoreactive T cells. The prevention of detrimental autoimmunity is usually mediated by central
and peripheral tolerance mechanisms which include anergy, clonal deletion and suppression
by regulatory T cells (Tregs) (6). Self-reactive T and/or B lymphocytes and/or their ability of
autoantibody production can exist as physiological autoimmunity with no evidence of clinical
disease, demonstrated by the presence of natural autoantibodies that are involved in homeostasis
by degrading self- and foreign antigens (7). In the inflammatory microenvironment following
stroke and TBI, self-reactive lymphocytes and autoantibodies could be generated and participate
in inflammation, when immune tolerance is broken, leading to pathological autoimmunity, and
further tissue injury. This antigen-dependent adaptive autoimmune response would therefore differ
from the reactive innate immune response that involves antigen-independent deleterious effects of
T cells found in acute experimental stroke (8). The presence of brain-reactive antibodies in stroke
and TBI could be therefore an indication of an autoimmune response and multiple investigations
now demonstrate their correlation to lesion size and functional outcome in stroke and TBI.
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ANTIGEN SPECIFICITY IN ISCHEMIC
STROKE

Ischemic stroke leads to a sterile inflammatory response with
the accumulation of microglia, and infiltration of macrophages,
lymphocytes, and dendritic cells (DCs) followed by neutrophils
(3). T lymphocytes can be found in human post-mortem stroke
tissue to a small extent in necrotic brain parenchyma and more
consistently in perivascular spaces bordering acute infarcts (9).
The activation of T lymphocytes via an antigen dependent or
independent process is still controversial and the mechanisms of
T cell activation after brain injury are not clearly known (10).

Stroke causes the disruption of the blood-brain barrier (BBB):
Infiltrating neutrophils, major promoters of BBB breakdown,
through the release of metalloproteinases (MMP) such as MMP-
9, together with inflammatory mediators, lead to the degradation
of tight junction (TJ) proteins (11, 12). This first pathway could
allow for the release of brain specific antigens into the peripheral
vasculature, depending on the degree of BBB permeability and
the size of brain antigens. A second pathway through the
glymphatic system could allow for cerebrospinal fluid (CSF)
drainage of interstitial fluid (ISF), containing extracellular solutes
such as brain antigens, from the brain parenchyma, along
paravenous pathways into the lymphatic circulation, eventually
reaching the lymph nodes (13, 14). The brain lymphatic vessels
lining the dural sinuses, drain to the deep cervical lymph nodes
with the capability of carrying fluids, immune cells, and possibly
brain antigens from the CSF (15, 16).

The accumulation of APCs and the upregulation of MHC II
molecules in the ischemic brain (1, 17, 18) coinciding with the
peak infiltration of lymphocytes into the brain (3), could allow
for an antigen-dependent T cell expansion in the brain itself.
In experimental ischemic stroke, clonal T cell expansion could
be detected after 7 and 14 days following stroke (19). APCs
with brain antigens could also travel through the glymphatic
route and brain meningeal lymphatic vessels into the lymph
nodes. Providing that significantly more brain-derived antigens
can be found in cervical lymph nodes of stroke patients (5),
monkey experimental autoimmune encephalomyelitis (EAE)
and individuals with multiple sclerosis (MS) (20) than in
controls, the possibility of T cell reactivity to autoantigens
through activation by antigen-presenting cells (APC) in the
periphery and subsequent migration into the brain also exists.
T cells monitoring the leptomeningeal surfaces could also be
activated by CNS antigens presented by phagocytes, or re-
stimulated by CNS antigens after being primed by antigens in the
periphery (21, 22).

The development of an immune response or tolerance to
brain antigens presented by APCs in lymph nodes would
depend on several factors such as the activation status of
APCs, costimulatory molecules, the environment of antigen
presentation, or even a genetic predisposition to autoimmune
disease (23, 24).

The role of dendritic cells (DCs), as professional antigen
presenting cells, therefore deserves closer attention. DCs play
a central role in maintaining immune tolerance. In a non-
inflammatory environment, immature DCs present self-antigens

to T cells, leading to anergy or deletion of T cells to avoid
autoimmunity. Immature DCs have also been found in the
meninges and the choroid plexus of the CNS sampling the
CSF for antigens (25). The activation of DCs by pathogen
or danger-associated molecular patterns (DAMPs), leads to
DC maturation and migration into draining lymph or the
ischemic brain, with an increase of MHC-II and co-stimulatory
proteins, relevant for T cell activation (26, 27). In experimental
autoimmune encephalomyelitis (EAE), different subtypes of
activated DCs with upregulated levels of costimulatory molecules
are abundantly present in inflamed CNS lesions and CSE
driving proinflammatory T cell responses (28, 29). The model
of EAE is induced by the priming and expansion of CD4+
T cells responding to CNS myelin antigens and the disease is
initiated by re-presentation of myelin epitopes by APCs (30).
Peripherally derived myeloid dendritic cells (mDCs) in EAE
were found to present endogenous myelin peptide, activating
naive autoreactive pathogenic CD4+ T cells to proliferate and
produce IL-17 (30). Recently, we showed that the ischemic brain
is rapidly infiltrated by IRF4T/CD172a™ conventional type 2,
IL-17 inducing DCs. These cells promote neutrophil infiltrating
into ischemic hemispheres via induction of IL-17 in y§ T
cells, which can be activated in a T cell receptor-independent
manner (27). The question whether this DC population or
another subtype present in the stroke brain, could mitigate an
autoimmune response to brain antigens comparable to EAE,
escaping tolerance mechanisms or becoming activated after re-
encountering naturally occurring antibodies, therefore warrants
attention in further studies.

Microglia, as the major resident immune cells in the brain
become activated through proinflammatory signaling as a result
of brain ischemia (31). Activated microglia are involved in
cytokine production, phagocytosis, and antigen presentation
(1). In multiple sclerosis (MS) patients and its animal models
(EAE), activated microglia and infiltrating T cells are found in
CNS lesion (32). Activated microglia act as APCs by expressing
MHC class I and II together with costimulatory molecules (33).
Their role as antigen-presenting cells in stroke has received
only little attention until recently. In a study of experimental
brain ischemia, microglia-like cells acted as the main antigen-
presenting cells for myelin oligodendrocyte glycoprotein (MOG)
antigens, leading to the expansion of previously transferred 2D2
reactive CD4+ T cells. Higher frequencies of MOG-specific
T cells were found in the brain at day 4 and 7 after middle
cerebral artery occlusion (MCAO) (34). MHC class II/TCR
interaction was necessary for T cell expansion in the brain with
the highest expression of MHC class II found on microglia-like
cells. The T cell expansion was dependent on cerebral ischemia.
This antigen-dependent T cell response resulted in increased
neurodeficits and infarction volumes starting at day 4 after
MCAO (34).

The time course of immune cell infiltration after stroke needs
to be considered in distinguishing between possible antigen-
dependent autoimmune and antigen-independent responses.
Lymphocyte infiltration after experimental stroke has been
suggested to take place as early as 3h for CD8+ T cells and
24 h for CD4+ T cells (35-37), while other publications report
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a delayed peak of CD4+ T cells at 3 days (3, 38) or 5 days (39).
B and T lymphocytes are present in different models of stroke up
to 7 weeks after stroke onset (40).

T cells in the acute phase of experimental stroke have
been linked to lesion volume and functional outcome (I,
41). Transgenic mice deficient of lymphocytes and antibody-
mediated depletion of CD4+, CD8+, and yt T cells have been
associated with smaller infarcts and better functional outcome
(8, 39, 42-45).

A possible antigen-specific T cell response to brain antigens
however would take place several days after stroke according
to the time that antigen uptake, processing, presentation and
finally lymphocyte proliferation would need. The attenuation
of secondary stroke injury after experimental stroke by
interventions targeted at T cells has been repeatedly shown to be
within the first days. Early detrimental lymphocyte invasion has
been therefore deemed antigen-independent within the first days
after stroke onset (8).

Fittingly, a study of tMCAo stroke in mice, showed a
significant autoimmune response to brain antigens at 4 days
through 10 days after stroke, determined by an increase in
autoreactive CD4+ and CD8+ T cells and CD19+ B cells,
isolated from spleens and cervical lymph nodes (46). The peak
of autoreactivity was reported to be at 8 days in splenic CD4+ T
cells and at day 10 for CD8+ T cells in the cervical lymph nodes.
An increased autoreactive response to microtubule-associated
protein 2 (MAP2) and myelin derived peptides such as myelin
basic protein (MBP) and MOG was associated with smaller
infarct volumes and an increased autoreactive response to the
anti N-methyl-D-aspartate receptor 2A (anti-NMDAR2A) with
larger infarct volumes in mice (46).

In contrast to (46), a study of brain-derived antigens in the
cervical lymph nodes and palatine tonsil of 22 patients with
acute stroke, found increased immunoreactivity to neuronal
MAP2 and NMDA NR-2A to be associated with smaller infarct
volumes at day 7 and better outcome, whereas increased
immunoreactivity to myelin-derived MBP was associated with
more severe impairments on admission, larger infarcts and
worse outcome at clinical follow-up (5). Cells immunoreactive
to neural antigens were mostly CD68+ macrophages expressing
costimulatory MHC 1II receptors and their co-localization with
CD69+ T cells suggested activation of T cells (5).

There is further evidence for detrimental antigen-dependent
effects: CD8+ T cells with a ovalbumin-specific T cell receptor
were transferred into Ragl mice showing no activation, less brain
infiltration and smaller infarct sizes at 7 days after pMCAO than
after the adoptive transfer of wild-type CD8+ T cells which could
function antigen-dependently (45).

Another important question is the role of regulatory T cells
(Tregs). The role of Tregs in the regulation of lymphocytic
activity especially in light of exposure to neural antigens has not
been fully answered. Tregs have a role in controlling autoreactive
responses and have been shown to inhibit autoimmunity,
maintaining peripheral tolerance (47). Following stroke, an early
infiltration of Tregs (CD25+Foxp3+) was observed within the
first week after MCAO in mice, constituting 20% of all CD4+
T cells by Liesz et al. (48), while we found only <5% of all

CD4+ T cells to be Tregs within the first week (3). Accordingly,
(49) found a substantial infiltration of Tregs to be at 14 and
30 days as compared to 7 days after MCAO. Tregs, despite
their delayed infiltration, have been nevertheless found to impact
stroke outcomes within the first days after ischemia. It has
been suggested that Tregs could target cells of the peripheral
immune system early after ischemia, suppressing peripheral T
cell activation or inhibiting autoantigen-specific clonal expansion
(50). Accordingly, an increase of Tregs can be seen in the spleen
following MCAO with possible implications on post-stroke
immunosuppression (51). The question whether Tregs in stroke
are neuroprotective or detrimental also remains disputed (52). A
recent review found the majority of studies with Tregs targeted
therapies to support the beneficial role of Tregs, with reduction
of lesion size. Treg depletion models were more likely to show
an increased infarct volume and increased leukocyte brain
invasion and proinflammatory cytokine secretion, however some
studies showed no effect on infarct volume (50). The difference
in outcome has been attributed to the different intensity of
neuroinflammation dependent on the lesion sizes in the use of
different ischemia models (50). In a recent study, a substantial
accumulation of Tregs in the mouse brain was detected
starting a week after ischemic stroke, potentiating neurological
recovery. Tregs transferred from ischemic mice accumulated
more efficiently in the brain of lymphocyte deficient Rag2 ~/~
mice than Tregs from sham operated mice, suggesting the
importance of antigen recognition for Treg cell expansion in the
brain (53). The involvement of Tregs in suppressing autoimmune
responses to neural antigens can be deduced from studies that use
tolerization to brain antigens, showing an increased probability
of Treg responses and improved neurological outcome (54-56).
These studies are discussed further below.

Taken together, there evidence of an antigen-specific T cell
presence in ischemic stroke. This develops within several days
and decreases over time. It is unclear however if these findings
are relevant to the human stroke.

T CELLS: ANTIGENS AND TOLERANCE
IN STROKE

There is evidence for T cell reactivity to autoantigens such
as myelin basic protein (MBP) and myelin proteolipid protein
(PLP) in patients with ischemic stroke (57). Higher peak
concentrations of MBP, neuron-specific enolase (NSE) and S100B
in the serum of patients at 24 h after stroke have been associated
with stroke severity and larger infarct volumes (58).

If T cells, particularly CD4+ T cells, encounter an antigen,
they can react in several ways. Depending on the cytokine
milieu the effector function of T cells will be shaped (59).
For example, a TH1 type response, a TH2/TH3 response, a
TH17 response, an activation-induced cell death or no immune
response can follow. A TH1 response (sensitization) leads to
the secretion of proinflammatory cytokines after reencountering
with the sensitizing antigen. A TH2/TH3 response (tolerance)
leads to the secretion of immunomodulatory cytokines after
reencountering with the antigen. Stroke induces an early systemic
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inflammatory response, which could promote sensitization to
brain antigens in an altered microenvironment (60). It is
believed that mucosal antigen administration shifts the immune
response from a TH1 response with secretion of proinflammatory
cytokines (e.g., IL-1b, TNF-a, IFN-y) to a TH2 or TH3 response,
with secretion of anti-inflammatory cytokines (e.g., TGF-bl,
IL-10) that would limit cell-mediated responses and enhance
humoral responses. In addition, antigen-specific regulatory T
cells can produce anti-inflammatory cytokines after encountering
a previously administered autoantigen (60, 61). There is evidence
that TH1 type responses to MBP are associated with worse
neurological outcome following experimental stroke (60, 62,
63). In one study, the adoptive transfer of MBP specific TH1
(+) or TH17 (4) cells into naive recipient mice resulted in
a worse neurological outcome (63). The adoptive transfer of
splenocytes reactive for MOG into immunodeficient MCAO
mice led to their migration into the ischemic hemispheres
and resulted in an increased infarct volume (64). However,
THI1 responses to antigen stimulation with MBP following
1 month after experimental MCAO were low and animals
were more likely to develop a TH2/TH3 type response (60).
Treatment with the pathogenic lipopolysaccharide (LPS) to
stimulate a systemic inflammatory response, showed an increased
sensitization to MBP with an increased TH1-response and more
severe neurologic deficits and brain atrophy at 1 month after
MCAO. This suggested that a systemic inflammation after stroke
could lead to a detrimental autoimmune response (60, 65).
LPS also induced the expression of MHC II molecules on
microglia required for lymphocyte activation which are usually
not expressed in the CNS (66). In a more recent study of the
same group, which investigated autoimmune responses to MBP
after stroke following immunization with MBP, again only 1/4-
1/3 of the animals had a TH1 or TH17 response to MBP.
Those with a response were also associated with worse outcome
at 1 month (67). The detrimental effect was observed shortly
after experimental ischemia. Animals that were sensitized to
MBP prior to stroke had a sharply increased mortality within
24h, whereas induction of oral tolerance to MBP resulted
in significantly reduced infarct sizes at 24h and 96h after
ischemia (68). MCAO animals who received splenocytes from
MBP tolerized donors showed a decrease in infarct volume (69).
Animals who were tolerized to MBP before MCAO induction
and LPS treatment were less likely to develop a TH1 response
to MBP than ovalbumin (OVA) tolerized animals and had an
increased probability of a TH3 or TREG response together
with smaller infarct sizes after 1 months (55). Similarly, mice
who were previously nasally tolerized to MOG showed a
significant shift from the proinflammatory cytokine IFN-y to
the anti-inflammatory cytokine IL-10 after MCAO induction
(61). Adoptive transfer of CD4+ T cells from nasally tolerized
mice to wild-type mice showed a significant reduction in infarct
size. This effect could not be observed in IL-10 deficient
mice (61). Treatment with a neuroantigen-specific peptide
such as recombinant T cell receptor ligands (RTL), linked to
myelin peptide (MOG), reduced lesion size and inhibited the
accumulation of inflammatory cells, presumably by inducing
tolerance to MOG (70). RTL specifically targeting myelin-specific

T cells can modulate their characteristics to anti-inflammatory
cells that secrete IL-10 (71).

Similar observations have also been made in clinical studies.
In a study with 114 patients of ischemic stroke, a strong TH1
response to MBP at 90 days was associated with worse outcome
and was more likely to develop in patients with severe stroke
and post-stroke infection (72). The degree of the THI1 response
however decreased over time, pointing to the possibility of
immunoregulatory mechanisms (73). Recently, in brain slices
from 5 patients with acute middle cerebral artery ischemic stroke,
who died within 7-10 days after stroke onset, T cells, including
MOG-specific CD4+ T cells were found in the infarct and peri-
infarct area close to ischemic neurons (34). In a cohort of 28
patients with milder ischemic stroke, frequencies of MOG and
MBP-specific IFN-y responses, that were measured in peripheral
blood, were increased early within the first week after stroke
and decreased at 3 months. Naive CD4+ and CD8+ T cells
were also decreased within the first days after stroke, which was
attributed in the context of stroke-induced immunosuppression
(SIDS) to a possible adaptive mechanism, preventing long-term
autoimmune responses (74). Accordingly, blockade of SIDS in
transgenic mice with the CD44+ MOG T cell receptor, resulted
in increased antigen specific TH1 responses at 14 days after
MCAO (75).

Repetitive mucosal tolerance with low doses of antigen is
known to generate regulatory T cells and suppress EAE by
inducing peripheral tolerance (76). In one study, repetitive
mucosal tolerance to E-selectin, a glycoprotein adhesion
molecule expressed on activated endothelial cells after stroke,
suppressed TH1-mediated delayed-type hypersensitivity (DTH)
reaction to E-selectin, and increased IL-10 secretion in adoptively
transferred splenocytes from tolerized animals. Reduced infarct
sizes could be detected as early as 6 and 48 h after MCAO (54).
In another study of mucosal tolerance to E-selectin, an increased
neurogenesis together with increased Tregs in the cervical lymph
nodes and peri-infarct region were found after pMCAO together
with an improved behavioral recovery at 2-4 weeks (56).

Taken together, antigen specific tolerance can be used in
some animal models to lessen stroke damage. These experiments
show tolerization, however the exact mechanisms are not fully
understood. This could be T cell modifying factors, but also
possibly T cell independent.

B CELLS: AUTOANTIBODIES IN STROKE

B lymphocytes originate in the bone marrow and differentiate in
the spleen. B cell activation occurs in the secondary lymphoid
organs such as the spleen or lymph nodes and requires the
recognition of antigen by B cell receptors (BCR) and often
signaling by T helper cells. B cells progress through an antigen-
independent combinatorial rearrangement of the variable (V),
diversity (D) and joining (J) gene segments. This leads to the
development of a vast repertoire of VDJ segments encoding the
BCR, capable of recognizing a huge diversity of antigens (77).
Autoreactive B cells initially constitute 75% of immature B cells
and undergo several selection processes in the bone marrow
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and spleen to establish self-tolerance (78). Negative selection
occurs in B cells that recognize self-antigen with their B cell
receptor (BCR); they undergo apoptosis, receptor editing, or
anergy leading to a state of central tolerance lacking pathological
autoreactivity. However, these self-tolerance mechanisms fail
to delete all B cells reactive to brain antigens. Brain-reactive
autoantibodies can be detected in 92% of human sera (79). B cells
can also acquire self-reactivity through somatic hypermutation
(SMH). This process follows antigen-dependent activation and
allows through affinity maturation, the diversification of B cell
receptors through mutations within the variable gene regions of
immunoglobulins (80). B cells can also change their constant
region of their immunoglobulin heavy (IgH) chain referred
to as IgH class switch recombination (CSR). Naive mature B
cells produce both IgM and IgD, which are the first two heavy
chain segment in the immunoglobulin locus. After activation
and T cell dependent cytokine signaling, they undergo antibody
class switching to produce IgG, IgA, or IgE antibodies (80).
IgM antibodies are the first antibodies to respond to antigen
exposure and are associated with primary immune response.
IgG are associated with the secondary immune response and
represent the vast majority of serum antibodies found in
humans. They are major components of humoral immunity
involved in controlling infections and neutralizing pathogens
and toxins.

The production of autoantibodies requires the antigen-
dependent activation of B cells following ischemia. Brain antigens
need to bind to the BCR of an autoreactive B cell. They are
then taken up in to the B cells by receptor-mediated endocytosis,
degraded, and presented by MHC-II molecules on the cell
membrane (81). In the case of T cell dependent activation,
autoreactive T cells activated by the same antigen, would
need to bind to MHC-II through their T cell receptor (TCR)
followed by expression of co-stimulatory factors and cytokines
which promote B cell proliferation, somatic hypermutation
and class switching. The expression of costimulatory molecules
can be increased following infection (60) and the release of
damage-associated-molecular patterns (DAMPs) after stroke
(82). In the case of T cell independent activation, B cells are
stimulated by antigens such as pathogen associated molecular
patterns (PAMPs), like bacterial polysaccharides or extensive
cross-linking of BCRs to repeated epitopes of an antigen.
Pathogenic antigens can be increased because of post-stroke
infection which is a common occurrence due to stroke-induced
immunosuppression (83, 84). The pathway of brain antigen
release, as described in the T cell section above, would allow
antigen-dependent activation to take place in the CNS and the
secondary lymphoid tissue such as the cervical lymph nodes (5).

There is evidence of an immunoglobulin production in the
cerebrospinal fluid (CSF) of patients with cerebrovascular disease
(85, 86). In the CSF of 318 stroke patients IgG, IgM, and IgA
immunoglobulin synthesis was significantly elevated in 24.8%
of patients and 17.9% had CSF-specific oligoclonal IgG band,
compared to 2.5% in age- and sex-matched controls (87). The
absence of oligoclonal bands in the serum of stroke patients
suggests an additional autoimmune B cell activation in the CNS
outside of the cervical lymph nodes in the weeks after stroke (83).

Activated B lymphocytes producing IgG, IgM, and IgA could
be found in the ischemic mouse brain adjacent to the lesion
beginning 2 weeks following stroke with extensive infiltration
at 7 weeks. The B cells were surrounded by cells expressing
the dendritic cell marker CDI1lc, which suggests antigen-
presentation. B cells that were clustered with T lymphocytes were
compartmentalized, suggestive of structures similar to ectopic B
cell follicle with germinal centers (40, 83). In autopsy brain tissue
of 21 stroke patients, more B cells, and IgG positive antibodies
were found than in controls (40). In other studies, elevated
autoantibodies to brain specific neurofilaments (NF) were found
in the serum of stroke patients in the first 6 months, whereas
antibodies to the ubiquitous antigen, cardiolipin (CL) were not
elevated (88).

There is also evidence of autoantibodies following stroke
that bind to the N-methyl-D-aspartate receptor (NMDAR). The
condition of Anti-NMDA-receptor encephalitis is mediated by
autoantibodies that target the GIuN1 (NR1) subunit of NMDA
receptors in brain (89). The serum levels of autoantibodies to
the GluN2 (NR2) subtype of NMDA receptors were elevated
within 3h and peaked at 10-12h in patients after stroke or
TIA (90). Patients with elevated GluN2 (NR2) antibodies before
cardiac surgery were 18 times more likely to experience a
postoperative neurological event such as confusion, TIA or stroke
than following a negative NR2 antibody test (91). This could
be due to an already compromised cerebrovascular circulation
and ongoing silent ischemia. Accordingly, the presence of serum
autoantibodies to the NMDA GluN2 (NR2) receptor showed
a correlation with risk factors for stroke such as diabetes,
hypertension or recent stroke/TIA (92). In another study,
antibodies against the GluN1-S2 subunit of the NMDA receptor
were found in the serum of 44% of 48 stroke patients compared
to 3% in age matched healthy controls within 48h of stroke
onset. The presence of these antibodies was associated with
worse clinical state on presentation, larger infarcts and cortical
involvement (93). In contrast, increased immunoreactivity to
the NMDA GluN2 (NR2) subunit in lymphoid tissue was
associated with smaller infarcts within the first week of stroke
(5). The early detection of increased autoantibodies levels within
hours after stroke onset is suggestive of a rapid amplification
of naturally occurring autoantibodies following stroke related
antigen exposure (94). The role of naturally occurring IgM
antibodies to annexin IV and a subset of phospholipids, was
assessed by Elvington et al. (95). Ischemia reperfusion injury was
mediated through the postischemic binding of natural IgMs to
neoepitopes in the infarct area with complement activation and a
proinflammatory phenotype in a T cell independent process.

B CELLS-BENEFICIAL OR DETRIMENTAL?

In order to assess the beneficial or detrimental effect of B
cells, the time after stroke and the different B cells subsets
need to be considered. Regulatory B cells constitute only 0.5
0.7% of CD19+ B cells (96) and have been associated with
protective effects following stroke. B cell deficient mice that
received B cells from IL 10~/~ mice had larger infarct volumes,
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more severe functional deficits, higher mortality and increased
numbers of activated T cells, macrophages, microglial cells, and
neutrophils in the affected brain 48 h after stroke induction in
the MCAO model (97). B cell deficient mice that received IL-
10+ B cells had reduced infarcts, fewer infiltrating cells and a
significant increase in regulatory T cells (98). The intrastriatal
injection of cells, containing all CD19" B cell subsets, into B
cell deficient mice reduced infarct volumes 48h after stroke
onset. This would suggest a strong role for the default mixture
of B cells to favor immunoregulation over inflammation early
after experimental stroke (96). Conversely, (8) found B cells to
play only a minor role in acute ischemia and (40) found no
difference in infarct volumes at 72h in B cell deficient mice.
In the same study, a delayed detrimental role of B cells was
discovered, with cognitive impairment within 7 weeks of stroke
as a possible cause of post-stroke dementia. Delayed cognitive
impairment was circumvented in B cell deficient mice and wild-
type mice by B cell depletion with an antibody 5 days after stroke
(40). In a cohort of 58 stroke patients, elevated titers of serum
antibodies to MBP were associated with cognitive decline in the
year after stroke (99). In other models, an early protective effect
of regulatory B cells and a delayed detrimental effect of B cells
have been found. In EAE, regulatory B cells have only shown a
protective anti-inflammatory role during early EAE induction.
On the other hand, B cell depletion during disease expansion
reduced the infiltration of encephalitogenic T cells within the
CNS and draining lymph nodes and inhibited MOG-specific T
cell expansion, dramatically reducing disease symptoms (100).
In experimental brain injury models, such as spinal cord lesions,
B cell deficient mice have shown improved locomotor function,
and reduced lesion pathology compared with wild-type mice that
had antibody producing B cells and IgGs in their CSF or injured
spinal cord (101, 102).

Taken together there is evidence for naturally occurring brain-
reactive antibodies that escape tolerance mechanisms prior to
stroke onset. Antibody titers and their presence are dramatically
increased in the first hours and days following stroke. This
would suggest a rapid augmentation of naturally occurring
autoantibodies upon encountering increased levels of brain
antigen. The delayed detection of autoantibodies and clusters of
B cells and T cells in brain lesions could indicate a stroke-related
generation of novel autoantibodies. There are conflicting results
regarding the detrimental or beneficial effects of brain-reactive
autoantibodies in the acute phase of stroke and further studies
are needed. Finally, regulatory B cells seem to be protective early
in stroke, while delayed detrimental effects have been shown for
B cells.

BRAIN TRAUMA

Traumatic brain injury (TBI) involves a primary injury
with multifocal damage to axons, glia, dendrites, and a
microvasculopathy with microbleeds, endothelial damage, and
breach of the blood brain barrier (BBB) (103, 104). Similar
to stroke, it is followed by a secondary injury involving
an inflammatory reaction with pro-and anti-inflammatory

cytokines, microglial activation, invasion of peripheral
neutrophils, lymphocytes and macrophages (105), damaging
levels of glutamate (106), and free radicals (107, 108).
Biomarkers that have been identified in human and
animal biofluids after TBI include, glial fibrillary acidic
protein (GFAP), myelin basic protein (MBP), neuron specific
enolase (NSE), glia calcium-binding protein S100B, ubiquitin
carboxyl hydrolase-like 1 (UCHLI1), all-spectrin fragments,
and neurofilament proteins (109-115). The release of these
brain proteins from injured cells into the bloodstream and
the aforementioned neuroinflammatory response can trigger an
autoimmune response with the generation of autoantibodies.

AUTOANTIBODIES IN TBI

The presence of long-term hypopituitarism after TBI, most
frequently growth hormone (GH) deficiency, has led researchers
to investigate anti-hypothalamus antibodies (AHA), and anti-
pituitary antibodies (APA), showing significant associations
between these antibodies and head trauma (116, 117). High titers
of APA and AHA in boxers were associated with hypopituitarism
even after 5 years following TBI (118). The pathophysiological
pathway of hypopituitarism and the role of autoimmunity in
changes of hormone levels remains to be investigated.

S100B is a calcium-binding protein, present in perivascular
astrocytes, but also in the CNS as an astrocyte-specific protein.
S100B increases in the CSF and serum in correlation to the
severity of traumatic brain injuries within the first hours to
days (115, 119, 120). In football players experiencing repetitive
sub-concussive head hits, increased levels of S100B could be
detected following individual games. Players with the most
significant elevations of S100B had the highest titer of serum
S100B autoantibodies at the end of a season. The level of S100B
autoantibodies predicted MRI abnormalities and correlated
with cognitive changes (121). S100B leakage into serum, could
therefore have contributed to the development of autoantibodies
after one season. MBP autoantibodies have been measured in
the CSF of patients with a strong correlation to the severity of
injury, which was measured by the Glasgow Coma Scale (GCS)
(122). GFAP is an intermediate filament protein, predominantly
found in the cytoskeleton of astrocytes. GFAP autoantibody levels
increased by 7 days after TBI in humans (123) and were also
found at a chronic time point 6 months post-injury (124). There
were also higher plasma autoantibody levels against GFAP in
patients with acute TBI and previous exposure to TBI compared
to those without a previous history of TBI (124). Serum levels
of autoantibodies against AMPA glutamate receptors (GluR1
subunit) and NMDA glutamate receptor (NR2A subunit) were
examined in the serum from 60 children (7-16 years) with
chronic posttraumatic headache at 6 and 12 months following
trauma. Antibody titers to AMPA and largely NMDA were
found to be higher when neurological symptoms persisted in
children, which according to the authors was suggestive of
hypoxic brain lesions, and evidence of hyperstimulation of
NMDA glutamate receptors with greater permeability of the
blood-brain-barrier (125).
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Taken together, elevated levels of brain-reactive
autoantibodies can also be found following clinical TBI, in
many cases correlating to the severity of injury and frequency of
head impacts. The presence of autoantibodies does not provide
evidence for an autoimmune disease. The pathogenic potential
of brain-reactive antibodies, that could enter the brain through a
compromised BBB remains to be explored.

ADAPTIVE IMMUNITY IN TBI

The specific role of neuroinflammation and autoantibodies in the
recovery and neuropathology of TBI patients remains unclear.
TBI induced neuropathology with accumulation of proteins such
as amyloid beta (AP) has been associated with an increased risk
of neurological diseases such as Alzheimer’s disease (AD) and
chronic traumatic encephalopathy (CTE) (126). The question
whether chronic neuroinflammation causes this neuropathology
or if it is a response to abnormal protein accumulation is not
understood (105). In a recent study, concussion in adolescence
was associated with an increased risk of multiple sclerosis
(127). Experimental evidence points to a link between injury
to the nervous system and myelin-antigen-specific T cells, that
have been shown to result in encephalomyelitis, if the genetic
predisposition of an autoimmune disease is present (128). In
one study reactive microglia were found in 28% of patients with
traumatic brain injury with survival of >1 years and were linked
to white matter degeneration and thinning of the corpus callosum
(129). In another study, microglial activation was associated with
more severe cognitive impairment years after trauma (130). Early
T cell infiltration, peaking as early as 3-24 h after experimental
TBI has been described in previous studies (131, 132). In another
experimental study intracerebral injection of ovalbumin led to
the infiltration and accumulation of ovalbumin-specific CD8+ T
cells at sites of the cognate antigen. Following TBI, these activated
antigen-specific CD8+ T cells were also attracted to sites of
traumatic injury. This process could not be reduced by blocking
CD154, which is presumed to be important for antigen-specific
T cell activation, pointing to a presumably antigen-independent
attraction to injury (133). In an experimental study of weight-
drop induced closed head injury, Ragl™/~ mice deficient of B
and T lymphocytes, showed no difference regarding neurological
and histological outcome and inflammatory mediators for up
to 7 days following injury, compared with wild-type mice
(134). In a similar study of weight-drop TBI, FTY720 was used
to significantly reduce the numbers of circulating and brain
infiltrating lymphocytes. There was no difference between BBB
integrity, lesion size or functional outcome at 24 up to 7 days
compared to untreated mice (135). This suggests that early T cell
recruitment, which would presumably be antigen-independent,
plays no role in early TBI up to 1 week. MBP autoreactive T
cells were found in 40% of 10 patients 10 days after TBI using
proliferation assays, but with no correlation to injury volume
or severity in one study (136). The role of lymphocytes in TBI
mediated inflammation and recovery, the question of antigen-
specificity and activation pathways, especially in chronic models
of TBI remain to be investigated.

ADAPTIVE IMMUNITY IN OTHER CNS
LESION MODELS

In others models of injury to the CNS, there is evidence for a
protective role of specific T cells. In optic nerve injury passively
transferred T cells have been shown to accumulate at the injury
site between 3 and 21 days irrespective of their antigen-specificity
(MBP vs. ovalbumin) (137). The transfer of T cells specific
to MBP to mice with optic nerve injury however promoted
recovery, while this effect could not be observed with activated
T cells to other non CNS-antigens (e.g., ovalbumin) (138). Mice
that were actively immunized with myelin associated peptides
such as MOG before injury to the optic nerve also had less
degeneration of retinal ganglion cells (139). Similarly inducing
tolerance to myelin proteins in neonates decreased the ability
to a protective T cell mediated immune response to injury of
myelinated axons in the CNS (140). Autoreactive T cells to
myelin proteins such as MBP have also been found significantly
proliferated in clinical and experimental spinal cord injury (SCI)
(141-144) together with increased levels of serum autoantibodies
against MAG and GM1 ganglioside in patients (145). In a model
of facial nerve injury an expansion of myelin-antigen-specific
T cells secreting IFN-y in cervical lymph nodes could be seen
after 8 days (146). The transfer of anti-MBP T cells or the
active immunization with MBP at the time and 1 week after
contusion in an experimental rat model of SCI in both cases
resulted in a significantly better functional outcome (147). In
contrast, endogenous MBP-reactive lymphocytes, activated by
experimental traumatic SCI contributed to tissue injury and
impaired functional recovery (148). In a model of MBP (63—
68) peptide induced EAE, encephalitogenic T cells using the
TCR-BV8S2™" had a much higher proinflammatory cytokine to
neurotrophin ratio than lymphoid cells bearing other TCRs. This
would suggest that neuroprotection could be mediated by other
non-MPB peptide-specific lymphoid cells (149, 150).

The question of the neuroprotective role of T cells and
their antigen-specific activation was further addressed in a study
with optic nerve crush injury and spinal cord injury. CD4+
T cells were activated independently of MHC II via damage-
associated molecular mediators from CNS tissue that induced a
population of neuroprotective IL-4 producing T cells. Recovery
was promoted via neuronal IL-4 receptors that potentiated
neurotrophin signaling (151). This suggests that antigen-
independent pathways also play a role in neuroprotection after
CNS injury. The question whether this protective mechanism
is later enhanced by an autoimmune T cell response or if T
cell infiltration could be increased through vaccination with an
appropriate CNS self-antigen remains to be explored (139).

Recently, it was shown, that autoantibodies directed against
different nervous system and systemic self-antigens, that
increased within 5 days of human SCI, were already present in
healthy subjects (152). Similar to stroke, this is an indication
of a rapid augmentation of pre-existing naturally occurring
autoantibodies. The role of autoreactive B cells has been
investigated in SCI-induced autoimmunity (101, 102, 153). SCI
induces B cell proliferation, activation, and differentiation into
IgG+ plasma cells. The formation of large B cell clusters
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expressing MHC II surrounded by CD3+ T cells and increased
IgG synthesis after SCI resembles lymphoid follicles with B cell
and T cell interactions (101). There is a delayed accumulation
of B cells in the CSF and injured spinal cord with large deposits
of antibody at sites of axon pathology and demyelination (102).
Injection of circulating IgG antibodies purified from SCI mice in
the spinal cord of uninjured animals causes consistent paralysis
and pathology and B cell deficient mice have smaller lesions and
better functional outcome after SCI (102).

CONCLUSION

Stroke and Traumatic Brain Injury (TBI) cause the release
of brain-derived antigens into the circulation. In stroke,
the detection of autoreactive T cells and the presence of
autoantibodies to brain antigens suggests the possibility of
autoimmunity. Inducing immune tolerance to brain antigens
prior to experimental stroke shows mostly beneficial effects.
Increased immunoreactivity to brain antigens and brain-reactive
antibodies is associated with mostly detrimental effects, but
some beneficial effects have also been shown. The early
immunoreactivity to brain-antigens and detection of elevated
levels of autoantibodies within hours to days after stroke onset,
suggests the expansion of naturally occurring autoantibodies and
pre-existing self-reactive T cells. The delayed presence of B cell
and T cell clusters in stroke lesions with antibody production
correlating to cognitive decline could be an indication of a
detrimental adaptive immune response. The proinflammatory
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Universidade de Fortaleza, Fortaleza, Brazil, ” Center of Health Sciences, Universidade Estadual do Ceara, Fortaleza, Brazil

Acute encephalitis is a debilitating neurological disorder associated with brain
inflammation and rapidly progressive encephalopathy. Autoimmune encephalitis (AE) is
increasingly recognized as one of the most frequent causes of encephalitis, however
signs of inflammation are not always present at the onset which may delay the
diagnosis. We retrospectively assessed patients with AE associated with antibodies
against neuronal surface diagnosed in reference centers in Northeast of Brazil between
2014 to 2017. CNS inflammatory markers were defined as altered CSF (pleocytosis >5
cells/mm?3) and/or any brain parenchymal MRI signal abnormality. Thirteen patients were
evaluated, anti-NMDAR was the most common antibody found (10/13, 77%), followed
by anti-LGI1 (2/13, 15%), and anti-AMPAR (1/13, 7%). Median time to diagnosis was
4 months (range 2-9 months). Among these 13 patients, 6 (46.1%) had inflammatory
markers and when compared to those who did not present signs of inflammation, there
were no significant differences regarding the age of onset, time to diagnosis and modified
Rankin scale score at the last visit. Most of the patients presented partial or complete
response to immunotherapy during follow-up. Our findings suggest that the presence of
inflammatory markers may not correlate with clinical presentation or prognosis in patients
with AE associated with antibodies against neuronal surface. Neurologists should be
aware to recognize clinical features of AE and promptly request antibody testing even
without evidence of inflammation in CSF or MRI studies.

Keywords: autoimmune encephalitis, Inflammatory biomarkers, neuronal surface antibody, NMDAR, LGI1,
AMPAR, low-income population
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AE and Inflammation: Brazilian Cohort

INTRODUCTION

Autoimmune encephalitis (AE) is increasingly recognized as
one of the most frequent causes of encephalitis (1, 2). The
identification of antibodies against neuronal surface antigens
as biomarkers of treatable neurological syndromes has changed
the approach to encephalitis and other inflammatory central
nervous system (CNS) disorders (1). The differential diagnosis
of AE may be complicated because signs of inflammation on
neuroimaging or cerebrospinal fluid (CSF) studies may be absent,
especially in patients over 60 years of age (3). This raises
the question of whether these findings would be replicated in
consecutive, unselected patients without age restriction. In Brazil
there is a small series of three patients reported with anti-
NMDAR antibodies in the city of Brasilia (4), and a study in
rapidly progressive dementia in which 10 cases of anti-NMDAR
encephalitis were reported in Sao Paulo (5). The aim of this study
was to characterize clinical features and outcome in a cohort
of consecutive patients with AE from a single city in Northeast
Brazil and to compare patients that presented or not findings
suggestive of active inflammation.

MATERIALS AND METHODS
Patients and Clinical Data

We retrospectively identified consecutive patients whose serum
or CSF samples tested positive for neuronal antibodies in the
city of Fortaleza, state of Ceard, northeast Brazil, from January
2014 to March 2017. This study was conducted in the main
neurological comprehensive care centers of our city (Hospital
Geral de Fortaleza, Walter Cantidio University Hospital and
Albert Sabin Children’s Hospital), covering a population of
almost 2.7 million. Thus, we believe that most patients diagnosed
with AE during this period were included in our cohort.

Blood and CSF samples analyses were performed at IDIBAPS,
Barcelona, with support from Dr. Josep Dalmau. All samples
were screened for reactivity using rat brain sections and then
through cell-based assay with HEK293 recombinantly expressing
N-methyl-D-aspartate receptor (NMDAR), leucine-rich glioma
inactivated-1 (LGI1), contactin-associated protein-like 2
(CASPR2), a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid receptor (AMPAR), gamma-aminobutyric acid (GABA)b
receptor or GABAa receptor as previously reported (6).

AE was defined by the presence of all three of the following
criteria: (1) subacute onset (rapid progression <3 months) of
working memory deficits (short-term memory loss), altered
mental status, or psychiatric symptoms; (2) at least one of the
following: new focal CNS findings, seizures not explained by a
previously known seizure disorder, CSF pleocytosis (white blood
cell count > 5 cells/mm?), or magnetic resonance imaging (MRI)
features suggestive of encephalitis; and (3) reasonable exclusion
of alternative causes (1). Exclusion criteria included syndromes
predominantly involving the spinal cord or peripheral nerve.

Electroencephalogram (EEG) monitoring was performed in
all patients. The following EEG variables were collected: presence
or absence of electrographic seizures; clinical or subclinical
seizures; diffuse slowing; focal slowing; rhythmic delta activity;

excessive beta activity; and presence of extreme delta brush. MRI
included T1-weighted, T2-weighted, fluid attenuated inversion
recovery (FLAIR), diffusion weighted imaging (DWI) and
gradient echo sequences. CNS inflammatory markers were
defined as altered CSF (pleocytosis > 5 cells/mm?) and/or
any brain MRI abnormality suggestive of encephalitis (mesial
temporal T2 hypersignal or lesions suggestive of demyelination).

The modified Rankin Scale (mRS) was used to assess disability
at onset, at the worst clinical status and at the last visit. A good
outcome was defined as mRS score of 0-2 at the last follow-up
and a poor outcome as mRS score > 2. Tumors were screened
for at the initial presentation and every 6 months with thoracic
and abdominal computed tomography and vaginal ultrasound or
ovarian MRI for ovarian teratomas.

Statistical Analyses

Categorical variables were described as absolute frequencies and
percentages, while numerical variables were described as medians
and ranges. Comparative analyses between patients with and
without inflammatory changes were performed using the Mann-
Whitney U test or 2-sample t-test as appropriate for continuous
variables, and Fisher’s exact test for categorical variables. Two-
tailed p-values of < 0.05 were considered statistically significant.
Statistical analyses were performed IBM-SPSS version 18.0 (IBM,
Armonk, NY, USA).

Ethical Approval

All patients gave their written consent for the storage and use
of clinical samples for research purposes and to be included in
this report. The study was approved by the local ethics committee
(number of approval: 2.652.778).

RESULTS

Demographic and Clinical Features

Among 13 patients identified, 9 (69%) were female and median
age was 17 years (range 4-75 years). Anti-NMDAR was the
most common antibody found (10/13, 77%), followed by anti-
LGI1 (2/13, 15%), and anti-AMPAR (1/13, 7%). Median time
to diagnosis was 4 months (range 2-9 months) Before an
AE was considered, patients received other diagnosis including
herpes simplex encephalitis, primary psychosis, and neuroleptic
malignant syndrome.

The most common initial presentation was encephalopathy
with memory loss and behavioral changes suggestive of AE seen
in 11/13 (84%): all 10 patients with anti-NMDAR and 1 patient
with anti-AMPAR. Psychiatric symptoms presented before
neurologic dysfunction in 4/13 patients. Dyskinesias, typically
orofacial, were present in 9/13 patients and hand dyskinesias in
5/13. Dystonia was seen in 3/13 patients. Faciobrachial dystonic
seizures (FBDS) followed by encephalopathy and memory loss
were present in both anti-LGI1 patients. Only one patient
with anti-NMDAR presented with refractory status epilepticus
followed by orofacial and hand dyskinesias, dystonia and
encephalopathy after resolution. Hyponatremia was present in
three patients, one with anti-AMPAR and in both with anti-
LGI1, and improved after immunotherapy. Regarding associated
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tumors, there was only one case of small cell lung carcinoma in
the patient with anti-AMPAR. Table 1 presents clinical features
of patients with AE.

Treatment and Outcomes

Treatment consisted in intravenous methylprednisolone alone
(3/13, 23%), methylprednisolone with immunoglobulin (9/13,
69%), or immunoglobulin alone (1/13, 7%). Most patients (8/13,
61%) responded to the first-line therapy. In three patients
with no significant improvement after 2 weeks, a second-line
therapy was done with rituximab, and in one patient combined
with cyclophosphamide. Patients were severely impaired at
initial presentation, with a median mRS score of 5 (range
4-5). Most showed significant improvement after treatment,
where 9/13 (69%) achieved a good outcome (mRS < 2).
Median follow up duration was 22 months (range 3-48).
Three patients had a mRS > 3 at the last visit, including one
patient with anti-NMDAR who died of central line associated
sepsis while receiving parenteral nutrition for a drug-induced
pancreatitis (immunoglobulin had been administered 2 weeks
earlier with neurological improvement). Maintenance treatment
was conducted at the decision of attending physicians. Most
patients received oral steroids for a variable period (median of
5 months). None received chronic immunosuppression. There
were no relapses during follow-up.

CNS Inflammatory Markers and EEG
Findings
Most patients had normal MRI (10/13, 77%). From those
with MRI abnormalities (3/13, 23%): two (both with
anti-NMDAR) had extralimbic findings with nonspecific
cortical hyperintensities; and one had bilateral hippocampal
hyperintensities compatible with limbic encephalitis and left
basal ganglia hypersignal (a case of anti-LGI1 with unilateral
FBDS). Follow up MRI scans were performed in two patients.
In one of the anti-LGI1 patients atrophy of right caudate and
putamen was observed after 1 year. In an anti-NMDAR patient
complete resolution of subcortical abnormalities and no atrophy
were observed after 8 months. CSF pleocytosis was seen in
less than a half of patients (5/13, 38.4%). None of the patients
had positive oligoclonal bands. All 13 patients showed EEG
abnormalities; they were mostly nonspecific slowing of baseline
activity (10/13, 77%). Two patients, both with anti-NMDAR,
showed an “extreme delta brush” pattern. One patient with anti-
NMDAR presented with status epilepticus. In both patients with
FBDS, there was no EEG correlation with abnormal movements.
Seven patients (53.8%) had no signs of inflammation on CSF
or MRI. No evidence of inflammation was seen in half of patients
with anti-NMDAR, in one patient with anti-LGI1 and in the only
patient with anti-AMPAR. A good outcome at the last visit was
seen in 83.3% of the patients with inflammatory changes and in
57.1% of those without these changes (p = 0.559). No significant
differences in age of onset, response to immunotherapy, time to
diagnosis and prognosis were observed between patients with
or without inflammatory markers. Table 2 shows a comparison
of clinical features between patients with AE with and without
inflammatory changes.

DISCUSSION

To the best of our knowledge, this is the largest cohort of
patients with AE reported in Brazil. The estimated incidence
rate was 0.16/100,000 person-years, five times lower than the
incidence of 0.8/100,000 found in a study in Minesotta (7). We
found a high frequency of normal MRI and CSF studies and our
findings suggest no correlation between inflammatory markers
and clinical presentation or prognosis. Some studies have found
evidence of association of CSF changes with a worse outcome
(8,9) and MRI changes, particularly cerebellar atrophy in follow-
up MRI (10), was negatively correlated with outcome. However,
a recent systematic review suggested that early CSF and MRI
abnormalities did not demonstrate a strong relationship with
patient outcomes (11).

Major diagnostic criteria of encephalitis (of any cause)
include the presentation of decreased level of consciousness,
neuroimaging findings suggestive of inflammation, and CSF
pleocytosis (12). Yet, a recent study applied the newly proposed
AE diagnostic criteria to patients over 60 years of age. The authors
confirmed these criteria are appropriate to identify patients with
possible AE in the absence of evidence of CNS inflammation (3).

The most common antibody found in our study was anti-
NMDAR, as reported in other series of AE patients (13). A
recent study of 29 cases of anti-NMDAR encephalitis reported
an absence of inflammatory markers in CSF in almost 50% of
patients, and a delayed time to diagnosis in these cases (14).
In our study, time to diagnosis was similar in anti-NMDAR
encephalitis patients regardless of their inflammatory status.

NMDAR antibodies bind to an extracellular conformational
epitope region close to the amino acid 369 of the GluN1 NMDAR
subunit and reduce the receptor density leading to a reversible
direct neuronal dysfunction (6, 15). Other autoantibodies may
act through different mechanisms. GABAD receptor antibodies
relocate the receptor to extrasynaptic sites; AMPAR antibodies
reduce the receptor density at synaptic and extrasynaptic sites
along with a reduction in miniature excitatory postsynaptic
potentials; and LGI1-antibodies block the binding of LGII to
ADAM?22, resulting in a decrease of AMPAR (15-18). The
pathogenesis of AE is probably more related to direct neuronal
dysfunction caused by these antibodies than to inflammatory
infiltrates or blood-brain barrier abnormalities (19). This could
possibly explain why there are no signs of CNS inflammation
on CSF or MRI in many cases. In both LGI1- and CASPR2-
associated CNS syndromes, these antibodies are of IgG4 subclass,
which do not fix complement, and the CSF is normal in most
patients (20, 21).

Possible triggers for autoimmune response are under
investigation. Ectopic expression of NMDAR in ovarian
teratomas, for instance, is thought to trigger autoimmune
response in paraneoplastic anti-NMDAR encephalitis (22).
Recent literature strengthen the hypothesis of an infectious
trigger based on the presence of a viral prodrome in the
majority of non-paraneoplastic anti-NMDAR encephalitis,
the development of NMDAR antibodies in 20% of patients
after herpes simplex encephalitis and detection of past non-
encephalitic herpes simplex virus 1 (HSV-1) infection in nearly
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TABLE 2 | Comparison between patients with autoimmune encephalitis with and
without markers of inflammation in brain MRI and CSF.

Variables Without With P
inflammation inflammation
(n=7) (n=6)

Age, median (range) 16 (4-73) 24.5 (16-75) 0.197
Female, n (%) 85.7% 50% 0.265
Diagnostic delay, median, months 4.0 3.5 0.371
Clincal Syndrome At Presentation

Possible encephalitis? 6 (85.7%) 5 (83.3%) 0.906

FBDS 1(14.3%) 1(16.7%) 0.906
Hyponatremia, n (%) 2 (28.6%) 1(16.7%) 0.612
mRS at last visit, median 0 0.5 0.641
Status At Last Visit

mRS 0-2, n (%) 4 (57.1%) 5 (83.3%) 0.559

mRS 3-6, n (%) 3(28.6%) 1(16.7%)

FBDS, faciobrachial dystonic seizures; mRS, modified Rankin score. @According to the
criteria of Graus et al. (1).

half of the patients with anti-NMDAR encephalitis vs. less than
a quarter of the controls (23, 24). Studies in animal models
also demonstrate that exposure to HSV-1 can elicit production
of NMDAR antibodies as well as reduction of expression
of these receptors in the hippocampus of mice exposed to
serum of patients with anti-NMDAR encephalitis (25). Some
cases of anti-NMDAR encephalitis following mycoplasma,
Epstein-Barr, varicella zoster, or influenza infections have also
been reported (26-28). Molecular mimicry and dysregulation
of immunoregulatory pathways are some of the mechanisms
proposed for the link between infections and induction of
CNS autoimmunity (16). It is possible that other infectious
agents, including zika and chikungunya viruses, which had high
incidence rates in Northeast Brazil during the period of this
study, might also act as activators of CNS immune response.

Concerning anti-LGI1 encephalitis, we observed a good
response to initial treatment in the patient with normal MRI,
while the one with T2 hyperintensities in putamen and caudate
had a poorer response to first-line therapy with only slight
improvement of FBDS and required additional therapy with
rituximab. It has been suggested that these signal abnormalities
are more common in the presence of FBDS and are related to
time since disease onset, with T2 hypersignal disappearing with
disease progression (29). Whether this could be related to disease
severity is still not clear (30, 31).

In our cohort, only two patients had follow-up imaging for
analysis. In both cases, associated with anti-LGI1 and anti-
NMDAR, no hippocampal atrophy was observed as previously
reported (32). In the follow-up image of the anti-LGIl
encephalitis, caudate and putamen atrophy was observed, and
this patient presented a higher frequency and duration of FBDS.
This has also been noticed in other series and raises the question
about the nature of these events, suggesting that involvement of
the basal nuclei causes the stereotyped movements and that they
are ultimately a movement disorder rather than a seizure (32, 33).

The importance of testing new onset refractory status
epilepticus (NORSE) patients for neuronal surface antibodies
has been previously discussed, as many of these cases might
have an autoimmune etiology (34). In our cohort, one patient
with intellectual disability and stable epilepsy deteriorated and
developed prolonged seizures progressing to status epilepticus,
behavior changes, and hand dyskinesias (piano playing) and was
then diagnosed as anti-NMDAR encephalitis. Testing patients
with severe worsening of a previous epilepsy disorder without
an obvious cause for deterioration may be warranted in
some settings.

The lack of difference between patients with and without
inflammatory changes in our study might be due to the small
sample size, heterogeneity and lack of representativeness, since
cases with only three antibodies types were included with most of
the cases being anti-NMDAR. However, we believe this cohort is
closer to a “real-world” scenario, as our centers are not specialized
in autoimmune encephalopathies and we analyzed all patients
who tested positive for neuronal antibodies.

The present study was the first to provide an estimate of
incidence of AE in a developing country, where access to
MRI and EEG is very limited and antibody testing is not
available commercially. Our findings reinforce the importance of
previously reported diagnostic clues like FBDS and a syndrome
suggestive of anti-NMDAR encephalitis for diagnosis, as well
as the sensitivity of Graus criteria for possible autoimmune
encephalitis, allowing for early initiation of immunotherapy
before antibody results are available. We also report on a good
outcome despite many challenges to diagnosis and treatment in
underdeveloped parts of the world.
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Maternal Antibody and ASD: Clinical
Data and Animal Models

Adriana Gata-Garcia™? and Betty Diamond ™

" Center for Autoimmune, Musculoskeletal and Hematopoietic Diseases, The Feinstein Institute for Medical Research,
Manhasset, NY, United States, 2 Donald and Barbara Zucker School of Medicine at Hofstra/Northwell, Hempstead, NY,
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Over the past several decades there has been an increasing interest in the role
of environmental factors in the etiology of neuropsychiatric and neurodevelopmental
disorders. Epidemiologic studies have shifted from an exclusive focus on the identification
of genetic risk alleles for such disorders to recognizing and understanding the
contribution of xenobiotic exposures, infections, and the maternal immune system during
the prenatal and early post-natal periods. In this review we discuss the growing literature
regarding the effects of maternal brain-reactive antibodies on fetal brain development
and their contribution to the development of neuropsychiatric and neurodevelopmental
disorders. Autoimmune diseases primarily affect women and are more prevalent in
mothers of children with neurodevelopmental disorders. For example, mothers of children
with Autism Spectrum Disorder (ASD) are significantly more likely to have an autoimmune
disease than women of neurotypically developing children. Moreover, they are four to
five times more likely to harbor brain-reactive antibodies than unselected women of
childbearing age. Many of these women exhibit no apparent clinical consequence of
harboring these antibodies, presumably because the antibodies never access brain
tissue. Nevertheless, these maternal brain-reactive antibodies can access the fetal brain,
and some may be capable of altering brain development when present during pregnancy.
Several animal models have provided evidence that in utero exposure to maternal
brain-reactive antibodies can permanently alter brain anatomy and cause persistent
behavioral or cognitive phenotypes. Although this evidence supports a contribution
of maternal brain-reactive antibodies to neurodevelopmental disorders, an interplay
between antibodies, genetics, and other environmental factors is likely to determine the
specific neurodevelopmental phenotypes and their severity. Additional modulating factors
likely also include the microbiome, sex chromosomes, and gonadal hormones. These
interactions may help to explain the sex-bias observed in neurodevelopmental disorders.
Studies on this topic provide a unique opportunity to learn how to identify and protect at
risk pregnancies while also deciphering critical pathways in neurodevelopment.

Keywords: brain-reactive antibodies, autism spectrum disorder, neurodevelopmental disorders, sex bias, gonadal
hormones, sex chromosomes, microbiome
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INTRODUCTION

The increasing evidence of an immune mediated pathogenesis
for neuropsychiatric and neurodevelopmental disorders has
shifted the focus of epidemiologic studies to include the
contribution of cytokines and brain-reactive antibodies. The
brain was originally thought to be an immune privileged
organ due to the presence of the blood brain barrier (BBB),
a structure composed of endothelial cells knit together by
tight junctions and supported by astrocytic endfeet (1). We
now know that even though the BBB isolates the central
nervous system (CNS) from factors in the blood, it is a
dynamic semipermeable structure. Immune molecules including
antibodies can access the CNS during both physiologic and
pathologic states. Even though antibodies cannot cross the
BBB and access brain tissue in healthy adults, these molecules
may cross the BBB during in utero development when the
BBB is immature and more permeable (2). Alternatively,
antibodies can penetrate the adult brain when there is a BBB
breach as occurs during inflammation (3-6) or at sites of
limited BBB protection such as the choroid plexus. Factors
affecting BBB integrity include: trauma, ischemia, stress, aging,
antibodies, and specific agonists of endothelial cell receptors,
such as cytokines, complement, and antibodies themselves (7-
12). Once in the CNS, antibodies can lead to pathology if they
recognize antigens expressed in the brain or spinal cord. In
this review we discuss how maternal brain-reactive antibodies
affect fetal brain development, contributing to the risk of
neuropsychiatric and neurodevelopmental disorders. We focus
on antibodies implicated in Autism Spectrum Disorder (ASD)
and propose a role for the microbiome, sex chromosomes
and gonadal hormones in determining the susceptibility to
the effects of maternal antibody and the development of
neurodevelopmental disorders.

Abbreviations: ASD, Autism Spectrum Disorder; BBB, Blood Brain Barrier;
CNS, Central Nervous System; AD, Autoimmune disease; SLE, Systemic Lupus
Erythematosus; NMO, Neuromyelitis Optica; LPS, lipopolysaccharide; NSPA,
neuronal surface P antigen; NMDAR, N-methyl-D-aspartate receptors; DNRAb,
SLE anti-DNA antibodies that cross-react with N-methyl-D-aspartate receptors;
FcRn, neonatal Fc receptor; ADHD, Attention Deficit and Hyperactivity Disorders;
DSM-V, Diagnostic and Statistical Manual of Mental Disorders Fifth Edition;
ND, neurodevelopmental and neuropsychiatric disorders; NT, neurotypically
developing; PPD, Pervasive Developmental Disorders; LD, Learning disabilities;
TS, Tourette Syndrome; RA, rheumatoid arthritis; TPOAbs, Thyroid peroxidase
antibodies; Abs, antibodies; P, post-natal day; IHC, Immunohistochemistry; NB,
Nueroblastoma; WB, Western blot; LDH-A, lactate dehydrogenase A; LDH-
B, lactate dehydrogenase B;YBX1, Y-box bonding protein 1; STIPI, stress-
induced phosphoprotein 1; CRMPI1, collapsing response mediator protein 1;
CRMP2, collapsing response mediator protein 2; GDA, guanine deaminase; MSEL,
Mullen Scales of Early Learning; VABS, Vineland Adaptive Behavioral Scales;
ABC, Aberrant Behavioral Checklist; SVZ, subventricular zone; USVs, ultrasonic
vocalizations; CNTNAP2, Contactin Associated Protein-Like 2; HEK, Human
embryonic kidney cells; tGFP, turbo Green fluorescent protein; KO, Knockout;
CDEFE, cortical dysplasia-focal epilepsy; E, embryonic day; IV, intravenous; IP,
intraperitoneal; SGZ, subgranular zone; VZ, ventricular zone; FCG, Four Core
Genotype; Sry, testes determining gene; Y, Y chromosome with deleted Sry;
TgSry, Sry transgene; GI, gastrointestinal; MIA, Maternal Immune Activation; SFB,
Segmented filamentous bacteria.

BRAIN-REACTIVE ANTIBODIES

Antibodies that recognize CNS antigens are primarily detected
in three settings: autoimmune disease (AD), paraneoplastic
syndromes, and infectious diseases (13). Individuals with AD
in which B cell tolerance is impaired can harbor brain-
reactive antibodies with the development of neurological
and neuropsychiatric disorders as seen in Systemic Lupus
Erythematosus (SLE) (5, 14-20), celiac disease (21, 22), and
Neuromyelitis Optica (NMO) (23-26). Due to the fact that
the BBB sequesters brain antigen from the immune system,
these brain-reactive antibodies may be produced against non-
CNS antigens, but cross-react with structurally similar epitopes
in the CNS. In paraneoplastic syndromes brain cross-reactive
antibodies can result from an immune response to tumor
antigens that are routinely expressed by brain cells but only by
non-brain cells under pathologic states. These antibodies can
trigger neurologic symptoms (27), a phenomenon that has been
described in breast cancer (28, 29), testicular tumors (28), small-
cell lung cancer (28, 30), ovarian teratoma (31, 32), and more
(33-36). Finally, exposure to microbial antigens can stimulate
the production of antibodies that cross-react with CNS antigens,
a process known as molecular mimicry. Infection with HTLV-1
(37, 38), Trypanosoma brucei (39-41), and group A B-hemolytic
streptococcus (42-47) has been shown to produce antibodies that
cross-react with brain antigens and cause neurologic disorders.

The potential for pathology to arise from brain-reactive
antibodies accessing the brain parenchyma depends on multiple
factors. Vulnerability to the brain-reactive antibodies requires
that the anti-brain antibody be present in the CNS at a time
when the antigen is expressed. Furthermore, when a BBB breach
is necessary for the antibody to penetrate the brain parenchyma,
the nature of the BBB insult will restrict access to specific regions
of the brain, determining whether the antibody will encounter its
cognate antigen. For instance, lipopolysaccharide (LPS) causes a
BBB breach in the hippocampus in mice (5) while epinephrine
results in a BBB breach in the amygdala (4). Additionally, genetic
variants and differences in protein expression between males
and females (48-50) may also influence brain vulnerability to
immune assault.

The symptoms and deficits observed in disorders caused
by brain-reactive antibodies are dependent on the antigen
recognized and its distribution in the brain. For example,
antibodies to ribosomal P protein (anti-P antibodies) present in
SLE patients cross-react with a brain antigen termed neuronal
surface P antigen (NSPA) (19). While these antibodies bind
to several regions of the mouse brain, when injected into the
lateral cerebral ventricles they lead to smell alterations (51)
and depression-like behavior (52), implicating the piriform
cortex, the cingulate cortex, and the hippocampus. Furthermore,
upon LPS-induced BBB breach, which enables access to the
hippocampus, these antibodies cause memory impairment in
mice (15). SLE anti-DNA antibodies that cross-react with N-
methyl-D-aspartate receptors (NMDAR) termed DNRAbD cause
cognitive impairment (5) and an abnormal stress response
(4) in mice, consistent with the function of NMDARs in the
hippocampus and the amygdala, respectively. While NMDARs
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are expressed in both the hippocampus and the amygdala, the
regional selectivity of symptoms observed in the mouse models
is determined by the agent used to compromise BBB integrity;
cognitive impairment is seen only when LPS damages BBB
integrity in the hippocampus while the abnormal stress response
is seen with exposure to epinephrine and antibody penetration of
the amygdala. This example highlights the importance of antigen
distribution and the region of BBB breach.

MATERNAL BRAIN-REACTIVE
ANTIBODIES AND FETAL
BRAIN DEVELOPMENT

Brain-reactive antibodies have the potential to alter brain
development in utero (53), resulting in damage that can
be persistent (54) and lead to neurodevelopmental and
neuropsychiatric disorders in the offspring. It has been proposed
that AD-related impaired B cell tolerance in women can lead
to the production of these antibodies. Indeed, ADs are more
prevalent in mothers of children with neurodevelopmental and
neuropsychiatric disorders including ASD (Table1). A study
by our group showed that mothers of children with ASD
who had brain-reactive antibodies were significantly more likely
to harbor anti-nuclear antibodies (53%) than those lacking
brain-reactive antibodies (anti-nuclear antibody 13.4%)
and unselected women of child-bearing age (anti-nuclear
antibody = 15%), suggesting a maternal predisposition to
producing auto-antibodies. We also observed a significantly
greater prevalence of AD in mothers of children with ASD
who were also positive for brain-reactive antibodies [rheumatoid
arthritis (RA) = 3.86%; SLE = 2.22%] compared to those lacking
brain-reactive antibodies (RA = 1.45%; SLE = 0.16%) (67).

The BBB is immature during fetal development, presenting
a uniquely vulnerable temporal window when antibodies can
enter the CNS (2) while critical neurodevelopmental events
are taking place. The antibodies that access the fetal brain are
produced by the mother and are transported by the neonatal
Fc receptor (FcRn) across the placenta into fetal circulation
starting on week 13 of human gestation (68-70). Once maternal
brain-reactive antibodies access the fetal circulation they may
result in pathology if the timing of antigen expression also
coincides with the period when the fetal BBB is permeable to IgG.
Presence of maternal brain-reactive antibodies during pregnancy
alone is, therefore, not enough to result in pathology, perhaps
contributing to the fact that some mothers of neurotypically
developing (NT) children also have anti-brain antibodies.

When assessing the potential for maternal brain-reactive
antibodies to cause neurodevelopmental disorders we must also
be mindful that the women harboring these antibodies will
not necessarily present with neurological deficits resulting from
antibody exposure as their BBB is likely to be intact or the
impact of the antibody may be developmentally determined.
Moreover, the deficits caused by in utero antibody exposure may
be transient or long-lasting, and consequently, not all children
born to mothers with brain-reactive antibodies will present post-
natally with detectable symptoms. Transient insults may be

compensated for by plasticity mechanisms in the brain during
gestation or post-natally. Furthermore, it is possible for deficits
to be present only while the pathogenic antibody has access to the
brain parenchyma, which is limited after birth by the maturation
of the BBB (2) and the disappearance of maternal antibodies in
the circulation of newborn infants (71). Lastly, symptomatology
from the neurodevelopmental effects of maternal brain-reactive
antibodies may appear later in life or may become apparent only
if other stressors are present (72).

MATERNAL BRAIN-REACTIVE

ANTIBODIES AND ASD
ASD are a group of neurodevelopmental conditions
characterized by impaired communication and social

interactions, repetitive behaviors, and restricted interests or
activities (DSM-V) (73). They are four times more likely to be
diagnosed in males compared to females. Both prevalence and
incidence of ASD are increasing, with a current estimate of 1
in 59 children being affected (74). The etiology of ASD is not
completely understood; hundreds of genes have been associated
with ASD (75, 76) but these account for just 10-20% of the
diagnosed cases (77). Furthermore, twin studies indicate that
only 37% of the susceptibility to ASD is due to genetic heritability
(78). These data suggest that environmental factors also play
an important role in determining the susceptibility to ASD.
Maternal brain-reactive antibodies present in utero represent
a potential environmental risk factor for ASD. Several groups
have identified brain-reactive antibodies in mothers of children
with ASD which are either absent or found at lower frequency
in mothers of unaffected children (Table 2). Dalton et al. (79)
showed that, when injected into pregnant mice, brain-reactive
serum from a mother of a child with autism and a child with
severe specific language disorder led to decreased exploration,
deficient motor coordination, and altered cerebellar metabolites
in the offspring compared to the offspring of mice given sera
from mothers of NT children. In a study in which blood samples
were collected mid-pregnancy, Croen et al. (80) suggested a
direct pathogenic role for the antibodies. A significantly higher
prevalence of reactivity to proteins from brain lysates of 39
and 73 kDa was detected in mothers of children with ASD
compared to the general population control group. Moreover,
this pattern of reactivity was seen in mothers of children with
early onset ASD.

Some of these maternal brain-reactive antibodies have been
found to have antigenic specificity for proteins with potential
neurodevelopmental roles including: lactate dehydrogenase A
and B (LDH-A, LDH-B) (37 kDa band), Y-box bonding protein
1 (YBX1) (39 kDa band), stress-induced phosphoprotein 1
(STIP1) (upper 73 kDa band), collapsing response mediator
protein 1 and 2 (CRMP1, CRMP2) (lower 70 kDa band), and
guanine deaminase (GDA) (44 kDa band) (83, 84). Maternal
reactivity to LDH alone or in combination with reactivity to
CRMP1/CRMP2/STIP1 has been associated with a greater risk of
ASD. Reactivity to LDH, STIP1, and CRMP1 together (the 37 and
73 kDa combined bands) was the most specific pattern for ASD
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TABLE 1 | Family history of autoimmune diseases and increased risk of neurodevelopmental/neuropsychiatric disorders.

Associations with autoimmune
disease (AD)

Prevalence/incidence of

Family history of AD

Neurodevelopmental/neuropsychiatric
disorders (ND)

AD offspring

Control offspring ND NT

ND sex bias References

linked to AD

Developmental
problems

Maternal SLE

Hyperactivity = 13.1%
Attention

problems = 15.7%
Reading difficulties
=21.6%

Hyperactivity = 1.3%
Attention

problems = 6%
Reading difficulties
=9.3%

Male bias (55)

Learning
Disabilities (LD)

Increased risk of LD and maternal
anti-Ro/La Abs [OR = 5.74 (95%
Cl, 1.39-23.74)] and SLE disease
flares [OR = 9.43 (95% Cl,
1.32-67.24)] during pregnancy

26%

7%

Male bias (56)

Maternal SLE and increased risk
of impairments in learning and
memory [OR = 3.45, 95% Cl of
OR (1.25,9.09), P = 0.02]

54.9%

30.4%

(57)

Tourette Syndrome

(TS)

Maternal AD and increased
incidence of TS [IRR = 1.22 (95%
Cl, 1.01-1.48)]

2.25 per 10,000 person
years

1.86 per 10,000 person
years

Male bias (58)

PDD

1st degree relative with a history
of AD

Family history of

Hashimoto’s thyroiditis and
rheumatic fever

30.7% 11.9%

ADHD

Elevated maternal TPOAbs during
pregnancy and increased risk of
ADHD [OR = 1.77 (95% Cl,
1.16-2.72)

(60)

ASD

Maternal RA and increased
incidence of ASD [IRR = 1.70
(95% Cl, 1.07-2.54)]

Maternal celiac disease and
increased incidence of ASD

[IRR =2.97 (95% ClI, 1.27-5.75]
Family history of type 1 diabetes
and increased incidence of ASD
[IRR=1.78 (95% ClI, 1.16-2.61)]

©1)

AD in 1st degree relative and
increased risk of ASD [OR 6.0]
Maternal AD and increased risk of
ASD [OR = 8.8]

1st degree
relative
AD = 21%
Maternal
AD = 16%
RA = 46%

relative

AD = 4%
Maternal
AD = 2%

1st degree

RA = 26%

©2)

Maternal psoriasis and increased
risk of ASD [OR = 2.7 (95%
confidence interval, 1.3-5.8)]

Psoriasis
=27%

Psoriasis = 1.0%

(63)

Family history of AD and
increased risk of ASD [OR = 6,
95% Cl, 2.5-14.1)]

AD = 40%

AD = 10%

Family history
AD = 45%

Family history
AD = 10%

(65)

Maternal SLE and increased risk
of ASD [OR = 2.19 (95% ClI
1.09-4.39)]

1.4%

0.6%

(66)

AD, autoimmune disease; ND, Neurodevelopmental/neuropsychiatric disorders; NT, Neurotypical development; SLE, Systemic lupus erythematosus; LD, learning disabilities; Abs,
antibodies; TS, Tourette Syndrome; PDD, Pervasive Developmental Disorders; ADHD, Attention deficit/hyperactivity disorder; TPOAbs, thyroid peroxidase antibodies; ASD, Autism
Spectrum Disorder; RA, Rheumatoid arthritis.
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TABLE 2 | Maternal brain-reactive antibodies linked to ASD.

Target Reactivity Phenotypic associations in humans References
Cerebellar Purkinje cells and Adult rat and P1 mouse brains by IHC Serum obtained from a mother of a child with ASDanda  (79)
brainstem neurons Binding to NB-1 cells (cells derived from a child with a language disorder
human neuroblastoma)
LDH-A, LDH-B 37 kDa band on WB using human and rhesus ASD with behavioral regression (81-86)
macaque fetal brain proteins Within individuals with ASD,

1. Abnormal sleep/wake cycle

2. Deficits in verbal and non-verbal language acquisition

3. Increased stereotypical behaviors on the ABC
STIP1 (target for upper band 73 kDa band on WB using human and rhesus (82-86)
CRMP1, CRMP2 (target for macaque fetal brain proteins Within individuals with ASD,
lower band) 1. Verbal language deficits

2. Delayed onset of social smile
LDH reactivity in combination 37/73 kDa band combination on WB using 1. Pattern only observed in mothers of children with ASD (81-83, 85-87)
with STIP1 or STIP1/CRMP1 human and rhesus macaque fetal brain proteins 2. ASD with behavioral regression

3. Greater total cerebral volume

Within individuals with ASD,

4. Lower score for expressive language measured by

MSEL

5. Increased stereotypical behaviors on the ABC

YBX1 39 kDa band on WB using human and rhesus Early onset ASD (80, 82-86)

macaque fetal brain proteins

YBX1 reactivity in combination
with STIP1 or STIP1/CRMP1

39 kDa/73 kDa band combination on WB using
human and rhesus macaque fetal brain proteins

1. Early onset ASD

2. Decreased motor skills scores measured with VABS

3. Increased irritability on the ABC compared to children
with ASD born to mothers without these reactivities

(80, 82, 83, 85, 86)

Cypin or GDA 44 kDa band on WB using rhesus macaque (83, 84)
fetal brain proteins

Not identified 36 kDa/39 kDa band combination on WB with ASD with developmental regression. (88)
human fetal and rat embryonic brain proteins

Not identified Low molecular weight bands (~20-25 kDa) (89)
High molecular weight band (larger than 250
kDa) on WB using fetal rat brain proteins

Yo Immunoblot with recombinant protein (90)

Amphiphysin Immunoblot with recombinant protein (90)

Caspr2 Isolation and cloning of single human memory 91)

antigen-specific B cells

Live cell-based assay using HEK-293 cells
expressing tGFP-Caspr2

Binding to adult wild type but not to adult
CNTNAP2 KO mouse brain by IHC

B, ponstnatal day; IHC, Immunohistochemistry; NB, neuroblastoma; ASD, Autism Spectrum Disorder; WB, Western blot; LDH-A, lactate dehydrogenase A; LDH-B, lactate dehydrogenase
B; STIP1, stress-induced phosphoprotein 1; CRMP1, CRMP2, collapsing response mediator protein 1 and 2; MSEL, Mullen Scales of Early Learning; NT, Neurotypical development;
YBX1, Y-box bonding protein 1; VABS, Vineland Adaptive Behavioral Scales; ABC, Aberrant Behavioral Checklist; GDA, Guanine deaminase; HEK, Human Embryonic Kidney cells; tGFR,
Turbo green fluorescent protein; Caspr2, Contactin-associated protein-like 2; CNTNAP2, Contactin-associated protein-like 2 gene; KO, Knockout.

as it was detected in mothers of children with ASD but not in
mothers of NT children (81, 83). Furthermore, presence of this
antibody combination was associated with an increased risk of
behavioral regression in ASD (81) and impairments in expressive

language (82).

Animal studies have shown that exposure to maternal
brain-reactive antibodies in utero can permanently alter the
brain during development and cause sustained behavioral and
cognitive deficits akin to those observed in ASD (Table 3).
Martinez-Cerdeio et al. (96) and Ariza et al. (97) used a single
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TABLE 3 | Animal studies demonstrating that in utero exposure to maternal brain-reactive antibodies can permanently alter the brain, leading to behavioral and cognitive

deficits.
Target Animal model Characteristics References
Cerebellar Purkinje cells Passive transfer: daily maternal serum injections into Decreased exploration (79)
and brainstem neurons pregnant mice from E10 to E17 Altered motor coordination
Cerebellar metabolite abnormalities.
Unknown Passive transfer: IV injections of pooled maternal IgG to Hyperactivity (92)
pregnant rhesus macaque on gestation days 27, 41 and Increased stereotypies
55
LDH/STIP1/CRMP1 Passive transfer: single IV injection of purified maternal Delayed pre-weaning motor and sensory development. (93)
(antigens of molecular IgG into pregnant mice on E12 Increased number of USVs on P8
weights 37 and 73 kDa) Males had a longer total USV duration on P8
Increased anxiety-like behaviors in males
Slightly shorter social interaction in males
Passive transfer: IV maternal IgG injection into rhesus Aberrant social behaviors (94)
macaque throughout pregnancy Enlarged brain volume due to increases in white matter in
male offspring.
Single intraventricular maternal IgG injection into E14 Increased repetitive behaviors measured as digging in the marble (95)
mouse embryos test and grooming
Impaired social interactions
Single intraventricular maternal IgG injection into E14 or Greater number of proliferating stem cells in the SVZ of the (96)
E16 mouse embryos neocortex and ganglionic eminence
Increased adult brain size and weight
Increased adult cortical neuron some volume
Single intraventricular maternal IgG injection into E14 Decreased basal dendritic arborization in layer V pyramidal 97)
mouse embryos neurons of the frontal cortex
Reduced the dendritic spine number and density in several
brain regions
Endogenous production: female mice were immunized Impaired social interactions (98)
prior to pregnancy with antigenic peptides recognized Impaired social communication measured by USVs neonatally and
by anti- LDH/STIP1/CRMP1 antibodies. as adults.
Increased repetitive behaviors measured as grooming
Unknown Passive transfer: daily IP injections of pooled maternal Hyperactivity (99)
IgG to pregnant mice from E13 to E18. Increased anxiety
Impaired social interactions
Increased IL-12 levels on E16 and microglia activation on E18
fetal brains.
Passive transfer: daily IP injections of pooled maternal Greater cell proliferation in the SVZ and SGZ post-natally. (100)
1gG to pregnant mice from E13 to E18. Decreased cortical cell survival post-natally.
Caspr2 Passive transfer: single IV injection of anti-Caspr2 IgG to Male fetuses: 91)
pregnant mice on E13.5 1. Thinner cortical plate
2. Fewer proliferating cells in the VZ
3. Reduced number of neurons in the entorhinal cortex
Adult males:
1. Decreased number of GABAergic neurons in the hippocampus
2. Decreased dendritic arborization and spine density in CA1
pyramidal neurons
3. Increased stereotypic behaviors: increased digging measured
as digging in the marble test
4. Impaired flexible learning
5. Impaired social interactions
DNA and NMDAR Endogenous production: female mice were immunized Fetuses: (101)
prior to pregnancy with a peptide mimetope of DNA. 1. Increased cortical cell death and proliferation
Passive transfer: single IV injection of NMDAR reactive 2. Thinner cortical plate
IgG on E14 to pregnant mice Adults:
1. Decreased cortical neuron size
2. Decreased cortical volume
3. Cognitive impairments in males
Endogenous production: female mice were immunized Increased female fetal death rate (102)

prior to pregnancy with a peptide mimetope of DNA.

E, Embryonic day; IV, intravenous; LDH, lactate dehydrogenase; STIP1, stress-induced phosphoprotein 1; CRMP, collapsing response mediator protein 1; SVZ, subventricular
zone; USVs, ultrasonic vocalizations; F, ponstnatal day; IF, intraperitoneal; SGZ, subgranular zone; Caspr2, Contactin-associated protein-like 2; VZ, ventricular zone; NMDAR,
N-Methyl-D-aspartate receptor.
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intraventricular embryonic injection model to assess the effects
of brain-reactive antibodies recognizing LDH/STIP1/CRMP1
(antigens of molecular weights 37 and 73 kDa) on fetal brain
development. These antibodies stimulated the proliferation of
stem cells in the subventricular zone (SVZ) of the neocortex
and ganglionic eminence, increased adult brain size and
weight, and enlarged adult cortical neuron volume (96).
Additionally, anti-LDH/STIP1/CRMP1 antibodies decreased
basal dendritic arborization in layer V neurons of the
frontal cortex and reduced the dendritic spine number and
density in several brain regions (97). Complementing these
studies, mice exposed in utero to maternal brain-reactive
antibodies recognizing LDH/STIP1/CRMP1 showed ASD-like
characteristics including increased anxiety-like behaviors (93),
impaired social interactions (95), longer bouts of spontaneous
grooming (95), increased digging (95), and delayed motor and
sensory development (93).

A limitation of these animal studies is the timing of exposure
to the maternal brain-reactive antibodies. Maternal brain-
reactive antibodies associated with ASD in humans are likely
to be present throughout the pregnancy. These studies did
not simulate these conditions; they used a single injection into
the pregnant mice at mid-gestation or a single intraventricular
injection into the embryos. To address this, Jones et al. (98)
completed a study in which female mice were immunized
prior to pregnancy with antigenic peptides recognized by anti-
LDH/STIP1/CRMP1 antibodies. The offspring mice exposed
to endogenous maternal anti-LDH/STIP1/CRMP1 antibodies
displayed fewer social interactions as juveniles and adults,
increased repetitive behaviors/stereotypies assessed through the
number and length of grooming bouts, and impaired social
communication measured by ultrasonic vocalizations (USVs)
neonatally and as adults.

In other studies identifying pathologic maternal brain-
reactive antibodies, Singer et al. (88) found that, compared
to mothers of NT children, mothers of children with ASD
have a significantly higher prevalence of antibodies reactive
to a 36 kDa protein present in rat embryonic and human
fetal brain. They also noted a trend for a higher prevalence
of antibodies recognizing human fetal proteins at 39 kDa in
mothers of children with ASD compared to mothers of NT
children. Presence of either of these reactivities was significantly
associated with behavioral regression in children with ASD.
Intraperitoneal administration of the purified maternal ASD-
IgG to pregnant mice led to hyperactivity, increased anxiety,
and shorter social interactions in the adult offspring relative
to the offspring of pregnant mice given IgG from mothers
of NT children or saline (99). Preliminary fetal brain studies
suggested a role for microglia and IL-12 in the pathological
mechanism of the ASD-IgG induced behavioral irregularities
(99). Further assessment of the pathological mechanism of
these antibodies showed greater cell proliferation in the
subventricular and subgranular zones and decreased post-
natal day (P)1-born cell density, suggesting reduced survival,
in layers 2-4 of the frontal and parietal cortex (100). Due
to the similarity in antigen size and the association with
behavioral regression, it is possible that the samples from
the Braunschweig and Singer studies contain antibodies that

recognize the same proteins at 36-39 and 73 kDa, and that these
antibodies represent contributors to ASD risk in the general
population. Determining the antigenicity of the antibodies
identified by Singer et al. (88) will be necessary to resolve
this question.

Animal studies of the pathogenic role of ASD-IgG have
generally used IgG that was pooled from several mothers of
children with ASD or endogenous polyclonal antibody following
an immunization protocol. Thus, it has not been possible to
identify the antibodies that are pathogenic from those that
are not. Furthermore, specific ASD-like characteristics in the
animal studies may result from exposure to distinct monoclonal
antibodies. There is also likely to be a different proportion of
potentially pathogenic antibodies in the pooled sample compared
to the composition present in each of the mothers. As a result, the
effects of antibodies at low concentration might be obscured by
those at high concentration or they may not be detectable because
the threshold concentration of antibody necessary to produce
pathology may not have been reached. Moreover, the studies
discussed above do not definitively identify the targeted antigen
as it remains possible that the critical antibodies bind not only to
the identified antigens (most of which are intracellular) but also
cross-react with a neuronal membrane antigen. We addressed
this concern by developing a protocol to generate monoclonal
brain-reactive antibodies from mothers of children with ASD and
a brain-reactive serology.

One of the monoclonal antibodies that we generated
recognizes the extracellular domain of Caspr2, a protein encoded
by the gene Contactin Associated Protein-Like 2 (CNTNAP2).
Caspr2 is a cell-adhesion molecule expressed in the spines,
dendrites, axons, and soma of neurons (103, 104). Both rare
and common variants of CNTNAP2 have been linked to an
increased risk of ASD or ASD-related endophenotypes including
language delay and developmental language disorders (105-
115). Furthermore, CNTNAP2 deficient mice exhibit ASD-
like phenotypes including increased repetitive behaviors, and
impaired communication and social interactions (116). The
CNTNAP2 deficient mice also suffer from seizures, show
neuronal migration abnormalities and have ectopic neurons in
the corpus callosum (116), similar to cortical dysplasia-focal
epilepsy (CDFE) syndrome, a syndromic form of ASD associated
with mutant CNTNAP2 (114).

Given the link between mutations in CNTNAP2 and ASD
in human pedigrees and the presence of ASD-like phenotypes
in CNTNAP2 deficient mice, we asked whether exposure to
monoclonal anti-Caspr2 antibody (C6) in utero leads to ASD-
like characteristics in mice (91). Indeed, in utero C6 exposure
led to a thinner cortical plate and fewer proliferating cells
in the ventricular zone, and to a reduction in the number
of neurons in the entorhinal cortex and in the number of
GABAergic neurons in the hippocampus of adults. We also
observed decreased dendritic arborization and a reduced spine
density in CAl pyramidal neurons in adult mice exposed
to C6 in utero when compared to the controls. Finally,
these mice showed ASD-like behavioral abnormalities such as
stereotypic behaviors, impaired flexible learning, and impaired
social interactions. Interestingly, effects of C6 were only detected
in male mice.
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MATERNAL BRAIN-REACTIVE
ANTIBODIES AND SEX-BIAS

Neuropsychiatric conditions often display a bias for one sex over
the other. Neuropsychiatric conditions diagnosed earlier in life
are more frequently diagnosed in males while those manifesting
during puberty or later in life show a female preponderance.
For example, there is a male bias in ASD, ADHD, dyslexia,
Tourette Syndrome, and learning disabilities [reviewed by (117)].
Conversely, anorexia nervosa and internalizing disorders such as
depression (118) and anxiety are more prevalent in females (119).
Neuropsychiatric conditions that are diagnosed earlier in life
have been proposed to have a neurodevelopmental origin (119).
Given the unique conditions during pregnancy that allow for the
in utero environment including maternal antibodies and cytokine
levels to influence development, it is reasonable that early-onset
neuropsychiatric disorders are more frequent in children of
mothers with AD (Table 1).

A sex-bias has indeed been described in multiple studies of
the effects of maternal brain-reactive antibodies on development
and behavior. For example, we observed a significant male bias
for all the fetal brain developmental and adult behavioral effects
of the C6 anti-Caspr2 antibody (91). Females exposed to C6 in
utero were not affected while males developed disrupted brain
anatomy and ASD-relevant behaviors. The animal studies of
maternal anti-LDH/STIP1/CRMP antibodies have also noted a
male-bias in ASD-like traits including impaired communication
and social interactions (93, 98). Lastly, Wang et al. (102) observed
a significantly higher rate of fetal death after embryonic day
(E) 15 in female offspring exposed to SLE DNRAb compared
to males. While females had a greater fetal death risk, males
in this model were born with cognitive impairment (101). This
difference between the sexes suggests that sex-dependent factors
play a role in determining not only the impairments resulting
from maternal brain-reactive antibody exposure but also the
severity of the outcomes.

Sex chromosomes and gonadal hormones may influence
the susceptibility to maternal brain-reactive antibodies. Sex
chromosome genes contribute to sexual dimorphisms, including
sex-specific patterns of brain development and function,
independently from gonadal hormone influences (50, 120). For
example, sex chromosomes have been implicated in the density
of vasopressin fibers (121), the number of tyrosine hydroxylase
expressing neurons (120, 122), social interactions (123, 124),
aggression (125-127), and anxiety (128). Genes found in “sex
specific” regions in the X and the Y chromosomes may account
for some of these sexual dimorphisms. These genes are highly
expressed in the brain (48, 50) and show expression, spatial,
and temporal differences between sexes (50). Furthermore, sex
differences may be in part explained by gene dosage as some
genes on the X chromosome escape inactivation (129-131),
and X chromosome imprinting can affect gene expression in
the brain (132, 133). Indeed, X chromosome imprinting has
been associated with social impairment in Turner syndrome
(134). Higher expression of these sex chromosome genes may
be protective if they encode the antigens recognized by the
maternal brain-reactive antibodies when binding of the antibody
leads to protein internalization and partial loss of function but

is only pathogenic if protein expression falls below a certain
threshold. Conversely, if antibody interaction with its cognate
antigen induces cell signaling cascade activation or apoptosis,
then the sex with higher expression would be at an increased risk
for developing the antibody-induced phenotypes. Furthermore,
temporal differences in gene expression between sexes may
be important as antibody exposure must coincide with this
period in order to cause pathology. Moreover, the effects of
sex chromosome genes on the susceptibility to maternal brain-
reactive antibodies may be indirect if the proteins encoded
modulate the expression or activity of the proteins recognized
by the antibodies. For instance, the DNRAb mediated female
fetal loss may be in part due to sex chromosome genes acting
as regulating factors and contributing to the higher expression of
the NMDAR subunit NR2A in the female brainstem by E17 (102).

Sex hormones also influence brain development, aiding
normal maturation of the fetal brain or altering normal
development. Estrogen has neurotrophic and neuroprotective
functions including modulation of neuronal apoptosis,
migration, and spinogenesis and neurite growth (135-140).
Estrogen administration during fetal development leads to
masculinization of mouse neural pathways and behaviors
(141, 142). Human fetal testosterone has been linked to narrow
interests (143) and greater impairments in social skills and
empathy in offspring (143-145). Additionally, treatment with
estrogen reversed or mitigated some of the ASD-relevant
behavioral phenotypes in animal models of ASD, importantly,
CNTNAP2 mutant zebrafish (146) and Reeler heterozygous
mice (147). As estrogen treatment showed a decrease in
phenotypic behavior, these data suggest that estrogen may have a
protective role in ASD and could therefore account for the lower
prevalence in females. Overall, gonadal hormones modulate
processes in brain development and maturation that could lead
to compensation for or exacerbation of the pathologic effects
of maternal brain-reactive antibodies. The specific effects of
individual gonadal hormones are likely to depend on the neural
pathways affected by the antibodies.

Given the sex-bias of neurodevelopmental and
neuropsychiatric disorders in humans, understanding what
causes maternal brain-reactive antibodies to affect preferentially
one sex over the other will aid in our understanding of
the pathological mechanisms of these conditions while also
providing information that could lead to the discovery of new
treatments. Of note, exposure to gonadal hormones in utero
in litter-bearing animals differs from that in humans due to
the “intrauterine position phenomenon.” Fetuses between two
males will be exposed to higher levels of testosterone while
fetuses between two females will be exposed to higher levels
of estrogen [reviewed by (148)]. Consequently, post-natal
sexually dimorphic characteristics including brain anatomy
and behavior are influenced by fetal position [reviewed by
(148)]. Nonetheless, the importance of gonadal hormones
can be addressed in studies in which these are administered
to neonates. Alternatively, treatment with gonadal hormone
receptor agonists or antagonists, and the use of gonadal
hormone receptor knockout mice can not only help us to
identify which hormones play a role in the sex-bias that is
observed but can also lead to the identification of the specific
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molecular mechanisms involved. The “Four Core Genotypes”
(FCG) mouse model offers the unique opportunity to isolate
sex chromosome from gonadal hormone contributions to
sex-bias. This mouse strain combines two mutations that
allow for gonadal determination to be independent from sex
chromosome complements. Specifically, the testes determining
gene (Sry) was deleted from the Y chromosome (Y~) and a Sry
transgene (TgSry) was inserted into autosomal chromosome
3, resulting in four genotypes: gonadal females with XX or
XY™, and gonadal males with XY~ TgSry or with XX TgSry
(121, 149). This model has been informative in understanding
the sex bias in autoimmune diseases such as SLE and multiple
sclerosis (150).

ASD AND THE MICROBIOME

The gut microbiome is another environmental factor proposed
to exert significant modulating effects on ASD susceptibility.
Gastrointestinal (GI) disturbances, including increased intestinal
permeability (151, 152) and inflammatory bowel disease
(153), represent a common comorbidity in individuals with
ASD (154, 155). Furthermore, there is a strong correlation
between GI complaints and ASD symptom severity (156,
157). Given the effect of the gut microbiota on behavior
[(158-164); reviewed by (165)], brain development [(3);
reviewed by (165)] and brain gene expression in mice (158,
162-164, 166, 167), alterations of the gut microbiota may
not only lead to an increase in the prevalence of GI
disturbances in ASD but also promote ASD susceptibility.
Indeed, individuals with ASD can have an altered gut microbiota
composition (156, 168-173).

The gut microbiota may act in concert with maternal brain-
reactive antibodies, genetic variants and sex-specific factors to
modulate ASD susceptibility pre- and post-natally. In the model
of maternal immune activation (MIA), specific maternal gut
microbiota are necessary for the development of MIA-associated

behavioral phenotypes and neurodevelopmental abnormalities.
Segmented filamentous bacteria (SFB) -specific Ty17 cells are
stimulated by dendritic cells primed by poly (I:C) to produce high
levels of IL-17a (174), a key cytokine for ASD-like phenotype
induction in the MIA model (175, 176). Furthermore, during
fetal development, metabolites produced by the maternal gut
microbiota can alter BBB tight junction protein expression
thus modifying BBB permeability. Offspring of germ-free mice
have a decreased expression of occludin and claudin-5 which
contributes to the increased BBB permeability observed from the
fetal stage until adulthood (3). This increased BBB permeability
makes the offspring more susceptible to the neurological effects
of immune molecules including antibodies as these are then
more likely to access the brain parenchyma (3). Finally, shifts
in offspring microbiota composition can be induced by factors
in the in utero environment and contribute to the development
of ASD-like behavioral deficits. For example, the offspring of
poly (I:C) treated mice have an altered gut microbiota diversity
which leads to altered serum metabolites and increased IL-6
and gut permeability (177). Hsiao et al. (177) propose that the
increased IL-6 expression alters tight junction protein expression,
leading to increased gut permeability, and leaking of harmful
metabolites into systemic circulation. Post-natal treatment of
the offspring with Bacteroides fragilis reversed some of the
ASD-like behavioral phenotypes and improved gut barrier
permeability, possibly by restoring IL-6 expression, which in
turn leads to a partial correction of tight junction protein
expression (177).

CONCLUSIONS

The association between maternal brain-reactive antibodies and
the pathogenesis of neurodevelopmental disorders has been
well-established by both epidemiologic and animal studies.
Maternal autoimmune disease and brain-reactive antibodies
have been shown to increase the risk of neurodevelopmental
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disorders. Moreover, animal studies have shown that in utero
exposure to maternal brain-reactive antibodies is sufficient
to permanently alter brain anatomy and cause aberrant
cognition or behavior mimicking certain neurodevelopmental
syndromes. Specific neurodevelopmental disorders and the
severity of symptomatology are likely determined by an interplay
between genetics and environmental risk factors including
maternal brain-reactive antibody, maternal cytokines, gonadal
hormones, and the microbiome (Figure 1). As the prevalence of
neurodevelopmental disorders has been significantly increasing
(178), research on the in utero environment, including maternal
brain-reactive antibodies, is of great biomedical importance.
Identifying potentially pathogenic antibodies and understanding
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Objective: The purpose of this study is to evaluate the potential diagnostic benefit
of SPM-based semi-quantitative FDG-PET analysis in autoimmune encephalitis (AE)
compared with visual analysis by experienced neuroradiologists using a larger
sample size.

Methods: This observational retrospective case series study was conducted from a
tertiary epilepsy center between May 2014 and March 2017. Healthy individuals without
any neurologic or psychiatric diseases were recruited as control. We determined brain
FDG-PET abnormal glucose metabolism on medial temporal lobe and basal ganglia using
semi-quantitative analysis and compared this method with visual analysis at the same
time among patients with autoantibody positive AE.

Results: Twenty-eight patients with clinically diagnosed AE and 53 healthy individuals
without any neurologic or psychiatric diseases were recruited. On the medial temporal
lobe and the basal ganglia, semi-quantitative analysis showed consistency with the
visual assessment for whom they had abnormal metabolism by visual assessment.
More importantly, 56% patients on medial temporal lobe and 73% patients on the
basal ganglia respectively who were not identified by visual inspection can be detected
by semi-quantitative analysis, demonstrating the greater sensitivity of semi-quantitative
analysis compared with visual assessment.

Significance: This study showed semi-quantitative brain FDG-PET analysis was better
than visual analysis in view of observing the abnormal glucose metabolism of patients with
autoantibody positive AE. Semi-quantitative FDG-PET analysis appears to be a helpful
tool in early diagnosis of patients with AE.

Keywords: autoimmune encephalitis, FDG-PET, semi-quantitative analysis, visual analysis, sensitivity
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Lvetal

Semi-quantitative FDG-PET Analysis in Autoimmune Encephalitis

INTRODUCTION

The clinical diagnosis of autoimmune encephalitis (AE) can be
difficult since patients manifest various unspecific symptoms that
overlap with other encephalitis such as infectious encephalitis
(1). The clinical symptoms are varied and include seizures,
rapid cognitive decline, behavioral problems, and so on. The
diagnosis can be made according to clinical manifestation
and serum and/or cerebrospinal fluid (CSF) autoantibody test.
Autoantibody testing is not readily available at many institutions
for technical reasons. Even if it is available at some institutions,
it will take several weeks to obtain (1). In addition, failure
to detect a neural antibody cannot exclude AE when other
clinical clues exist (2, 3). The early diagnosis of AE is very
important because early immunotherapy may slow, halt, or
even reverse the disease process (2, 4, 5), whereas delaying
initiation of immunosuppressive therapy may result in serious
disability, or even death if left untreated (6). Depending on
autoantibody testing to make the diagnosis may significantly
delay treatment initiation. Therefore, early diagnosis should
not be delayed because of awaiting for serological or CSF
autoantibody result (1). Early neuroimaging, as well as the initial
neurological assessment, plays a key role in the early diagnosis of
AE (1, 7).

Recently, leading authorities on the diagnosis and treatment
of AE convened and recommended criteria for the diagnoses
of possible, probable and definite AE to mitigate the delay
in initiation of therapy while awaiting autoantibody assay
results (1). Francesc Graus et al. proposed the diagnosis of
AE was made according to the neurological evaluation and
the corresponding diagnostic correlated examinations including
magnetic resonance imaging (MRI), CSF and serum sampling,
as well as electroencephalography (EEG) results (1, 8). Prompt
diagnosis often relies on neuroimaging. In terms of brain
imaging, the recommended diagnostic framework frequently
only depends on cranial MRI. Nevertheless, a relevant proportion
of AE patients had normal or non-specific MRI results (8, 9).
Therefore, the normal MRI finding does not exclude an immune-
mediated process. In AE, 2-deoxy-2-18F fluoro-D-glucose-(18F-
FDG) positron emission tomography/computed tomography
(PET/CT) imaging has been reported to representatively show
hypermetabolism on the medial temporal lobe in MRI-negative
patients, suggesting that it is better than MRI in the diagnostic
framework (8-10).

Traditionally, whole body 18F-FDG-PET has been utilized
to assess for occult malignancy as a cause for AE. Recent
publications have begun to explore the added value of brain
18F-FDG PET/CT in evaluating these patients (11-13). Several
groups have suggested that 18F-FDG PET/CT may be used to
evaluate efficacy of therapy or monitor the suspected disease
recurrence (11, 14). FDG-PET appears to be a helpful tool in
early diagnosis of patients with AE, especially those with normal
MRI scans. Some researchers have tried to use 18F-FDG PET/CT
to perform early diagnosis of suspicious AE before acquiring
the autoantibody results (8). However, the further studies are
needed to verify its predictive value for the early diagnosis of AE,
and the larger validation studies are needed (15). Therefore, we

TABLE 1 | Demographics of participants.

Group Age (years) Gender
Range Mean + SD Male Female

AE patients (n = 28) 34~78 56.32 + 10.93 22 6

Healthy individuals (n = 53) 59~69 52.47 + 6.66 31 22

would like to ulteriorly find the major reliable evidence on the
underlying role of 18F-FDG PET for the earlier diagnosis of AE.
Despite visual analysis is often the first step of brain 18F-
FDG PET reading, the standardization in view of reading images
and reporting results is defective now (16). In clinical practice,
the lack of expertise and objective semi-quantitative detection
methods will hold back the comprehension of the real disease
pattern and lead to misinterpreted report. Some automated
approaches to analyze 18F-FDG PET data are not applicable for
finding the hypermetabolism in AE, since they were developed
to diagnose the hypometabolic patterns in Alzheimer’s disease
(17). In contrast, some SPM-based semi-quantitative measures
might protrude the areas of relative hypermetabolism owing
to the bias introduced by intensity normalization procedures
(18). Moreover, one recent report showed that semi-quantitative
analysis can reveal subtle changes, suggesting that semi-
quantitative analysis was better than qualitative reporting (19).
In the present study, we modified the semi-quantitative FDG-
PET analysis as a biomarker for definite, autoantibody positive
AE, allowing for additional region of interest (ROI) analyses of
the mesial temporal lobe and basal ganglia. We used this analysis
method in patients with antibody positive AE. The aim was to
evaluate the potential diagnostic value of this analysis method
compared with visual analysis by experienced neuroradiologists.

SUBJECTS AND METHODS

Participants

We recruited 28 AE patients with autoantibody (56 + 11 years;
22 males) in our Tertiary Epilepsy Center from May 2014 to
April 2017. All patients who had undergone cerebral FDG-PET
were included in this retrospective study. Fifty-three healthy
individuals (52 £ 7 years; 31 males) without any neurologic or
psychiatric diseases were recruited. The age of these two group
of participants were well matched and showed no significant
difference [t(79) = 1.97; p > 0.05). The detailed demographics
of participants were presented in Table 1. Written Informed
consent to participate the study and for publication for clinical
details were obtained from each subject enrolled. The study was
approved by the Medical Ethics Committee of Beijing Tiantan
Hospital, Capital Medical University and was carried out in
accordance with the Declaration of Helsinki.

Cases of AE included in the study were patients presenting
with new onset electrographic seizure activity, plus at least
two of the following: (1) CSF findings consistent with
inflammation [elevated CSF protein >45mg/dl and/or
lymphocytic pleocytosis; elevated CSF immunoglobulin G
(IgG) index and/or positive oligoclonal bands (OB)]; (2)
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brain MRI or FDG-PET showing signal changes consistent
with limbic encephalitis; (3) autoimmune/paraneoplastic
antibodies in serum and/or CSF which have been associated
with autoimmune encephalitis in previous studies (any neuronal
nuclear/cytoplasmic antibody such as anti-Hu, Yo, Ri, Ma2/Ta,
CV2/CRMP5, amphiphysin; any neuronal membrane antibody
including anti-NMDA-R, CASPR2, AMPA1-R, AMPA2-R, LGI1,
and GABAg-R antibody), (4) new onset seizure responding
to immunomodulatory therapies. Cases were excluded if
there was evidence of another identified cause of the patient’s
seizures: (1) presence of CSF viral/bacterial/fungal antigens
or antibodies or DNA PCR which could explain underlying
acute inflammatory brain parenchymal changes, (2) presence of
metabolic abnormalities which could have precipitated seizures
(severe renal or hepatic failure, malignant hypertension, severe
hypo/hyperglycemia), (3) presence of brain structural lesions
such as stroke, tumor, traumatic lesions, heterotopias, vascular
malformation, abscess or infectious lesion which could have
precipitated the presenting seizures.

Neuronal Antibody Measurement

AE in the present study were definitely diagnosed by
autoantibody assay. All suspected AE patients underwent
serum and CSF antibody test. Serum and CSF samples had
been sent for antibody test to the laboratory of neurological
immunology of Peking Union Medical College Hospital. Serum
and CSF titers for onconeural antibodies anti-Hu, Yo, Ri,
CV2/CRMP5, amphiphysin, Ma2/Ta, and the neuronal surface
antibodies anti-NMDA-R, CASPR2, AMPA1-R, AMPA2-R,
LGI1, and GABAg-R were measured with both cell-based assay
and immunohistochemistry in serum and CSF.

Cerebral Imaging Acquisition

The brain 8F-FDG PET/CT scan was performed to evaluate
the glucose metabolism of each participant. All participants
were fasted for at least 6h and their blood glucose levels were
confirmed to be within the normal range before injection of
BE_FDG. The subjects were injected with 0.10-0.15 mCi/kg
of 8F-FDG. Then, after 30min rest in a dimly lit room,
they underwent the brain PET/CT scans (eyes open, reduced
ambient noise). PET/CT images were acquired with the use
of a multidetector helical PET/CT scanner (Discovery 690,
GE Medical Systems). All cerebral FDG-PET studies were
done in conjunction with whole-body PET scans (in search of
malignancies; brain scan first).

Analysis

Visual Assessment

Previous study demonstrated that AE were usually associated
with the abnormalities of glucose metabolism in some brain
regions, such as medial temporal lobe and basal ganglia (1).
Thus, to assess the glucose metabolism in these brain areas,
the PET images of each patient were visually examined by
three reviewers independently. One of them was an attending
doctor of nuclear medicine (X-B Zhao) with vast experience of
reading PET/CT (>10 years) and the other two were experienced
neurology specialists [R-] Lv (9 years) and X-Q Shao (15

years)]. Three reviewers were asked to carefully diagnose whether
the medial temporal lobe and basal ganglia showed abnormal
glucose metabolism or not. In addition, they would assess the
lateralization of the abnormality when it existed. All reviewers
were blinded from clinical diagnosis of the conditions of either
cases or controls. These three specialists discussed together
to reach a consensus when their original evaluations were
discordant. The Kappa coeflicient of three specialists was 0.86.

Semi-quantitative Analysis

Image preprocess

The brain PET scans were also assessed through semi-
quantitative analysis. The analysis including preprocessing and
statistical analysis, were mainly implemented using the MATLAB
and Statistical Parametric Mapping software (SPM12, Wellcome
Trust Center for Neuroimaging, London, UK; https://www.fil.
ion.ucl.ac.uk/spm/software/spm12/). During the preprocessing,
the co-registration between PET metabolism images and CT
structural images was firstly performed. Then, the CT images
with high resolution were spatial normalized into Montreal
Neurological Institute template (MNI). Thus, the PET images
were also normalized into this standard templates using the
computed space transformation for CT normalization. Finally,
the PET scans were resampled to 2 x 2 x 2 mm?’ voxels
and spatially smoothed using an isotropic 6 mm full-width-half-
maximal (FWHM). Additionally, to remove the bias of global
metabolism, each voxel’s intensity of PET scans was normalized
by dividing the average of the voxels within the highest 20% of
intensity (20).

Statistical analysis

In line with the above visual assessment, we also investigated
the metabolism of brain regions located in medial temporal lobe
and basal ganglia using statistical analysis. Considering the size
bias of the abnormalities in these areas, the present study not
only examined the entire medial temporal lobe and basal ganglia,
but also examined their fine-grained divisions. Using the Human
Brainnetome Atlas (21), we defined the following regions of
interest (ROIs) within medial temporal lobe: (1) bilateral medial
amygdala, (2) bilateral lateral amygdala, (3) bilateral caudal
hippocampus, (4) bilateral rostral hippocampus, and (5) entire
bilateral medial temporal lobe consisting of 1-4; within basal
ganglia: (6) bilateral dorsolateral caudate nucleus, (7) bilateral
ventral caudate nucleus, (8) bilateral dorsolateral putamen, (9)
bilateral ventromedial putamen, (10) bilateral pallidum, (11)
bilateral nucleus accumbens, and (12) entire bilateral basal
ganglia consisting of 6-11. The locations of these ROIs in MNI
template showed in Figure 1.

For each ROI within medial temporal lobe, the z-score was
calculated as an indicator of abnormalities of glucose metabolism
of each patient deviated from that of the control healthy group.
Specifically, we firstly calculated the mean of whole voxels’
intensities within each ROI to obtain the average metabolic of
the ROI for each participant. Then, for each ROI, we calculated
the mean (M) and standard deviation (SD) of the average
metabolic cross all healthy individuals. Finally, for each patient,
z-score was obtained by subtracting M from each ROI and
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subject T1 scan (“/spm12/canonical/single_subj_T1.nii").

FIGURE 1 | ROls extracted in cerebral cortex. (A) Amygdala. Blue areas were lateral amygdala and red areas were medial amygdala; (B) Hippocampus. Blue areas
were caudal hippocampus and red areas were rostral hippocampus; (C) Caudate nucleus. Blue areas were dorsolateral caudate nucleus and red areas were ventral
caudate nucleus; (D) Putamen. Blue areas were dorsolateral putamen and red areas were ventromedial putamen; (E) Pallidum and Nucleus accumbens. Blue areas
were nucleus accumbens and red areas were pallidum. All ROls were extracted using the Human Brainnetome Atlas (21) and they were overlay on a MNI single

then dividing the SD [namely, z-score = (patient-M healthy
subjects)/SD healthy subjects]. The medial temporal lobe were
identified hyper-metabolism if any of ROIs within the medial
temporal lobe showed a significant higher metabolism than
healthy group (z > 1.96, p < 0.05). Whereas, the medial temporal
lobe were identified hypo-metabolism if any of ROIs within the
medial temporal lobe showed a significant lower metabolism than
healthy group (z < —1.96, p < 0.05). For each ROI within basal
ganglia, the same statistical analysis as the ROIs within medial
temporal lobe was conducted on each patient.

RESULTS
Autoantibody Assay

The outcome of autoimmune antibody subtypes of each patient
was showed in Table 2. Twenty-three patients were diagnosed
as anti-LGI1 encephalitis, and four patients were diagnosed as
anti-GABAgR encephalitis, and the other one was diagnosed as
anti-amphiphysin encephalitis.

Visual Assessment Results

The visual assessment results were shown in Table2. On
medial temporal lobe, 19 patients were verified as hyper-
metabolism. However, the visual assessment failed to identify the
other nine patients. Thus, the sensitivity of visual assessment
for autoimmune encephalitis on medial temporal lobe was
about 68% (19/28). One patient among the 19 patients
successfully detected by visual assessment showed a comparable
hyper-metabolism between the right hemisphere and the left

hemisphere. However, nine patients showed worse abnormalities
of glucose metabolism in the right hemisphere than the
left hemisphere, while the other nine patients showed worse
abnormalities of glucose metabolism in the left hemisphere than
the right hemisphere.

On basal ganglia, 17 patients were identified as hyper-
metabolism through visual assessment. However, the other
11 patients had been missed. Thus, the sensitivity of visual
assessment on medial temporal lobe was about 61% (17/28). Five
patients among the 17 patients successfully detected by visual
assessment showed a comparable hyper-metabolism between the
right hemisphere and the left hemisphere. However, four patients
showed worse abnormalities of glucose metabolism in the right
hemisphere than the left hemisphere, while the other seven
patients showed worse abnormalities of glucose metabolism in
the left hemisphere than the right hemisphere. Besides, one
patient among the 17 patients showed the hyper-metabolism only
in the left hemisphere.

Semi-quantitative Analysis Results
The results of semi-quantitative analysis were also shown in
Table 2. On medial temporal lobe, 24 patients were identified
as abnormal glucose metabolism. However, in the other four
patients, the PET images didn’t detect any abnormality. Thus, the
sensitivity of semi-quantitative analysis on medial temporal lobe
was about 86% (24/28).

On basal ganglia, 25 patients were identified as abnormal
glucose metabolism. However, the other three patients weren’t
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TABLE 2 | Results of duration, autoantibody assay, visual assessment and semi-quantitative analysis.

Patient no. Duration (month) Autoantibody assay

Medial temporal lobe

Basal ganglia

Visual assessment

Semi-quantitative analysis Visual assessment Semi-quantitative analysis

1 6 Amphiphysin NO

2 1 GABAg-R NO

3 1 GABAgR-R Bilateral (R)
4 1 GABAg-R Bilateral (R)
5 8 GABAg-R NO

6 2 LG NO

7 0.5 LG Bilateral (R)
8 0.5 LG NO

9 4 LGH Bilateral (L)
10 3 LG Bilateral (R)
1A 1 LG Bilateral (R)
12 2 LG Bilateral (R)
13 10 LG NO

14 6 LG Bilateral (L)
15 6 LG NO

16 7 LG NO

17 3 LG NO

18 3 LG Bilateral (L)
19 3 LG Bilateral

20 1.5 LG Bilateral (L)
21 2 LG Bilateral (R)
22 2 LG Bilateral (L)
23 6 LG Bilateral (R)
24 2 LG Bilateral (L)
25 0.5 LG Bilateral (L)
26 3 LG Bilateral (L)
27 1 LG Bilateral (R)
28 1 LG Bilateral (L)

Left NO NO
Bilateral NO Bilateral
Bilateral NO Bilateral
Bilateral NO Bilateral
NO NO Bilateral*
Left* and Right NO Bilateral
Bilateral Bilateral Bilateral
Bilateral Bilateral (R) Bilateral
Bilateral Bilateral (L) Bilateral
Bilateral Bilateral (L) Bilateral
Bilateral Bilateral Bilateral
Bilateral Bilateral (R) Bilateral
NO NO NO

Left NO NO

NO Bilateral Bilateral
NO NO Right
Bilateral NO Left* and Right
Bilateral NO Left
Bilateral Bilateral (L) Bilateral
Bilateral Bilateral (R) Bilateral
Bilateral Bilateral (R) Bilateral
Left Left Left and Right*
Bilateral Bilateral (L) Bilateral
Bilateral Bilateral (L) Bilateral
Bilateral Bilateral Bilateral
Bilateral Bilateral (L) Bilateral
Bilateral Bilateral Bilateral
Bilateral Bilateral (L) Bilateral

*The ROl was identified as hypometabolism.

Bilateral (L/R) means that the level of hypermetabolism in left/right regions was higher than right/left regions.

identified as abnormality. Thus, the sensitivity of semi-
quantitative analysis on basal ganglia was about 89% (25/28).

Comparison Between Semi-quantitative

Analysis and Visual Assessment

On the medial temporal lobe, as shown in Table2, 19
patients were identified as bilateral hyper-metabolism by visual
assessment. All these patients were also successfully identified
hyper-metabolism through semi-quantitative analysis, showing
consistency with the visual assessment. The Kappa coefficient
between visual and SPM analysis was 0.82. In addition, the
lateralization of results from both analyses seemed no difference
except two subjects. Subject 14 and 22 who were identified
as bilateral hyper-metabolism on visual assessment were found
only left medial temporal lobe hyper-metabolism by semi-
quantitative analysis.

More importantly, five of nine patients who were not
identified by visual inspection (56%) were detected by
semi-quantitative analysis, demonstrating the greater sensitivity
of semi-quantitative analysis compared with visual assessment.
Three of these five patients were identified as a bilateral

abnormality and one patient was found to be abnormal only
on left medial temporal lobe, and the other patient was found
hyper-metabolism on the right medial temporal lobe while
hypo-metabolism on the left medial temporal lobe.

On the basal ganglia, as shown in Table 2, 17 patients were
identified as bilateral hyper-metabolism by visual assessment.
All of them were also identified hyper-metabolism through
semi-quantitative analysis, showing consistency with the visual
assessment. The Kappa coeflicient between visual and SPM
analysis was 0.71. The lateralization of results from both analysis
seemed no difference. In addition, subject 22 who were identified
as hyper-metabolism only on the left basal ganglia through visual
assessment was found hyper-metabolism on the left basal ganglia
while hypo-metabolism on the right basal ganglia through semi-
quantitative analysis.

More importantly, eight of 11 patients not identified by visual
inspection (73%) were detected by semi-quantitative analysis,
demonstrating the greater sensitivity of semi-quantitative
analysis compared with visual assessment. Four of these
eight patients were identified as bilateral hyper-metabolism,
and Four of these eight patients were identified as bilateral
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FIGURE 2 | The durations of disease (month) of detected and missed group
patients. The detected group meant in these patients abnormal metabolism
can be detected by semi-quantitative analysis. The missed group meant in
these patients abnormal metabolism cannot be detected by semi-quantitative
analysis.

hyper-metabolism, and one patient (subject 18) was found
hyper-metabolism only on the left basal ganglia, and one patient
(subject 16) was found hyper-metabolism only on the right
basal ganglia, and one patient (subject 17) was found hyper-
metabolism on the right basal ganglia while hypo-metabolism on
the left basal ganglia, and the other one patient (subject 5) was
found hypo-metabolism on the bilateral basal ganglia.

Although the sensitivity of semi-quantitative analysis
increased significantly compared with visual inspection, it
cannot detect abnormal metabolism in all those patients without
abnormal metabolism by visual inspection. To know if disease
duration was the interference factor, we divided the patients
into two groups: in one group of patients abnormal metabolism
can be detected (detected group) by semi-quantitative analysis;
in the other group of patients abnormal metabolism cannot
be detected (missed group) by semi-quantitative analysis. We
analyzed the disease duration of the two groups of patients
using the independent t-test. On the medial temporal lobe,
the mean duration of detected group was 2.33 £ 1.71 months,
whereas the mean duration of missed group was 7.75 £ 1.71
months. On the basal ganglia, the mean duration of detected
group was 2.60 £ 2.10 months, whereas the mean duration of
missed group was 7.33 & 2.31 months. These results suggested
that the patients without abnormal metabolism through semi-
quantitative analysis had significantly longer disease duration
(Seen in Figure 2).

DISCUSSION AND CONCLUSION

To date, FDG-PET/CT is one of largest increases in the numbers
of medical imaging scanners (22). Moreover, FDG-PET/CT has
been considered to be better than other conventional imaging

tests in the clinical diagnostical settings, and it has showed
good cost-effectiveness for non-small lung cancer staging (22).
In addition, FDG-PET plays a key role in view of screening for
occult malignancy for patients with paraneoplastic syndromes,
including AE (23). Therefore, FDG-PET will probably become
more commonly used inspection method for evaluating the
suspicious AE patients in addition to malignancy screening
(24). Many institutions apply a “vertex to toe” whole-body
screening for malignancy. The additional 10 min dedicated brain
3D PET acquisition does not require extra radiopharmaceutical
administration, which is easily brought into routine clinical
workflows (24).

Since early immunotherapy can lead to better prognosis in
AE, recent criteria have been improved to get early diagnosis
(1). FDG-PET has been proposed to be a potentially useful
diagnostic neuroimaging marker in suspected AE (8, 25). Some
AE patients had normal mesial temporal lobe structures on MRI,
whereas they showed hypermetabolism on FDG-PET (9, 26).
These suggest that FDG-PET is more important than MRI in
the early diagnosis and prognosis improvement of AE. Most
previous studies of FDG-PET in AE only qualitatively described
the FDG-PET findings (27-29). However, to date, there was lack
of standard procedures for reading of FDG-PET imaging data
in AE. Therefore, we sought to discuss the potential diagnostic
benefit of semi-quantitative FDG-PET analysis compared with
visual analysis by experienced neuroradiologists.

In the present study, we described semi-quantitative brain
FDG-PET findings among patients with autoantibody positive
AE, and compared this method with visual analysis at
the same time. Our results showed that semi-quantitative
brain FDG-PET analysis can find abnormal metabolism more
sensitively, suggesting that semi-quantitative brain FDG-PET
analysis was better than visual analysis. This study included a
larger proportion of patients with LGI1. Previous case studies
found striatal hyper-metabolism and/or the medial temporal
lobe hyper-metabolism in patients with LGI1 encephalitis (1).
However, the majority of these studies were described based
on qualitative analyses only. Visual analysis is subjective and
dependent on expertise, the level of experience can increase
diagnostic accuracy of correlation with the clinical diagnosis,
however, this effect was not affected using the analysis of
SPM images (30, 31). Accurate visual analysis requires a good
knowledge of normal distribution of F-18 FDG in various ages,
characteristic distribution of metabolic abnormalities in various
subtypes of AE, and normal brain anatomy and recognizing
abnormal findings on low-dose CT scan and certain artifacts on
PET/CT images. In the field of research in dementia, various
semi-quantitative analysis programs have been developed over
the years to detect mild abnormalities which are not apparent
on visual inspection (32-34). Similar to dementia, it is urgent
to develop various semi-quantitative analysis programs in AE.
For the first time, we describe brain FDG-PET findings using
semi-quantitative analysis among patients with autoantibody AE
using a larger sample size.

The striatal hyper-metabolism in voltage-gated potassium
channel-complex (VGKCc) encephalitis has been described
previously (4, 35, 36) and may highly suggested the patients
maybe positive for VGKCc antibodies, particularly in those
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patients with faciobrachial dystonic seizures (4). Faciobrachial
dystonic seizures seem to strongly linked to the leucine-
rich glioma inactivated-1 (LGI1) protein target of VGKCc
antibodies. Besides, hippocampus is the area where LGI1
protein most strongly expressed (37) superior to the striatum.
Anti-GABAgR and anti-amphiphysin encephalitis as well as
anti-LGI1 encephalitis all belong to limbic encephalitis. In
addition, our previous study also showed that anti-GABAgR
encephalitis and anti-amphiphysin encephalitis had similar
clinical manifestation to anti-LGI1 encephalitis (3). Therefore,
we chose medial temporal lobe and basal ganglia as ROI to
observe the abnormalities of glucose metabolism. By our clinical
observation, we found amygdala hyper-metabolism is more
common in patients with LGI1. Besides, considering the size
bias of the abnormalities in these areas, the present study
not only examined the entire medial temporal lobe and basal
ganglia, but also examined their fine-grained divisions. The fine-
grained divisions can increase the sensitivity of finding abnormal
metabolism. For example subject 2, we cannot detect abnormal
glucose metabolism in entire medial temporal lobe, however, we
can detect hyper-metabolism in right medial amygdala, bilateral
lateral amygdala, and right rostral hippocampus.

Although semi-quantitative analysis can detect abnormal
metabolism more sensitively compared with visual analysis, the
positive rate can only reach 50% on medial temporal lobe
and 67% on basal ganglia, respectively. We suppose that is
due to the different disease duration. Previous studies showed
that FDG-PET abnormal metabolism can change with disease
evolution. Intense 18F-FDG uptake can be found in bilateral
limbic system at active disease status, and then the 18F-FDG
uptake decreased gradually and eventually returned to normal
following the clinical improvement after treatment (12, 13). In
addition, one study in regard to progressive primary aphasia
patients who showed FDG-PET allowed researchers to detect
abnormalities in the early stage of the disease (31). Our results
also showed that the abnormal metabolism was associated with
the disease status, which was consistent with the previous studies
(12, 13, 31). This study was also the first quantitative descriptive
FDG-PET study to certify that FDG-PET abnormal metabolism
decreased following the prolongation of the disease duration.
Therefore, the positive rate of semi-quantitative analysis may be
higher than the present result if there are no significant disease
duration difference among the patients.

Limitations of this study include the retrospective design,
the significant different disease duration among the patients
and relative small sample size of normal metabolism by visual
analysis. Because abnormal metabolism was associated with
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Cerebral amyloid angiopathy (CAA) corresponds to the deposition of amyloid material in
the cerebral vasculature, leading to structural modifications of blood vessel walls. The
most frequent form of sporadic CAA involves fibrillar B-amyloid peptide (AB) deposits,
mainly the 40 amino acid form (AB1_40), which are commonly found in the elderly with or
without Alzheimer’s disease. Sporadic CAA usually remains clinically silent. However, in
some cases, acute complications either hemorrhagic or inflammatory can occur. Similar
complications occurred after active or passive immunization against A in experimental
animal models exhibiting CAA, and in subjects with Alzheimer’s disease during clinical
trials. The triggering of these adverse events by active immunization and monoclonal
antibody administration in CAA-bearing individuals suggests that analogous mechanisms
could be involved during spontaneous CAA complications, drawing particular attention
to the role of anti-Ap antibodies. However, antibodies that react with several monomeric
and aggregated forms of AB spontaneously occur in virtually all human individuals,
hence being part of the “natural antibody” repertoire. Natural antibodies are usually
described as having low-affinity and high cross-reactivity toward microbial components
and autoantigens. Although frequently of the IgM class, they also belong to IgG and
IgA isotypes. They likely display homeostatic functions and protective roles in aging.
Until recently, the peculiar properties of these natural antibodies have hindered proper
analysis of the AB-reactive antibody repertoire and the study of their implication in CAA
complications. Herein, we review and comment the evidences of an auto-immune nature
of spontaneous CAA complications, and discuss implications for forthcoming research
and clinical practice.

Keywords: cerebral amyloid angiopathy, autoimmunity, anti-Af antibodies, immunotherapy, natural antibodies

INTRODUCTION

Adaptive immunity in neurodegenerative conditions has recently become of major interest
in neurodegenerative conditions, especially in Alzheimer’s disease (AD), because of its ability
to modulate cerebral inflammation, and also following observations that immunotherapeutic
approaches might impair pathological events. However, the nature of immune effectors and their
mechanisms remain quite obscure. In this article we will focus mainly on antibodies that bind the p-
amyloid peptide (AB), which has long been considered a key therapeutic target. Evident difficulties
are due to the presence of blood anti-Ap antibodies in healthy and diseased individuals, implying
that most quantitative studies provided little or no information on their pathological implication.
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Another key point is that effector functions of these antibodies
frequently are suggested to result in complications of cerebral
amyloid angiopathy (CAA).

SPONTANEOUSLY OCCURRING ANTI-AB
ANTIBODIES IN HEALTH AND DISEASE

Natural Antibodies: Origin, Distinctive

Properties and Functions

Natural antibodies were defined as occurring in all normal
individuals in the absence of overt antigenic stimulation (1).
In spite of many controversies, it is now clear that natural
antibodies represent a distinct entity that arises from separate B-
cell lineages. Most natural antibodies are produced by a distinct
B-cell lineage termed B1 cells, but also in part by marginal
zone B cells that belong to the conventional B2 lineage. Bl
cells originate very early from precursors of the yolk sac and
then from hematopoietic stem cells of the fetal liver, but they
also differentiate from bone marrow precursors during the adult
life (2).

Classical adaptive B-cell responses to T-dependent antigens
feature germinal center reactions that include affinity maturation
and isotype switching, resulting in high affinity specific
antibodies of IgG, IgA and/or IgE classes. These mechanisms
allow improvement of effector efficiency as a function of
antigen exposure. At variance with classical antibodies, natural
antibodies likely arise from processes that involve no or little
B-T cell cooperation and affinity maturation, as suggested by
frequent absence or paucity of somatic hypermutations and
nucleotide N-additions in the antibody variable regions. Thus,
they display quite specific phenotypic properties as compared
with conventional antibodies raised by immunization, including
low binding affinities and multi-reactivity toward homologous
antigens. Interestingly however, they may belong to IgG or IgA,
as well as IgM classes (1, 3, 4).

In relation with these peculiar properties, it is thought
that natural antibodies display specific functions. They likely
protect from infection at early stages of development. In
addition to supposed protective roles in the newborn, the
ongoing production of natural antibodies has been proposed
to interfere with pathological events of adults, such as tumors,
atherosclerosis, and neurodegenerative disorders in elderly (5).

Natural IgM antibodies have long been studied in both mice
and humans. They display a variety of functions, including
pathogen neutralization and killing, and clearance of apoptotic
cells and debris that participate in preventing inflammation in
several pathological contexts. They also participate in maturation
of adaptive responses, especially through antigen recruitment in
secondary lymphoid tissues. Other well-known examples of IgM
natural antibodies are isohemagglutinins.

Natural IgG and IgA antibodies are also abundant in the blood
and mucosal secretions, in spite of the supposed absence of T cell
help. Like IgM natural antibodies, they seem to play protective
roles, especially in partnership with lectins such as Mannose-
Binding Lectin and ficolins, against microbial pathogens and by
controlling inflammation (3).

The repertoire of natural antibodies is clearly skewed, as they
mostly recognize conserved self-structures (6, 7). Thus, they seem
to undergo a selection process (8), suggesting physiological roles
(9) including clearance of noxious molecules and cell debris,
regulation of immune responses, and shaping of a primary
repertoire that allows appropriate induced humoral responses.
Numerous observations suggest that natural antibodies are
protective against certain pathological conditions of aging, such
as atherosclerosis, cancer and neurodegenerative disorders, and
that the age-associated decreased expression of these antibodies
could be responsible for proneness to these diseases (5). Indeed,
circulating anti-alpha-synuclein antibody levels were found to be
low in patients with Parkinson’s disease (10). However, in AD,
anti-Tau natural antibodies expression appears higher than in
aged subjects (11). As discussed in the next section, the case of
anti-Ap antibodies and their expression in AD as compared to
aged subjects remains controversial.

Natural Anti-AB Antibodies in Healthy
Subjects, AD Patients and Related

Conditions

Natural antibodies that react with AP peptide have long been
suggested by the finding of specific B-cells (12), and their
invariable presence was confirmed by studies comparing AD
patients and healthy subjects (see below). As also found for other
natural autoantibodies, aging results in progressive decrease of
circulating anti-Ap levels (13). They belong to both IgM and IgG
classes, and predominant IgG subclasses appear to be IgG1 and
IgG3 in both healthy and diseased subjects (14). They display
a large panel of specificities for both linear and conformational
epitopes of the AP molecules, oligomers, and fibrillar aggregates,
and most interestingly, in vitro studies suggested that some
natural anti-AP antibodies could protect neurons from toxic Ap
oligomers (15).

Analyses performed on serum or plasma from AD patients
yielded remarkably incoherent results, as some of them revealed
lower anti-Ap antibody levels as compared with healthy controls
(16-19), while others found higher levels in Alzheimer’s disease
patients (20-22) or no significant difference (13, 14, 23).
Analyses performed on cerebrospinal fluid (CSF) led to similar
discrepancies, displaying either lower (13, 16) or higher (20, 22)
levels of anti-Af antibody in AD patients as compared with
healthy controls. A common observation of those studies was the
striking heterogeneity of antibody titers in healthy as well as in
diseased individuals.

A first explanation for inconsistent results may be the diversity
of methods used for antibody analysis: coated reactive antigens
were ABi1_49 (16, 18, 19) or ABy_4 (13, 17, 21, 23) in either
oligomeric (13, 14, 18), fibrillar (20) or undefined isoforms (16,
17,19, 21), at extremely variable concentrations; serum or plasma
samples were tested either directly (17-20) or after dissociation
of immune complexes (13, 14, 21); revealed antibodies were
either IgG only (19) or all immunoglobulin isotypes (23); finally,
a variety of different quantitation formulas were used. The
only methodological agreement between recent studies is the
requirement of an initial immune complex dissociation step for
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a reliable analysis of anti-Ap antibodies (13, 14, 21), using a mild
acidic buffer in order to avoid artifacts (24). Indeed, a large part
of circulating anti-Ap antibodies appears to be associated with a
variety of undefined ligands, likely due to polyreactivity and the
presence of anti-idiotypic antibodies (15). A possible additional
bias is that IgM antibodies have been demonstrated to potentially
block natural IgG reactivity (25).

In addition to methodological matters, the other explanations
of differences in anti-Ap titers found between healthy and AD
people relied on quite eclectic hypotheses: favored pathology
due to decreasing antibody levels in aging (16), sequestering of
antibodies by amyloid deposits (16), partial tolerization of B-cell
responses (19) or decreased T-cell help (17), onset of an anti-
AP autoimmune reaction (21, 22), or failure of immune complex
clearance (22).

Natural Antibodies in Therapeutic Trials

That age-related decline of natural autoantibodies favors the
onset of pathological conditions related to antigenic targets
is supported by strong arguments (3). The hypothesis that
natural anti-AB antibodies bear a strong protective potential
(13, 26) has been the rationale for therapeutic trials in AD
using human intravenous immunoglobulins (IVIg). Indeed, IVIg
include natural antibodies to AB (27, 28) as well as to protein Tau
(29). IVIg infusions appeared to increase the levels of circulating
anti-A (30), but while preliminary results on mild and moderate
stages of AD had proven encouraging, more powerful trials
failed to show a significant effect on cognitive decline (31-33).
The reason of the lack of clinical efficacy of the natural anti-
AP antibodies contained in IVIg is a matter of debate. It has
been shown that IgG levels were elevated in the CSF of treated
subjects. Thus, anti-Af antibodies penetrate into the CNS after
infusion. Like other Ap-modifying therapies, IVIg might be more
effective in early stages of the disease. In addition, in these
trials, IVIg were administered at low dose, similar to antibody
replacement therapies. Immunomodulatory effects of IVIg are
generally obtained in other neurological disease up to 2 g/kg (33).

ADAPTIVE IMMUNITY AGAINST AB: THE
AN1792 TRIAL

Histological response and cognitive improvement after AP
vaccination in transgenic mouse models of AD have been
received enthusiastically in the late 1990 (34, 35). Elan/Wyeth-
Ayerst Pharmaceuticals set up the AN1792 trial in human
(NCT00021723), the phase I study of safety and immunogenicity
began in 1999, Dec., vaccinating mild-to-moderate AD subjects
with pre-aggregated AP;_4» with adjuvant QS-21, and later on
with QS-21 plus polysorbate-80 0.4%. After no major safety issue,
phase Ila (Study 201) began in 2001, Oct., and was halted in 2002,
Jan., when some patients presented with meningoencephalitis
(36). Other adverse events other than meningoencephalitis
occurred in the AN1792 study: two cases of encephalopathy
including one without meningoencephalitis, two cases of
convulsion, one thrombosis of the retina, one hemiplegia, and,
interestingly, one case of intracerebral hemorrhage (ICH) related

to CAA. However, confronted with the striking manifestations
of brain inflammation, these post-immunization hemorrhagic or
ischemic events have been overlooked (37).

Overall, 18 out of 300 (6%) subjects treated with AN1792 in
phase II developed meningoencephalitis, along with 1 subject
from the extended phase I study (37-40). Clinically, these
patients presented with subacute aseptic meningoencephalitis
with confusion, lethargy, and headaches. Other symptoms
were nausea, seizures, drowsiness, ataxia, aphasia, hemiparesia,
with inconstant fever. As in aseptic meningoencephalitis, CSF
analysis showed mild to moderate hyperlymphocytosis (3-130
cells/mm?), often with mild hyperproteinorachia (39). Since
none of the placebo-treated group developed such serious adverse
events, it was obvious that these cases of meningoencephalitis
related to the active immunization against Af.

Only 2  patients with  post-Ap  immunization
meningoencephalitis were investigated at the histological
level. The first patient (40) presented with fever, drowsiness,
and unstable gait. At neuroimaging, MRI found white matter
hyperintensities (WMH) and a more focal lesion, possibly
associated with edema and inflammatory process. Post-mortem
tissue sampling showed cortical areas without senile plaques, but
still with CAA, and lymphocytic infiltration of leptomeningeal
AB-laden blood vessels, or in perivascular space around cortical
vessels, with sparse cellular infiltration of the parenchyma.
Cellular infiltrates were mainly composed of CD4+ CD45RO+
T-cells, with few CD8+ T-cells, and without CD79a+ CD20+
B-cells. The second patient (41) presented similar plaque-
devoid cortical areas and CD8+ T-cell-enriched perivascular
lymphocytic infiltrates. In addition, the authors describe
multiple macroscopic cortical hemorrhages that were not
detected radiologically despite 3 MRI studies, and microscopic
vasculopathy, namely lipohyalinosis. Interestingly, a third
case (42) reported pathological findings in an AN1792-treated
patient without «clinical meningoencephalitis, which also
presented perivascular cellular infiltrates in the leptomeningeal
spaces, though to a lower extent as compared with the
meningoencephalitis cases, and composed mainly of CD20+
B-cells and few CD3+ T-cells.

The immune mechanism, underlying these cases of
meningoencephalitis has been debated, though it seemed
obvious that adaptive immunity against AP was at stake.

In the AN1792 trial, treated-patients were considered either
antibody responder or non-responder with respect to the
circulating anti-Ap antibody titer supposed to confer clinical
benefit (38). While 20% treated patients were considered
antibody responders, most patients (at least 90%) seemed to
have produced detectable levels of circulating IgM and/or IgG
anti-Ap after immunization (37). Among treated-patients with
meningoencephalitis, 13 out of 18 belonged to the responder
group, and 5 out of 18 to the non-responder group. Among
these 5 non-responders, all of them had a measurable anti-Ap
IgM response, and 4a measurable anti-Af IgG response in the
blood (38).

If almost all treated patients developed an anti-Af antibody
response, one could question whether the antibody response
was qualitatively different in patients with meningoencephalitis.
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However, it was shown by epitope-mapping that all immunized
patients recognized a linear B-cell epitope in the N-terminus
of the AP peptide (AB;—g), independently of the occurrence of
meningoencephalitis (43), and that their serum antibodies bound
to parenchymal as well as vascular AP aggregates, and not to
cellular APP (44).

Out of 57 studied cases, 9 (15%) had measurable CSF
IgG or IgM anti-AB antibody levels and 4 presented with
meningoencephalitis (3 responders and 1 non-responder) (38).
However, CSF antibodies from both patients with or without
meningoencephalitis bound to senile plaques and vascular AB
aggregates (44).

T-cell responses during the AN1792 trial have been poorly
studied. One paper reports on the higher occurrence of IFNy
producing cells after AB;_4, stimulation in phase Ila treated-
patients as compared to phase I treated-patients, which was not
significantly different from the placebo-treated group (45).

Confronted to the absence of noticeable differences in the
anti-AP antibody responses in AN1792-treated patients with and
without meningoencephalitis, and considering the presence of
lymphocytic infiltrates during such cases, it was assumed that
the adaptive anti-Af cellular T-cell response was detrimental
when oriented toward cellular immunity through Thl CD4+
and cytotoxic CD8+ T-cells, while anti-Ap B-cell response would
remain innocuous and potentially beneficial for AD pathology.
Thus, subsequent anti-Af immunotherapy trials were based
on anti-AP antibodies either by selective “humoral” vaccines
or, most frequently, by passive immunization using repeated
humanized monoclonal antibody infusions, the complications of
which have been linked to CAA.

CEREBRAL AMYLOID ANGIOPATHY AND
RELATED CLINICAL MANIFESTATIONS

Definition, Epidemiology, and
Neuropathological Features of Cerebral
Amyloid Angiopathy

Deposited amyloid material in the blood vessel walls of the
cerebral vasculature is made up of insoluble fibrils resulting
from the polymerization of peptidic subunits with a “crossed
B-sheet”-rich conformation. Mutations of several proteins have
been described in familial forms of CAA, such as AB precursor
protein (APP) and other proteins (46). In addition to mutations,
duplications of the wild-type APP gene are also associated with
CAA, as found in Down syndrome and in autosomal dominant
early onset Alzheimer’s disease (47). Sporadic CAA, which is an
AB-related disease without any mutation or duplication of the
APP gene, represents the most common form of CAA and will
be the main focus of this review.

The main risk factors of sporadic CAA are advancing age and
the co-occurrence of AD (48, 49). Both frequency and severity of
CAA increase with age, affecting 35, 50, and 75% of individuals
in the 7th, 8th and 9th decades of life, respectively, regardless
of CAA severity (49). Population-based studies show that in
age-matched groups, demented individuals have higher risk to
present CAA than non-demented individuals, regardless of CAA

severity or considering solely severe CAA (50). Other genetic
risk factors have been described, some of them overlapping
with sporadic AD risk factors, making it difficult to distinguish
which ones are independently related to sporadic CAA. The
main genetic risk factor is ApoE polymorphism: the ¢4 allele is
associated with the occurrence of AD and CAA, while the €2
allele appears protective against AD but associated with the risk
of CAA-related intra-cerebral hemorrhage (ICH) (51). To explain
these controversial findings, Greenberg et al. hypothesized that
the APOE2 allele might be related to CAA vasculopathy but
not vascular deposits, which they evidenced by showing that the
APOE2 allele is more frequent in patients with grade 3-4 CAA
(cracking of the vessel wall and paravascular leaking of blood) but
that it is not over-represented in grade 2 CAA (complete amyloid
replacement of vessels) (52). Hence, APOE4 might promote a
higher risk of CAA-related hemorrhage by enhancing amyloid
deposition, while APOE2 might cause amyloid-laden vessels to
undergo vasculopathic changes that lead to their rupture.

It is indeed important to stress that, from a pathological
point of view, CAA does not stand for the mere presence
of fibrillary AP deposition in blood vessel walls. More severe
vascular deposits are associated with vasculopathies, such as
fibrinoid necrosis, thrombosis, microhemorrhages, or “double-
barreling,” which is the concentric splitting of the vessel
walls (53). Associated with smooth muscles cell degeneration
and amyloid replacement of the whole vessel wall structure,
these pathological features provide the histologic ground for
clinical and paraclinical features of the manifestations of CAA.
Cerebrovascular amyloid deposition in sporadic CAA involves
the leptomeningeal and cortical medium- and small-sized
arteries/arterioles, with or without involvement of the capillaries,
and usually sparing the veins. The topography of CAA is not
homogenous through the brain. The most affected areas being
the occipital, parietal, frontal, then temporal lobes. In most
advanced cases, other structures than the neocortex can be
affected. It is now thought that some CAA features, such as
capillary involvement, dyshoric angiopathy hence small vessel
disease occurring by capillary occlusion, are associated with
AD pathology, while leptomeningeal and arteriolar involvement
is mainly independent from parenchymal amyloidosis of AD
pathology (49). This could lead to a reappraisal of ApoE
polymorphism in CAA: the &4 allele would be associated with
AD capillary CAA, while the €2 allele would be associated
with arterial CAA and its specific manifestations, such as lobar
ICH (51).

CAA Manifestations

Cerebrovascular impairment in sporadic CAA may result
in 3 subsets of manifestations: ischemia, bleeding, and
inflammation (54).

Ischemic manifestations of CAA are cortical infarcts and
WMH appearing on the MRI. They predominate in posterior
regions of the brain where CAA accumulates, and relate to
hypoperfusion or vessel occlusion (55-57).

Hemorrhagic manifestations of CAA are symptomatic ICH
that differentiates from hypertensive ICH by strictly lobar
localization, corresponding to the leptomeningeal and cortical
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topography of CAA (58). Besides symptomatic ICH, cortical
microbleeds (59) and superficial cortical siderosis are other
hemorrhagic features of CAA that can be displayed on MRI (60).
Both ischemic and hemorrhagic features of CAA contribute to
chronic vascular dementia.

Inflammatory manifestations of CAA involve a protean
clinical presentation of corticosensitive encephalopathy,
e.g., with subacute cognitive decline, seizures, headaches,
and asymmetric T2 WMH. Histopathologicaly, different
inflammatory subtypes have been described associated
with CAA: (i) AP-related angiitis, which corresponds to
destructive transmural infiltrates with granulomatous features;
(ii) CAA-related inflammation (CAA-ri), which corresponds to
non-destructive perivascular lymphocytic infiltrates. However,
besides histopathological phenotypes, clinical features, imaging
and outcome largely overlap, making these entities likely part of
the same spectrum (61, 62). These pathologies represent up to
30% of primary CNS vasculitis, making it part of single-organ
vasculitis in the Chappell-Hill revised nomenclature (63, 64),
and introducing the hypothesis of an auto-immune mechanism
of these manifestations.

With the noticeable exception of extremely rare CAA-
ri cases, the potential auto-immune mechanisms at stake in
CAA manifestations have been neglected. Clinical and imaging
features of CAA-related hemorrhages or ischemia have been
conceived as the consequence of mechanical constrains, blood
wall weakening, mural degeneration and or vessel occlusion
related to vascular AP deposition.

However, it has been convincingly shown that CAA was
increased in patients immunized with AN1792. In a post-mortem
study of 9 treated-patients, Boche et al. found a worsening
of CAA in AN1792 patients, with cerebrovascular deposits
containing not only AB;_49, which is classically found in CAA,
but also higher cerebrovascular levels of AB;_45, the main
component of senile plaques. These patients also had a higher rate
of vasculopathies and microhemorrhages (65). In our opinion,
and as suggested by some authors (66, 67), the possibility
cannot be discarded that detrimental adaptive immunity raised
against AP during the AN1792, whether humoral or cellular,
was as least partly related to cerebrovascular deposits, given:
(i) the predominant leptomeningeal and perivascular location
of cellular infiltrates in meningoencephalitis cases during the
AN1792 trial, (ii) the occurrence of some post-immunization
hemorrhagic or ischemic severe adverse events, including one
case of CAA-related ICH, and (iii) the multiple cortical
hemorrhages and associated lipohyalinosis described by Ferrer et
al. in one meningoencephalitis case (41).

Whether meningoencephalitis and other adverse events were
related to adaptive immune reaction against parenchymal or
against vascular AP deposits, it was assumed that T-cell anti-
AP response was detrimental, while humoral adaptive anti-Ap
response was thought to be inocuous and potentially beneficial.
However, adverse events also occurred in the course of passive
immunotherapies with anti-Af antibodies, which shed a new
light on the pathophysiology of induced and spontaneously-
occurring CAA manifestations.

MONOCLONAL ANTI-AS ANTIBODIES AND
THEIR RELATIONSHIP TO CAA
MANIFESTATIONS

The lllustrative Case of Bapineuzumab
Bapineuzumab is a monoclonal humanized IgGl antibody
corresponding to the murine clone 3D6, targeting the N-
terminus of the A peptide (AP;_s). However, unlike circulating
antibodies arising in AN1792 patients, Bapineuzumab does not
recognize a linear epitope but a conformational one (68). While
patients treated by Bapineuzumab showed a decrease of the
cerebral amyloid load by 11C-PiB TEP-scan (69, 70), they did not
show clinical improvement (71).

During the phase I trial, 3 out of 10 patients treated with
a single infusion of the highest dose of Bapineuzumab (5
mg/kg) developed transient signal abnormalities on T2*/fluid
attenuation inversion recovery (FLAIR) sequences, interpreted
as a sign of vasogenic cerebral edema (72). Additional cases
were reported during phase II (73) and phase III (74). First
referred as vasogenic edema, these amyloid-related imaging
abnormalities (ARIA) were included in a spectrum of so-called
ARIA-E (E standing for effusion), that encompasses increased
MR signal intensity on FLAIR or other T2-weighted sequences
in the parenchyma gray or white matter and/or leptomeninges,
sometimes in the cerebellum or brainstem. Interestingly, this
radiological presentation appears similar to MRI presentation
of spontaneous inflammatory manifestations of CAA (66, 74).
ARIA-E was found in 17% (36/210) Bapineuzumab-treated
subjects, appearing after the first or second infusion, in a
dose-dependent manner, with an increased risk in ApoE e4
carriers (7% among non-carriers, 18% among heterozygous,
36% among homozygous) (71). ARIA-E was associated with
clinical manifestations during Bapineuzumab trials in about 20%
subjects. If acute clinical worsening prompted off-protocol MRI
in some cases, most patients were detected by per-protocol MRI.
However, some were retrospectively found to present clinical
signs, similar to inflammatory manifestations of CAA. Another
type of ARIA, namely ARIA-H (H standing for hemorrhages)
appeared during the Bapineuzumab studies in 12% patients,
and featured either microbleeds or cortical superficial siderosis
similar to spontaneous hemorrhagic manifestations of CAA.
ARIA-E and ARIA-H are not independent phenomena. First, the
presence of baseline microbleeds increased the risk of ARIA-
E. Second, de novo ARIA-H were 10 times more prevalent in
patients with ARIA-E (67). They appeared during the same
timeline, and often in the same cortical areas (66).

Although no neuropathological description of ARIA-E have
been reported, the pathophysiological relationship between
ARIA-E and spontaneous CAA-related inflammation on
the one hand, and ARIA-H, and spontaneous CAA-related
hemorrhages on the other hand, was suggested. Hence, it
became obvious that antibodies targeting AP are sufficient
to trigger CAA-like manifestations, and that T-cell anti-Af
responses arising from active immunization are not required.
Thus, some authors suggested that despite differences in
severity, meningoencephalitis and ARIA-E could be part of
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a same pathophysiological spectrum linked to AP vascular
deposition (66, 67).

ARIA in Other Anti-Ap Passive

Immunotherapies

Aducanumab is a human IgG1 selected from a B-cell library
obtained from healthy aged donors who were cognitively normal.
It was selected for its reactivity against soluble A oligomers
and insoluble AP fibrils. Similarly to Bapineuzumab, 22%
(27/125) Aducanumab-treated subjects developed ARIA-E, 33%
being symptomatic, usually mild. Once again, this phenomenon
appeared to be dose-dependent and ApoE e4-related. Among
ARIA-E subjects, 15 (56%) also had ARIA-H. In particular,
while none of the placebo-treated subjects had cortical superficial
siderosis, 9 Aducanumab-treated patients presented with such
manifestations (75).

Gantenerumab is a human IgG1 selected by phage display
from a human antibody library and optimized in vitro
to enhance its affinity to fibrillar AP, and binds to the
N-terminal APj_jp but also the middle portion ABj19_26
(76). Then again, 10% (53/531) treated patients developed
ARIA-E, and 20% (104/531) developed ARIA-H in a dose-
dependent, ApoE e4-related manner. The clinical course
was similar to those of Bapineuzumab and Aducanumab
in terms of incidence, symptoms, kinetics and response to
withdrawal (77).

Solanezumab is a humanized IgGl1 that binds to the mid-
domain of soluble AB. ARIA-E occurred in 18 Solanezumab-
treated subjects, however it was always asymptomatic, with a
low incidence (1.1%), and without statistical difference from
placebo-treated subjects (0.5%). Under Solanezumab treatment,
ARIA-H was more frequent than ARIA-E (9.1%), but once again
without statistically significant difference from placebo-treated
subjects (7.3%). Even though Solanezumab did not seem to
induce a higher frequency of ARIA, the link between ARIA-
E and ARIA-H was still obvious: 71% of patients with ARIA-E
displayed increases in ARIA-H at the time of ARIA-E, and 48%
had co-localized ARIA-H and ARIA-E (78).

Crenezumab is a humanized IgG4 that was designed
in order to avoid FcyRc-binding, hence anti-Af antibody-
mediated cellular reaction in order to lower the risk of
ARIA. Crenezumab has a preferential affinity for soluble
oligomers (79). Crenezumab-treated patients in the ABBY study
did not show a higher incidence of ARIA-E, microbleeds
and cortical superficial siderosis. Of note, one asymptomatic
macrohemorrhage was reported in a treated-patient (80). In
the independent BLAZE study, however, 14.5% treated-patients
presented new ARIA-H, as compared to 3.4% placebo-treated
patients (81).

Ponezumab is a humanized IgG2 targeting the C-terminus
of AP3p_40 that binds to soluble AP. The incidence of
microhemorrhages was 16.4% in the Ponezumab group
and 21.4% in the placebo group. However, various MRI
features corresponding to what can be observed during
CAA were reported solely in the Ponezumab-treated group,
either inflammatory-like (1 case with ARIA-E associated
with superficial siderosis, 1 case with cerebral/meningeal
enhancement), hemorrhagic-like (1 case of subdural hematoma),

or ischemic-like (4 cases of cortical infarcts, 2 subcortical
gray-matter infarcts) (82). In 24 CAA patients treated with
Ponezumab, 2 hemorrhagic adverse events (1 case of cerebral
hemorrhage, 1 case of subdural hematoma), and 1 inflammatory-
like event (1 case of asymptomatic ARIA-E) occurred but were
not considered treatment-related by the investigators (83).

Other antibodies have been used in Ap-related diseases. AAB-
003 was developed by introducing a 3-aminoacid mutation in the
Fc region of Bapineuzumab, resulting in reduced FcyRc binding
and reduced binding to C1q. ARIA-H and ARIA-E were however
reported in the treated group (84). BAN2401 is a humanized
IgG1 monoclonal antibody that selectively binds to AB soluble
protofibrils and that did not appear to be related with ARIA
during phase I (85).

CONCLUSION: IMPLICATIONS FOR THE
MANAGEMENT OF CAA COMPLICATIONS

Overall, treatments of AP-related diseases with monoclonal
anti-Af antibodies can trigger CAA-like manifestations, either
inflammatory or hemorrhagic. In most cases, these radiological
signs are not associated with clinical manifestations. Since they
were followed by treatment discontinuation in most trials,
the question of whether the asymptomatic radiological signs
would have remained infra-clinical or represent a pre-clinical
state remains unanswered. The mechanism of such CAA-like
manifestations is also unknown. Anti-Ap antibodies could simply
worsen CAA (65) by displacing parenchymal Af to the cerebral
vasculature, hence enhancing the risk of CAA manifestations.
A more direct pathogenic role for anti-Af antibodies would
involve the mediation of inflammation and/or the triggering of
hemorrhagic events after antibody binding to cerebrovascular
deposits, by impairment of the structural integrity of the blood
vessel, complement-mediated or FcyRc-mediated inflammation.
As a general rule, three concomitant factors seem to modulate
the risk of ARIA. The dose-dependent effect of such anti-
AP monoclonal antibodies is the first and better established
one. The second one is anti-Af antibody isotype: IgGl anti-
AP monoclonal antibodies such as Bapineuzumab, Aducanumab,
and Gantenerumab, triggered ARIA-E and ARIA-H, while IgG2
(Ponezumab) and IgG4 (Crenezumab) appeared less prone
to trigger CAA-like manifestations. The third one is the
selectivity for soluble or deposited forms of Af: Ponezumab
and Crenezumab were more selective for targeting soluble forms
of AP, as were Solanezumab and BAN2401, hence maybe less
prone than other antibodies to bind to cerebrovascular deposits
in body fluids.

In any case, the pathogenicity of anti-Af antibodies likely
depends on their characteristics: isotype (Ig class and subclass),
specificity toward soluble or aggregated forms of AB;_4, or
AB1_49, differential affinity for such forms, and concentration in
body fluids.

By analogy with passive immunotherapy-induced ARIA, these
considerations lead to the hypothesis that in sporadic CAA, the
occurrence of some species of anti-Af antibodies can trigger
spontaneous inflammatory or hemorrhagic CAA manifestations.
However, serum anti-Af antibodies have been scarcely studied in
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CAA (86). Most investigations focused on (i) CSF antibodies (ii)
during CAA-related inflammation. Piazza et al. showed elevated
CSF levels of anti-Af IgG during the clinical and radiological
active phase of spontaneous CAA-ri (87). The same group argued
in favor of an intrathecal synthesis of CSF anti-Af antibodies,
based on a single case (88). However, experimental evidence
in transgenic mouse model that exhibit AD-like pathology
with a strong CAA component suggested that blood anti-Af
antibodies are by themselves prone to aggravate CAA and related
manifestations, including hemorrhages (89, 90).

Anti-Ap antibodies circulating in the serum are part of the
natural antibody repertoire. Despite methodological difficulties
hindering their study, adverse events that occurred during
anti-Af immunotherapies in AD suggest that natural anti-Af
antibodies are likely to play a role in the triggering of CAA-
related inflammation, but also in other CAA manifestations
such as hemorrhagic features. Whether such pathogenic anti-
AP species would be part of an individual pre-immune natural
repertoire, or would be the result of adaptive processes driven
by cerebrovascular deposits during the course of CAA is
unknown. The pathogenic features of these anti-Af antibodies
that would correlate with CAA clinical phenotypes remain
to be determined by a fine-scale analysis of the circulating
anti-Af antibody repertoire, focusing on serum concentration,
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There is circumstantial evidence that, under neurodegenerative conditions,
peptides deriving from aggregated or misfolded specific proteins elicit adaptive
immune responses. On another hand, several genes involved in familial forms of
neurodegenerative diseases exert key innate immune functions. However, whether
or not such observations are causally linked remains unknown. To start addressing
this issue, we followed a systems biology strategy based on the mining of large
proteomics and immunopeptidomics databases. First, we retrieved the expression
patterns of common neurodegeneration-associated proteins in two professional
antigen-presenting cells, namely B lymphocytes and dendritic cells. Surprisingly, we
found that under physiological conditions, numerous neurodegeneration-associated
proteins are abundantly expressed by human B lymphocytes. A survey of the human
proteome allowed us to map a unique protein-protein interaction network linking
common neurodegeneration-associated proteins and their first shell interactors in
human B lymphocytes. Interestingly, network connectivity analysis identified two major
hubs that both relate with inflammation and autophagy, namely TRAF6 (TNF Receptor
Associated Factor 6) and SQSTM1 (Sequestosome-1). Moreover, the mapped network
in B lymphocytes comprised two additional hub proteins involved in both inflammation
and autoimmunity: HSPA8 (Heat Shock Protein Family A Member 8 also known as
HSC70) and HSPOOAA1 (Heat Shock Protein 90 Alpha Family Class A Member 1).
Based on these results, we then explored the Immune Epitope Database “IEDB-AR”
and actually found that a large share of neurodegeneration-associated proteins were
previously reported to provide endogenous MHC class Il-binding peptides in human B
lymphocytes. Of note, peptides deriving from amyloid beta A4 protein, sequestosome-1
or profilin-1 were reported to bind multiple allele-specific MHC class Il molecules. In
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contrast, peptides deriving from microtubule-associated protein tau, presenilin 2 and
serine/threonine-protein kinase TBK1 were exclusively reported to bind MHC molecules
encoded by the HLA-DRB1 1501 allele, a recently-identified susceptibility gene for
late onset Alzheimer’s disease. Finally, we observed that the whole list of proteins
reported to provide endogenous MHC class lI-binding peptides in human B lymphocytes
is specifically enriched in neurodegeneration-associated proteins. Overall, our work
indicates that immunization against neurodegeneration-associated proteins might be a
physiological process which is shaped, at least in part, by B lymphocytes.

Keywords: neurodegeneration, bioinformatics, autoimmunity, B-lymphocytes, amyloid-beta-protein, tau &

phospho-tau protein, synuclein, prion

INTRODUCTION

Multiple studies have now established that neurodegenerative
disorders are not cell-autonomous. The pathophysiological
processes leading to neurodegeneration involve and target
not only neurons but also glial cells, including astrocytes,
microglia, and oligodendrocytes (1-3). Moreover, beyond central
nervous system (CNS) cells, the adaptive immune system has
emerged as a potentially important player. When considering
only T-cell responses, T-cell reactivity against amyloid beta
peptides was already reported more than a decade ago in
both patients suffering from Alzheimers disease (AD) and
aged healthy subjects (4). Recent works further demonstrated
that alpha-synuclein (SNCA)-derived peptides elicit helper
and cytotoxic T-cell responses in a subgroup of Parkinson’s
disease (PD) patients harboring specific major histocompatibility
complex (MHC) alleles (5, 6). Similarly, in animal models of
neurodegenerative disorders, T-cell responses against peptides
deriving from neurodegeneration-associated proteins were also
demonstrated. In particular, in the MPTP (1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine) model of PD, pathogenic brain-
infiltrating T-cells directed against SNCA were found to target
the substantia nigra of diseased mice (7, 8). Along this line,
in a mouse model of tauopathy, CD8 cytotoxic T-cells directed
against tau protein were shown to infiltrate the hippocampus
and to drive cognitive alterations (9). Finally, besides AD and
PD, several studies provided evidence that T-cells are activated
during the course of Huntington’s disease (HD), amyotrophic
lateral sclerosis (ALS) and/or their animal models (10-13).
Nevertheless, the putative autoantigens targeted under those
conditions remain unknown.

Extending the functional results mentioned above, genome-
wide association studies (GWAS) have unraveled the central
position of autoimmunity-related genes in the genetic
susceptibility landscape of neurodegenerative diseases (14—
19). This is notably the case for HLA-DRBI alleles which were
recently demonstrated to confer increased risks of developing
PD (15) or late-onset AD (14). Also, two genes involved in
familial forms of PD, namely PINKI (PTEN-induced putative
kinase 1) and PRKN (Parkin RBR E3 Ubiquitin Protein Ligase
also named PARK2 or Parkin) were shown to regulate the
presentation of mitochondria-derived antigens in the context of
MHC class I molecules (20). Finally, innate immune functions
were demonstrated for several genes causatively-linked to

familial forms of PD or ALS. These comprise COORF72 (21-23),
LRRK?2 (Leucine-rich repeat kinase 2) (24-27), GRN (Granulin
Precursor) (28, 29) as well as PRKN and PINKI (30-34).

However, advocating for the role of autoimmunity in
neurodegenerative disorders requires yet addressing several
important issues. In particular, it appears crucial to determine
how T-cells directed against neurodegeneration-associated
antigens are primed in the periphery. The extent to which
autoimmunity against neurodegeneration-associated antigens
might be a physiological event needs also to be assessed. Last but
not least, a global view on the expression of neurodegeneration-
associated proteins by professional antigen-presenting cells
(APCs), in particular B lymphocytes and dendritic cells, is
still lacking. In an attempt to address these issues, we used
here a systems biology approach embracing a large range of
previously-published experimental data. We notably explored in
normal human B lymphocytes and dendritic cells the expression
patterns of the most common neurodegeneration-associated
proteins. Our data mining results indicate that in human B
lymphocytes, a large majority of neurodegeneration-associated
proteins are expressed at the protein level. Moreover, a survey
of the human proteome unravels that neurodegeneration-
associated proteins expressed by B lymphocytes may form a
complex network centered on the inflammation/autophagy-
related molecules SQSTM1 (Sequestosome-1) and TRAF6 (TNF
Receptor Associated Factor 6). Finally, the analysis of MHC
class II immunopeptidome databases provides evidence that
neurodegeneration-associated proteins expressed by human B
lymphocytes are a source of endogenous peptides which are
presented in the context of HLA class II molecules.

MATERIALS AND METHODS
Workflow

A scheme summarizing the workflow followed in the present
work is shown in Figure 1.

Data Mining Methods and Bioinformatics

Tools

All the bioinformatics analyses were performed at least 3 times
between March 2018 and October 2019. Databases, bioinformatic
tools, and corresponding tasks performed in this study are
described below.

Frontiers in Immunology | www.frontiersin.org

November 2019 | Volume 10 | Article 2704


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Nataf et al.

Neurodegeneration-Associated Proteins in B Lymphocytes

A large majority of the most common neurodegeneration-associated proteins are

expressed by human B-cells

Retrieval of proteomics data assessing the expression of
neurodegeneration-associated proteins in human B-cells
Human Proteome Map

List of the most common human neurodegeneration-
associated genes and proteins
Genetics Home Reference

Listing of the physical interactions connecting
neurodegeneration-associated proteins
BioGrid database

Listing of the physical interactions connecting
human neurodegeneration-associated proteins and
their first-shell interactors
BioGrid database

Retrieval of neurodegeneration-associated proteins identified in
human MHC class Il immunopeptidome studies
performed in B-cells
ImmunoEpitope database

Mapping of a protein network connecting
neurodegeneration-associated proteins in human B-cells
Cytoscape

Identification of SQSTM1 as the main hub protein

Mapping of a protein network connecting
neurodegeneration-associated proteins and their
first-shell interactors in human B-cells
Cytoscape

Identification of TRAF6 as the main hub protein

Retrieval and enrichment analysis of
TRAF®6 protein partners
BioGrid, Enrichr

TRAFG6 interactors are predominantly encoded by
genes involved in inflammation and
neurodegeneration

Hypothetical pathophysiological scheme linking
neurodegeneration-associated proteins to inflammation and autoimmunity

FIGURE 1 | Workflow of the study. The workflow starts from the upper central gray rectangle. Other rectangles (in red) frame the main results obtained following each
of the analytical steps which are briefly described in green ellipse shapes. Terms in italics correspond to the name of the bioinformatics tools used for each analytical

step. MHC: major histocompatibility complex.
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- The Genetics Home Reference website (35), is a regularly
updated consumer health resource from the National Library
of Medicine. It provides information to the general public
about the effects of genetic variation on human health. In
the present paper, we used the “Genetics Home Reference”
website to select without a priori the most common
genetic variations/alterations that are linked to the following
neurodegenerative disorders: Alzheimer’s disease, Parkinson’s
disease, amyotrophic lateral sclerosis, Huntington’s disease,
fronto-temporal dementia (FTD).

- The enrichment web platform Enrichr (36) performs
enrichment analyses from queried lists of genes. The Enrichr
website allows surveying simultaneously 132 libraries
gathering 245,575 terms and their associated lists of genes
or proteins. Enrichment analysis tools provided by the
Enrichr bioinformatics platform provides adjusted P-values
computed from the Fisher’s exact test. We focused our analysis
on the “Jensen DISEASES” ontology library (37) which is
based exclusively on text-mining and allow determining
whether a list of genes is significantly associated with specific
disease-related terms.

- The BioGrid database (38) compiles 29 169 experimentally-
proven protein-protein interactions connecting 23 098 human
proteins. Querying the BioGrid database allows retrieving
for any given human protein the current list of published
experimentally-identified human protein partners.

- The Human Proteome Map database (39) compiles protein
expression data obtained by mass spectrometry from human
normal tissues and cells including a total of 85 human
blood samples from which the protein profiles of 6 blood-
circulating cell types were established. In parallel, we also
explored 3 recently-published mass spectrometry datasets
reporting on the protemics profiles of blood-derived human B
lymphocytes (40), blood-derived human dendritic cells (DCs)
(41) and cultured monocyte-derived human dendritic cells
(MoDCs) (42).

- The Immune Epitope Database and Analysis Resource (IEDB-
AR) (43) compiles experimental data on antibody and T-cell
epitopes in humans, non-human primates and other animal
species. We followed a 3 step strategy as described below.

Step I: retrieval of a list of human MHC class II binding peptides
and their parent proteins

- in the “Epitope” tab, the “Any Epitopes” item was marked

- in the “Assay” tab, the “MHC Ligand Assays” item was marked

- in the “Antigen” tab, “Homo sapiens” was entered in the
“Organism” line

- in the “MHC restriction” tab, the “MHC class II” item
was marked

- in the “Host” tab, the “Humans” item was marked

- in the “Disease” tab, the “Any Disease” item was marked.
Search was then launched and, from the results page, the
“Assays” tab was selected and a list of currently known ligands
(peptides and parent proteins) of human MHC molecules
was retrieved.
Step 2: filtering the results

We retained only results which were both: (i) obtained by

mass spectrometry analysis of peptides eluted from MHC class

II molecules and (ii) generated from cells of the B- cell lineage,
in the absence of immunization or stimulation protocols.
Step 3: checking the reference IDs associated to each identified
parent protein

For each selected study and/or set of results, the reference
ID associated to each parent protein was checked on
the UniProt website (44) in order to avoid redundant or
obsolete IDs.

- The Cytoscape software (45) is an open source software
allowing to visualize complex networks. We used the function
“Network analysis” to identify hubs i.e., objects exhibiting the
highest number of degrees (connections to other objects) in
the generated networks.

Statistics

When not embedded in bioinformatics webtools, statistics for
enrichment analyses were performed using the Fisher’s exact
test. In particular, we assessed for several identified hub proteins
whether their retrieved list of partners (obtained via the BioGrid
database) was statistically enriched in neurodegeneration-
associated proteins. To calculate enrichment factors, we set
the expected reference ratio as 0.002 which corresponds to
the number of common neurodegeneration-associated proteins
(i.e., 48 according to the “Home Genetics Reference” website)
over the number of coding genes for which interactors can be
retrieved from the BioGrid database (i.e., 23098). The obtained p-
values were then adjusted using Bonferroni correction. The same
approach was used to determine whether lists of parent proteins
from which derive human MHC class II-binding peptides are
significantly enriched in neurodegeneration-associated proteins.

RESULTS

Neurodegeneration-Associated Proteins
Form a Unique Interaction Network in
Which PRKN Is the Main Hub

From the most recently updated version of the human
proteome compiled in the “BioGrid” database, we extracted the
currently published and experimentally-proven protein-protein
interactions connecting the most common neurodegeneration-
associated proteins. Self-interactions were excluded from our
analysis. From these retrieved interactions we were able to
build and visualize a protein network which encompasses 35
(72%) of the 48 most common neurodegeneration-associated
proteins (Figure 2). Interestingly, network analysis showed that
PRKN harbored the highest number of interacting partners (n
= 18). Moreover, when considering the whole list of known
PRKN protein partners, the calculated enrichment factor in
neurodegeneration associated protein reached 20.86 and was
highly significant (Fisher’s exact test p-value: 2.77E710), 1t
should be noticed that the great majority of the protein-protein
interactions reported so far between PRKN and other common
neurodegeneration-associated proteins were demonstrated via
robust low throughput biochemical approaches as detailed in
Data Supplement 1. Our data mining result points thus to a yet
unnoticed property of PRKN as a major hub protein connecting
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FIGURE 2 | Mapping of the protein-protein interaction network linking common neurodegeneration-associated proteins irrespective of the cell type considered. A
survey of the human proteome was performed by querying the protein-protein interaction database BioGRID (38). Each node represents a protein indicated by the
corresponding gene symbol and each edge represents an experimentally-demonstrated protein-protein interaction. In this network, the “PRKN” (Parkin) node,
highlighted in yellow, exhibits the highest degree (i.e., the highest number of direct interactors). White nodes correspond to the first-shell partners of PRKN. Gray

a large array of proteins involved in not only PD but also ALS,
AD, Huntington’s disease and/or FTD.

A Majority of Common
Neurodegeneration-Associated Proteins
Are Abundantly Expressed in Human B
Lymphocytes

We then explored proteomics databases to determine whether
neurodegeneration-associated proteins are expressed by APCs
under physiological conditions. Our search was restricted to
2 cell lineages which harbor demonstrated antigen-presenting
functions: B lymphocytes (46-48) and dendritic cells (DCs) (49—
51). Results were combined with those retrieved from proteomics
data obtained in 3 independent studies by the mass spectrometry
analysis of human B lymphocytes (40) or human dendritic cells
(41, 42). Since mass spectrometry is not a sensitive technique, one
may consider that detected proteins are abundantly expressed.
As shown in Table 1, it is striking that 34 (70%) of 48 common
neurodegeneration-associated proteins are detectable by mass
spectrometry in human B lymphocytes (Table 1). In human DCs,
20 (41%) of 48 common neurodegeneration-associated proteins
were detected and all of these were also detected in human B

lymphocytes. Conversely, 14 common degeneration-associated
proteins were reported to be detected in B lymphocytes but not
DCs. These include notably apolipoprotein E, amyloid beta A4
protein, presenilin-1 and alpha-synuclein.

Of note, in both human B lymphocytes and DCs, parkin,
the PRKN-encoded protein, was undetectable as assessed by
mass spectrometry. This finding urged us to identify the main
hub protein(s) which may interconnect neurodegeneration-
associated proteins that are abundantly expressed in human
B lymphocytes.

Neurodegeneration-Associated Proteins
Expressed by Human B Lymphocytes Form
a Unique Interaction Network in Which the
Inflammation/Autophagy-Related Protein
SQSTMH1 Is the Main Hub

From the interaction network depicted in Figure2 we
only retained nodes corresponding to neurodegeneration-
associated genes that are detectable by mass spectrometry in
human B lymphocytes. We observed that in this cell type,
24 neurodegeneration-associated proteins are predicted to
form a tight interaction network which is centered on the
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TABLE 1 | Expression patterns of human neurodegeneration-associated proteins in B-cells vs. dendritic cells.

Gene symbol Protein ID Blood-derived B Blood-derived B Blood-derived DCs Cultured MoDCs (42)
lymphocytes (39) lymphocytes (40) 41)

APOE P02649 Detected detected 0 0

APP P0O5067 Detected 0 0 0
ATXN2 Q99700 Detected Detected 0 0
CHMP2B Q9UQNS Detected Detected 0 Detected
DCTN1 Q14203 Detected Detected 0 Detected
FIG4 Q92562 Detected Detected 0 0

FUS P35637 Detected Detected detected Detected
GBA P04062 0 Detected 0 Detected
GRN P28799 Detected Detected 0 0
HNRNFPAT P09651 Detected 0 0 Detected
HTT P42858 Detected Detected Detected Detected
LRRK2 Q58007 Detected Detected Detected 0
MATR3 P43243 Detected Detected Detected Detected
OPTN Q96CV9 Detected Detected 0 0
PARK7 Q99497 Detected Detected Detected Detected
PFN1 PO7737 Detected Detected Detected Detected
PRPH P41219 Detected 0 0 Detected
PSENT P49768 Detected 0 0 0

SETX Q77333 Detected Detected 0 Detected
SIGMAR1 Q99720 Detected Detected 0 0

SNCA P37840 Detected 0 0 0

SOD1 P00441 Detected Detected Detected Detected
SPG11 Q9BJI7 Detected Detected 0 0
SQSTM1 Q13501 Detected Detected 0 Detected
TARDBP Q13148 Detected 0 Detected Detected
TBK1 QOUHD2 Detected Detected 0 Detected
TBP P20226 Detected Detected 0 0
TRPM7 Q96QT4 0 Detected 0 0
TUBA4A P68366 Detected 0 0 Detected
UBQLN2 QOUHD9 Detected Detected 0 0
UCHL1 P09936 Detected Detected 0 0

VAPB 095292 Detected Detected Detected Detected
VCP P55072 Detected Detected Detected Detected
VPS35 Q96QK1 Detected Detected Detected Detected

The proteomics profiles of human circulating B lymphocytes, circulating dendritic cells (DCs) or cultured monocyte-derived dendritic cells (MoDCs) were retrieved from 4 independent
mass spectrometry studies (39-42). We found that 34 from 48 common neurodegeneration-associated proteins were detected by mass spectrometry in at least 1 of the explored studies.
Interestingly, 14 common degeneration-associated proteins (highlighted in gray) were reported to be detected in B lymphocytes but not DCs. These include notably apolipoprotein
E, amyloid beta A4 protein, presenilin-1 and alpha-synuclein. In contrast, when detected in DCs, common neurodegeneration-associated proteins were constantly detected in

B lymphocytes.

inflammation/autophagy-related protein SQSTM1 (Figure 3).
Again, it should be noticed that the great majority of the
protein-protein interactions reported so far between SQSTM1
and other common neurodegeneration-associated proteins
were demonstrated via robust low throughput biochemical
approaches as detailed in Data Supplement 1.

The Protein Network Formed by
Neurodegeneration-Associated Proteins
Connects With a Set of First Shell
Interactors Among Which the B-Cell
Inflammation/Autophagy-Related Protein
TRAF6 Is the Main Hub

To extend these data, we then retrieved from the “BioGrid”
database the currently known and experimentally-demonstrated
interactors of common neurodegeneration-associated proteins,

irrespective of their levels of expression in human B lymphocytes.
From this list, we extracted candidate hub proteins interacting
with more than 10 neurodegeneration-associated proteins. For
each of these candidate hubs, total lists of protein interactors
were then retrieved from BioGrid and a Fisher’s exact test was
applied so to determine if neurodegeneration-associated proteins
were actually significantly enriched in each established list. By
this mean, we were able to assign an enrichment factor and
an associated p-value to each candidate hub. This approach
allowed us to identify 20 hub proteins (Table 2) with which
common neurodegeneration-associated proteins are specifically
connected. Among these 20 hub proteins, 10 are expressed at
the protein level as assessed via the “Human Proteome Map”
database (39). Moreover, from the 10 hub proteins exhibiting the
most significant and highest enrichment factors, 8 are abundantly
expressed by human B lymphocytes. These include: (i) the
heat shock proteins HSPA8 (also named HSC70), HSPA4 (also
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TABLE 2 | Main hub partners of common neurodegeneration-associated proteins.

Gene symbol Protein ID Protein partners ND-associated protein Enrichment factor Adjusted p-value
partners

TRAF6 QIY4K3 315 17 28.40 1.03E-17
PRKN 060260 454 18 20.86 2.77E-16
SQSTM1 Q13501 309 13 2214 8.25E-13
HSPA4 P34932 363 13 17.90 1.58E-10
HSPA8 P11142 708 16 11.29 8.20E-10
YWHAZ P63104 412 12 14.56 9.38E-9
HSPI0AAT P0O7900 839 15 8.93 6.65E-08
YWHAQ p27348 476 11 11.55 4.74E-07
CYLD QINQC7 620 12 9.67 8.15E-07
CTNNB1 pP35222 616 hh 8.92 6.00E-06
UBC POCG48 1050 14 6.66 6.54E-06
TP53 P04637 1062 14 6.59 7.46E-06
CUL7 Q14999 658 11 8.35 1.13E-05
EGFR P00533 1224 14 5.71 3.73E-05
RNF4 p78317 1251 14 5.59 4.75E-05
MCM2 P49736 940 11 5.85 3.09E-04
BRCA1 pP38398 962 11 5.71 3.80E-04
NTRK1 P04629 1948 16 4.10 4.54E-04
CUL3 Q13618 1227 13 5.29 1.75E-04
ESR2 Q92731 2249 13 2.89 4.67E-02

A survey of the human proteome was performed by querying the protein-protein interaction database BioGRID (38). Candidate hub proteins interacting with more than 10 common
neurodegeneration-associated proteins were retrieved. The lists of partners currently demonstrated for each of these candidate hubs were then retrieved. For each of these lists, a factor
of enrichment in neurodegeneration-associated proteins was established along with an associated Fisher’s exact test p-value, as described in the Materials and Methods section. From
left to right, gene symbols and corresponding protein IDs of the identified hub proteins are shown in the first and second column, the associated total numbers of partners and total
numbers of neurodegeneration (ND)-associated protein interactors are shown in the third and fourth column. The corresponding enrichment factors and adjusted p-values are shown
in the last two columns. Enrichment factors and statistical analyses were performed on data retrieved from the 3.5.175 release of BioGrid or, for PRKN, SQSTM1 and TRAF6, from
the 3.5.177 release of BioGrid. Proteins that are detectable by mass spectrometry in human B lymphocytes, according to the “Human Proteome Map” database (39), are highlighted
in gray.

as 14-3-3 protein zeta and theta respectively, which bind MHC
class II molecules (58, 59) and are implicated in various
neurodegenerative diseases (60-62). Finally, unexpectedly, the
most significant hub we identified was TRAF6 (TNF receptor
associated factor 6), an inflammation/autoimmunity-related

TABLE 3 | Enrichment analysis of TRAF6 partners list.

Term Adjusted p-value

Disease enrichment

Cancer 5.09E-7 molecule (63, 64) playing a major role in the control of B-cell
e il st ik 2.69E-6 activation (65, 66). Indeed, the whole list of TRAF6 interactors
Hypohidrotic ectodermal dysplasia 2.75E-6 comprises 17 neurodegeneration-associated proteins i.e., 5.3%,
Toxic encephalopathy 5.20E:6 which corresponds to an enrichment factor of 27.68 and an
Mulerey nanism, - 52186 adjusted p-value of 1.03E~17 (Fisher’s exact test). The robustness
L R e 2 84950 of the biochemical techniques which were used to identify TRAF6
;:;22:; g:;jé:g neurodegeneration-associated protein partners was checked as
Biok's disoase py=— detailed in Data Supplement 1.

Leishmaniasis 87964 However, one may argue that the list of currently-

known TRAF6 partners might be enriched in not only
neurodegeneration-associated proteins but also many other
sets of proteins which do not relate with neurodegeneration.
To address this issue, we performed on the whole list of
TRAF6 partners a non a priori enrichment analysis using the
“JENSEN Disease” text-mining webtool (37) embedded in the
“Enrichr” analysis platform (36). Results shown in Table 3
indicate that the 10 disease-related terms with which TRAF6

A survey of the human proteome was performed by querying the protein-protein
interaction database BioGRID (38). The list of currently known and experimentally-
demonstrated TRAF6 partners was retrieved. From this list of interactors, an enrichment
analysis with the “"JENSEN Disease” text-mining webtool (37) embedded in the “Enrichr”
analysis platform (36) was then performed. Shown are the disease-related terms exhibiting
the 10 most statistically significant enrichments. Terms relating with neurodegeneration
are highlighted in gray.

named HSP70) and HSP90AA1l (also named HSP90) which
are all involved in both antigen presentation by MHC class
II molecules (52-54) and the modulation of T-cell responses
(55-57) and (i) YWHAZ and YWHAQ proteins also known

partners are the most significantly associated comprise the terms
“Frontotemporal dementia,” “Neurodegenerative disease” and
“PicK’s disease.” This finding points to a specific link between
TRAF6 and neurodegeneration.
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FIGURE 3 | Mapping of the protein-protein interaction network linking common neurodegeneration-associated proteins which are expressed in human B
lymphocytes. A survey of the human proteome was performed by querying the protein-protein interaction database BioGRID (38). Each node represents a protein
indicated by the corresponding gene symbol and each edge represents an experimentally-demonstrated protein-protein interaction. In this network, the “SQSTM1”
(Sequestosome-1) node, highlighted in yellow, exhibits the highest degree (i.e., the highest number of direct interactors). White nodes correspond to the first-shell
partners of SQSTM1 in human B lymphocytes. Gray nodes are expressed by B lymphocytes but are not direct interactors of SQSTM1.

As a control and to further establish the specificity of
our findings, we assessed whether similar results would be
obtained from a list of common demyelination-associated
proteins i.e., proteins commonly considered as candidate
autoantigens in multiple sclerosis (67). We found that neither
TRAF6 nor the other hubs linking common neurodegeneration-
associated proteins exhibited lists of protein partners which
were significantly enriched in common demyelination-associated
proteins (Data Supplement 2).

From these results we then built and visualized a B-
cell protein-protein interaction network encompassing the
most significant hub proteins and their neurodegeneration-
associated interactors expressed in B lymphocytes (Figure 4). We
observed that from the 32 neurodegeneration-associated proteins
expressed by B lymphocytes, 22 (68%) are first shell interactors
of HSPA4, HSPAS, TRAF6, or SQSTM1. These results unravel a
yet unknown function of these molecules as major hub proteins
connecting in B lymphocytes a large array of proteins involved in
PD, ALS, AD, Huntington’s disease and/or FTD.

Common Neurodegeneration-Associated
Proteins Provide a Source of Endogenous
MHC Class lI-Binding Peptides in Human B
Lymphocytes

While peptides presented by MHC class II molecules are
classically generated by the proteolysis of phagocytized

exogenous antigens, the presentation of endogenous peptides by
MHC class II molecules is an alternate pathway which has been
robustly documented (68-71). We thus surveyed the Immune
Epitope DataBase (IEDB-AR) (43) to assess whether peptides
derived from neurodegeneration-associated proteins had been
previously identified as binding MHC class II molecules in
immunopeptidome studies which used human cells of the
B-cell lineage as a source of endogenous peptides. Of note, we
excluded studies assessing the MHC binding of exogenously-
provided specific peptides and retained only works relying on the
systematic mass spectrometry-based identification of peptides
eluted from MHC class II molecules. In addition, we excluded
experiments in which immunization or stimulation protocols
were applied to B lymphocytes. On this basis, we retained 19
studies (Data Supplement 3) which were performed on cells
of the B-cell lineage including predominantly Epstein-Barr
virus (EBV)-transformed B lymphocytes. When screening these
studies, we found that 23 out of 48 common neurodegeneration-
associated proteins were reported to provide endogenous
MHC class II-binding peptides in B lymphocytes (Table 4
and Data Supplement 3). The most frequently identified
neurodegeneration-associated parent proteins are abundantly
expressed in B lymphocytes and comprise notably the proteins
encoded by: (i) the AD-related genes APP and PSENI, (ii) the
ALS/FTD-related genes PFNI, SQSTM1, GRN, SODI, and VCP
and (iii) the PD-related proteins PARK7 and GBA (Figure 1).
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FIGURE 4 | Mapping of the protein-protein interaction network linking common neurodegeneration-associated proteins expressed in B lymphocytes and their hub
protein partners. A survey of the human proteome was performed by querying the protein-protein interaction database BioGRID (38). Only proteins expressed by
human B lymphocytes according to the “Human Proteome Map” database (39) were taken into account. Each node represents a protein indicated by its
corresponding gene symbol. The 4 hub proteins expressed by B lymphocytes and whose partners exhibit the most significant and highest enrichment factors in
neurodegeneration-associated proteins are indicated in bold characters. White nodes correspond to neurodegeneration-associated proteins expressed by B
lymphocytes and interacting with TRAF6. Gray nodes correspond to common neurodegeneration-associated proteins expressed by B lymphocytes but not reported

to interact with TRAF6.

Hub Molecules Linking Common
Neurodegeneration-Associated Proteins
Provide a Source of Endogenous MHC
Class lI-Binding Peptides in Human B
Lymphocytes
From the 19 relevant B-cell studies we retained on IEDB-AR,
we also attempted to determine whether the hub molecules
we identified as linking neurodegeneration-associated proteins
in B lymphocytes (Table2) were, in parallel, reported to
provide endogenous ligands for MHC class II molecules in B
lymphocytes. We found that from 10 candidate hubs abundantly
expressed by B lymphocytes, 8 were reported to provide
endogenous ligands for MHC class II molecules in human B
lymphocytes (Table 5 and Data Supplement 3).

Among these 8 hubs, HSPA8 was the parent protein
being the most frequently identified as providing endogenous

peptides which bind MHC class II molecules in human B
lymphocytes (Table 5).

In Human B Lymphocytes, the List of
Parent Proteins From Which Derive
Endogenous MHC Class II-Binding
Peptides Is Specifically Enriched in

Neurodegeneration-Associated Proteins

The whole list of parent proteins identified as providing MHC
class II-binding endogenous peptides in B lymphocytes was
retrieved from IEDB-AR and an enrichment analysis was
performed to determine whether such a list was significantly
enriched in neurodegeneration-associated proteins. We found
that genes coding for neurodegeneration-associated proteins
encompassed 0.62% (22 out of 3523) of the whole genes
coding for such parent proteins (Data Supplement 4), which
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TABLE 4 | List of neurodegeneration-associated proteins from which derive MHC
class Il-binding endogenous peptides in the human B-cell lineage.

Neurodegeneration-associated
proteins

Reported MHC class Il
restrictions

Amyloid beta A4 protein (APP)

Sequestosome-1 (SQSTMT)

Profilin-1 (PEN1)

Superoxide dismutase [Cu-Zn]
(SOD1)

Transitional endoplasmic reticulum
ATPase (VCP)

Lysosomal acid glucosylceramidase
(GBA)

Presenilin-1 (PSENT)

Ubiquilin-2 (UBQLNZ)

Major prion protein (PRNP)

Vacuolar protein sorting-associated
protein 35 (VPS35)

Optineurin (OPTN)

Protein deglycase DJ-1 (PARK?)

Progranulin (GRN)

Spatacsin (SPG17)

Ubiquitin carboxyl-terminal hydrolase
isozyme L1 (UCHLT)

RNA-binding protein FUS (FUS)
Probable cation-transporting ATPase
13A2 (ATP13A2)

Heterogeneous nuclear
ribonucleoprotein A1 (HNRNPAT)

HLA class Il, HLA-DQ, HLA-DR,
HLA-DRS, HLA-DQ7.5,
HLA-DQ2.5, HLA-DQ2.2,
HLA-DRB1*15:01 (HLA-DR15),
HLA-DRB5*01:01 (HLA-DR51),
HLA-DRB1*04:05 (HLA-DR4),
HLA-DQA1*05:01/DQB1*02:01
(HLA-DQ2.5)

HLA class I, HLA-DR, HLA-DQ,
HLA-DR1, HLA-DQ7.5,
HLA-DQ2.5, HLA-DQ2.2,
HLA-DR15/DR51,
HLA-DQA1*05:01/DQB1*02:01
(HLA-DQ2.5)

HLA class I, HLA-DR, HLA-DQ,
HLA-DR1, HLA-DR3,
HLA-DRB1*04:05 (HLA-DR4),
HLA-DR15/DR51

HLA class I, HLA-DR, HLA-DR1,
HLA-DQ7.5, HLA-DQ2.5,
HLA-DQ2.2

HLA class Il, HLA-DR, HLA-DR1,
HLA-DQ7.5, HLA-DQ2.5,
HLA-DQ2.2

HLA class I, HLA-DR, HLA-DQ,
HLA-DR1, HLA-DR15,
HLA-DRB1*04:05 (HLA-DR4)
HLA class Il, HLA-DQ,
HLA-DQ2.2,

HLA-DR15/DR51,
HLA-DRB1*04:05 (HLA-DR4)
HLA class Il, HLA-DR1,
HLA-DQ7.5,

HLA-DQ2.2, HLA-DRB1*04:05
(HLA-DR4)

HLA-DQ, HLA-DR, HLA-DRT1,
HLA-DQ7.5, HLA-DQ2.2

HLA class Il, HLA-DR,
HLA-DR15/DR51,
HLA-DQA1*05:01/DQB1*02:01
(HLA-DQ2.5)

HLA-DR1, HLA-DQ7.5,
HLA-DQ2.5, HLA-DQ2.2

HLA class Il, HLA-DR1,
HLA-DRB1*04:01 (HLA-DR4),
HLA-DRB1*04:05 (HLA-DR4)

HLA class Il, HLA-DQ,
HLA-DQ7.5

HLA-DQ7.5, HLA-DQ2.2
HLA class Il, HLA-DR

HLA class Il
HLA-DR

HLA class Il

(Continued)

TABLE 4 | Continued

Neurodegeneration-associated Reported MHC class Il

proteins restrictions
Charged multivesicular body protein HLA-DQ7.5
2b (CHMP2B)

Huntingtin (HTT) HLA-DR

Serine/threonine-protein kinase TBK1 HLA-DR15/DR51
(TBKT)

Presenilin-2 (PSEN2)
Microtubule-associated protein tau

(MAPT)

HLA-DR15/DR51
HLA-DR15/DR51

The “IEDB-AR” immune epitope database (43) was screened in order to retain only
publications reporting on the systematic mass spectrometry identification of endogenous
peptides binding MHC-class Il molecules in the human B-cell lineage. Only results
obtained on human cells of the B-cell lineage in the absence of immunization or stimulation
protocols were taken into account. The retrieved list of parent proteins was then crossed
with the list of 48 common neurodegeneration-associated proteins we established. The
protein names and gene symbols are shown in the left column, the corresponding reported
MHC class Il restrictions of derived peptides are shown in the right column. When needed,
aliases frequently used in the HLA class Il genotype/serotype nomenclature are indicated
in brackets.

corresponds to an enrichment of 2.58 (p-value = 0.0006,
Fisher’s exact test) when considering the whole number of
human protein-coding genes as roughly 20 000 (72). To confirm
these results and assess their level of specificity, we used the
“JENSEN Disease” text-mining webtool (37) and performed an
unsupervised enrichment analysis from the whole list of genes
coding for parent proteins previously identified as providing
MHC class II-binding peptides in human B lymphocytes
(Data Supplement 4). From this list of 3522 genes, 96 (2.72%)
were annotated with the term “Neurodegenerative disease”
(Data Supplement 4) which corresponds to the second most
significant enrichment, after the term “Arthritis” (Table 6).

Since the HLA-DRBI1 1501 allele (corresponding to the HLA-
DR15 serotype) was recently identified as a risk factor for
sporadic forms of late onset AD (14), we retrieved the whole
list of parent proteins (and corresponding coding genes) which,
in human B lymphocytes, were previously reported to provide
peptides that bind HLA-DRB1 1501-encoded MHC class II
molecules. Importantly, such a list was significantly enriched in
neurodegeneration-associated proteins (enrichment factor: 5.31;
p-value = 0.0001, Fisher exact test). Moreover, when this list of
parent proteins was submitted to an unsupervised enrichment
analysis, the term “Neurodegenerative disease” was found to
reach the highest level of statistical significance (Table 7).

Finally, based on the IEDB-AR survey we performed, HLA-
DRBI1 1501-encoded MHC class II molecules are the only HLA
class II molecules which, in human B lymphocytes, were reported
to bind endogenous peptides deriving from microtubule-
associated protein tau, presenilin-2 or serine/threonine-protein
kinase TBK1 (Table 4 and Data Supplement 3).

DISCUSSION

In the present work, we mined large publically-available
databases to provide experiment-based evidence of a link
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TABLE 5 | List of the main hub partners linking neurodegeneration-associated
proteins and giving rise to MHC class lI-binding endogenous peptides in the
human B-cell lineage.

Hub molecules linking common
neurodegeneration-associated
proteins

Reported MHC class Il restriction

Heat shock cognate 71 kDa protein
(HSPAS8)

HLA class Il, HLA-DR, HLA-DQ,
HLA-DR1, HLA-DQ7.5, HLA-DQ2.5,
HLA-DQ2.2, HLA-DRS3,
HLA-DRB1*15:01 (HLA-DR15),
HLA-DR15/DR51,
HLA-DQA1*05:01/DQB1*02:01
(HLA-DQ2.5), HLA-DRB1*04:01
(HLA-DR4), HLA-DRB1*04:05
(HLA-DR4)

HLA class Il, HLA-DR, HLA-DQ,
HLA-DR1, HLA-DQ7.5, HLA-DQ2.5,
HLA-DQ2.2, HLA-DR15/DR51,
HLA-DQA1*05:01/DQB1*02:01
(HLA-DQ2.5)

HLA class Il, HLA-DR, HLA-DQ,
HLA-DQ7.5, HLA-DQ2.5,
HLA-DQ2.2,

HLA-DRB1*04:05 (HLA-DR4),
HLA-DRB1*15:01 (HLA-DR15)
HLA-DQA1*05:01/DQB1*02:01
(HLA-DQ2.5)

HLA class Il, HLA-DR, HLA-DQ,
HLA-DR1,

HLA-DRB1*04:05 (HLA-DR4)
HLA class I, HLA-DQ,
HLA-DRB1*04:05 (HLA-DR4)
HLA-DR, HLA-DR3
HLA-DRB1*04:05 (HLA-DR4)

Sequestosome-1 (SQSTMT)

Heat shock protein HSP 90-alpha
(HSP90AAT)

14-3-3 protein zeta/delta (YWHAZ)

4-3-3 protein theta (YWHAQ)

Heat shock 70 kDa protein 4 (HSPA4)

Ubiquitin carboxyl-terminal hydrolase
CYLD (CYLD)

TNF receptor-associated factor 6
(TRAF6)

HLA-DR1

The "IEDB-AR” immune epitope database (43) was screened in order to retain only
publications reporting on the systematic mass spectrometry identification of endogenous
peptides binding MHC-class Il molecules in the human B-cell lineage. Only results
obtained in the absence of immunization or stimulation protocols were taken into account.
The retrieved list of parent proteins and corresponding reported MHC class Il restriction
of derived peptides was then crossed with the list of 11 hub molecules being abundantly
expressed by human B lymphocytes and linking common neurodegeneration-associated.
The protein names and corresponding gene symbols are shown in the left column; the
corresponding reported MHC class Il restrictions of derived peptides are shown in the
right column. When needed, aliases frequently used in the HLA class Il genotype/serotype
nomenclature are indicated in brackets.

between neurodegeneration and autoimmunity. Using a systems
biology approach we report that a large range of common
neurodegeneration-associated proteins: (i) are expressed by
human B lymphocytes under physiological conditions, (ii)
form a comprehensive and functionally-relevant protein-protein
interaction network and (iii) provide endogenous peptides
which bind MHC class-II molecules in human B lymphocytes.
Patients suffering from neurodegenerative conditions exhibit
T cell- and/or antibody-mediated responses directed against
major neurodegeneration-associated proteins such as amyloid
beta A4 protein, alpha-synuclein and tau protein (4-6, 73).
However, naturally-occurring antibodies against amyloid-beta

TABLE 6 | Enrichment analysis of the whole list of parent proteins giving rise to
MHC class lI-binding endogenous peptides in the human B-cell lineage.

Term Adjusted p-value

Disease enrichment

Arthritis 3.94E-8
Neurodegenerative disease 1.80E-7
Lupus erythematosus 4.92E-7
Tetanus 2.07E-5
Human immunodeficiency virus infectious disease 4.80E-5
Diamond-Blackfan anemia 7.10E-5
Coronary artery disease 1.57E-4
Fabry disease 2.08E-4
Inclusion-cell disease 2.16E-4
Neuropathy 1.97E-4

The “IEDB-AR” immune epitope database (43) was screened in order to retain only
publications reporting on the systematic mass spectrometry identification of endogenous
peptides binding MHC-class Il molecules in the human B-cell lineage. Only results
obtained in the absence of immunization or stimulation protocols were taken into account.
The parent proteins from which derive the identified bound peptides were retrieved and
the list of corresponding coding genes was submitted to an enrichment analysis with the
“JENSEN Disease” text-mining webtool (37) embedded in the “Enrichr” analysis platform
(36). The 10 most significant terms associated with this list of genes are shown. The
second most significant enrichment is observed for the term “Neurodegenerative disease”
(term and corresponding adjusted p-value highlighted in gray).

TABLE 7 | Enrichment analysis of the whole list of parent proteins giving rise to
endogenous peptides binding HLA-DRB1 1501-encoded MHC class Il molecules
in the human B-cell lineage.

Term Adjusted p-value

Disease enrichment

Neurodegenerative disease 7.8E-6
Influenza 2.1E-4
Allergic hypersensitivity disease 2.8E-4
Lupus erythematous 1.2E-3
inclusion-cell disease 1.6E-3
Gangliosidosis 1.6E-3
Diamond-Blackfan anemia 1.8E-3
Tetanus 2.0E-3
Lysosomal storage disease 2.3E-3
Dementia 3.1E-3

The “IEDB-AR” immune epitope database (43) was screened in order to retain only
publications reporting on the systematic mass spectrometry identification of endogenous
peptides binding MHC-class Il molecules in the human B-cell lineage. Only results
obtained in the absence of immunization or stimulation protocols were taken into account.
The parent proteins from which derive the identified bound peptides were retrieved and
the list of corresponding coding genes was submitted to an enrichment analysis with the
“JENSEN Disease” text-mining webtool (37) embedded in the “Enrichr” analysis platform
(36). Shown are the disease-related terms exhibiting the 10 most statistically significant
enrichments. Terms relating with neurodegeneration are highlighted in gray.

(74), alpha-synuclein (75-77) and tau protein (73, 77, 78) were
also demonstrated in cohorts of healthy subjects. Similarly, apart
from any pathological context, robust T-cell responses against
peptides deriving from tau protein were recently demonstrated
to widely occur in the general population (79). These findings
suggest that the autoimmune processes described in patients with
neurodegenerative conditions might be shaped by pre-existing
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physiological autoimmune responses directed against common
neurodegeneration-associated proteins. It is worth noting that,
while physiological autoimmunity was firmly demonstrated
nearly 50 years ago (80-82), the intimate nature of the
links bridging physiological autoimmunity to its pathological
counterpart is still matter of debate. Numerous functions have
been assigned to physiological autoimmunity (83, 84), including,
more recently, a support to cognition (85-90). In line with these
findings, our data indicate that a specific set of brain antigens
expressed by B lymphocytes and involved in neurodegenerative
diseases might prime a neuroprotective and, possibly, cognition-
promoting T-cell response under physiological conditions. Of
note, B lymphocytes are now recognized as professional APCs
(46-48) and, most interestingly, memory B lymphocytes were
demonstrated to trigger the activation of autoreactive T-cells in
an MHC-class II-dependent manner (91). Indeed, the autophagy
of cytosolic and nuclear proteins in B lymphocytes provide a
continuous source of endogenous MHC class-1I ligands (92) and
such autophagosome-derived peptides induce the proliferation
of autologous T-cells under in vitro conditions (93). However,
that neurodegeneration-associated proteins provide MHC class
II-binding endogenous peptides in B lymphocytes neither prove
that T-cells are actually primed against such peptides in vivo
nor that peptides deriving from misfolded neurodegeneration-
associated proteins are presented by B lymphocytes under
neurodegenerative conditions. Furthermore, even if it was
actually the case, the phenotype of autoreactive T-cells generated
via such a mechanism would need to be explored. More generally,
one has to keep in mind that no consensus has been currently
reached regarding the phenotype of physiological autoreactive
T-cells. Thus, both autoreactive Tregs and autoreactive pro-
inflammatory T-cells belong to the physiological T-cell repertoire
and were both found to exert neuroprotective effects (94-97).

Several genes involved in familial forms of neurodegenerative
disorders exert key functions in the autophagy pathway.
These notably comprise PRKN, PINKI, and SQSTMI1 (98-
101). In the recent years, major works provided evidence
that, in neurons and immune cells, functional defects
in such genes hamper mitophagy (a specialized form of
autophagy), stimulate the inflammasome pathway and
foster the presentation of mitochondrial antigens by MHC
class I molecules (33, 102, 103). However, these findings
do not render account for the existence of HLA class II-
restricted T-cell responses against neurodegeneration-associated
proteins. Moreover, antigens targeted by autoimmunity during
neurodegenerative conditions are far from deriving only from
the mitochondrial compartment. In this regard, our work
suggests that in B lymphocytes, the inflammation/autophagy-
related molecules SQSTM1 and TRAF6 are crucially involved
in the presentation of neurodegeneration-associated antigens
by MHC class II molecules. However, while our data mining
approach was restricted to the retrieval of experimentally-
demonstrated protein-protein interactions, whether such
interactions actually occur in human B lymphocytes remains
to be ascertained. This issue clearly requires to be addressed
in future studies.

The mining of previously published mass spectrometry
analyses performed on MHC class II-eluted peptides showed that,
in human B lymphocytes, several neurodegeneration-associated
proteins provide endogenous peptides which bind a large range
of MHC class II alleles. This is notably the case for amyloid beta
A4 protein, sequestosome-1 and profilin-1. Similarly, peptides
deriving from HSPAS, a hub molecule which links a high number
of neurodegeneration-associated proteins, bind multiple MHC
class II alleles. Our observations suggest that these 4 molecules
are likely to elicit immune responses in a large range of the
human population. Determining whether or not such antigens
trigger cognition-promoting autoimmunity is a potentially
important issue. On another hand, in human B lymphocytes,
several neurodegeneration-associated antigens appear to provide
endogenous peptides harboring an allele-specific MHC class
IT restriction in B lymphocytes. For e.g., endogenous peptides
deriving from microtubule-associated protein tau, PSEN2 and
Serine/threonine-protein kinase TBK1 were exclusively reported
to bind HLA-DRB1 1501-encoded MHC class II molecules
under the experimental conditions described above. Since the
HLA-DRBI1 1501 allele is a susceptibility gene for late onset
AD (14), this may prove to be of interest in the context of
AD pathophysiology. In particular, although a widespread T-
cell reactivity against Tau peptides was recently demonstrated
in the general human population (79), this finding indicates
that individuals bearing the HLA-DRB1 1501 allele may exhibit
qualitative and/or quantitative specificities regarding their anti-
Tau T-cell responses. Finally, it should be noticed that in subjects
bearing the HLA-DRB1 1501 allele, B lymphocytes were shown
to express membrane-anchored HLA-DRB1 1501-encoded MHC
molecules (104) and to efficiently present autoantigens to CD4
T-cells via such MHC class II molecules (91).

We previously proposed that the genetic polymorphism of
the HLA-DRBI1 locus, which, among primates, is extremely
high in the human species (105), might allow the allele-specific
presentation of distinct sets of “brain superautoantigens”
(106, 107) leading, in turn, to the development and maintenance
of distinct sets of cognition-promoting T-cells. The present
work indicates that common neurodegeneration-associated
proteins might represent an important share of brain
superautoantigens. Interestingly, recent magnetic resonance
imaging studies reported that, in healthy subjects, specific
HLA-DR alleles correlate with the volume ranges of
specific brain structures (108, 109). Future studies should
be designed to determine whether HLA-DR polymorphism
might match both brain structural features and the diversity
of T-cell responses against common neurodegeneration-
associated proteins. Finally, in the human B-cell lineage,
MHC class II-binding endogenous peptides are highly
significantly and specifically enriched in peptides deriving
from common neurodegeneration-associated proteins. This
result raises the intriguing possibility that a main function of
physiological autoimmunity could be to control the blood-
circulating levels of aggregated forms of amyloid beta A4
protein, alpha-synuclein, tau protein and possibly other
neurodegeneration-associated proteins.
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Paraneoplastic cerebellar degeneration (PCD) is a rare immune-mediated disease that
develops mostly in the setting of neoplasia and offers a unique prospect to explore the
interplay between tumor immunity and autoimmunity. In PCD, the deleterious adaptive
immune response targets self-antigens aberrantly expressed by tumor cells, mostly
gynecological cancers, and physiologically expressed by the Purkinje neurons of the
cerebellum. Highly specific anti-neuronal antibodies in the serum and cerebrospinal
fluid represent key diagnostic biomarkers of PCD. Some anti-neuronal antibodies such
as anti-Yo autoantibodies (recognizing the CDR2/CDR2L proteins) are only associated
with PCD. Other anti-neuronal antibodies, such as anti-Hu, anti-Ri, and anti-Ma2,
are detected in patients with PCD or other types of paraneoplastic neurological
manifestations. Importantly, these autoantibodies cannot transfer disease and evidence
for a pathogenic role of autoreactive T cells is accumulating. However, the precise
mechanisms responsible for disruption of self-tolerance to neuronal self-antigens in the
cancer setting and the pathways involved in pathogenesis within the cerebellum remain
to be fully deciphered. Although the occurrence of PCD is rare, the risk for such severe
complication may increase with wider use of cancer immunotherapy, notably immune
checkpoint blockade. Here, we review recent literature pertaining to the pathophysiology
of PCD and propose an immune scheme underlying this disabling disease. Additionally,
based on observations from patients’ samples and on the pre-clinical model we
recently developed, we discuss potential therapeutic strategies that could blunt this
cerebellum-specific autoimmune disease.

Keywords: paraneoplastic cerebellar degeneration, anti-neuronal T cell, autoimmunity,

immunotherapy, animal model

antibodies,

INTRODUCTION

The central nervous system (CNS) can be the target of deleterious cellular and humoral immune
responses in context of infectious, degenerative, or autoimmune diseases (1-4). Among these
immune-mediated CNS disorders, autoimmune diseases are wide and heterogeneous, occurring
both in paraneoplastic and non-paraneoplastic context (1). Paraneoplastic neurological disorders
are characterized by acute or subacute neurological manifestations associated with autoantibodies
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against antigens expressed physiologically by neural cells as
well as by tumor cells, so-called “onconeuronal antigens”
(5, 6). Although the autoantibodies are considered faithful
diagnostic biomarkers of paraneoplastic neurological disorders,
their pathogenic contribution, when the target antigens are
intracellular, is uncertain (7, 8). In these cases, antigen-
specific cytotoxic CD8T cells that recognize epitopes derived
from intracellular proteins in the context of MHC class I
presentation are considered the main players causing the
neuronal damage (9, 10).

Paraneoplastic cerebellar degeneration (PCD), one of the most
common paraneoplastic neurological syndromes (11), represents
a heterogeneous group that differs in clinical features, prognosis,
associated tumor and associated antibody (7) (Table 1).

Cerebellar degeneration is the dominant presentation but
neocortex, limbic system, basal ganglia, spinal cord and
the peripheral nervous system can be involved (88). The
clinical presentation is partially correlated to the pattern of
expression of the target autoantigen in the CNS. Antibodies
are mainly directed against intracellular neuronal antigens
and, contrary to autoimmune encephalitis associated with
antibodies targeting cell surface proteins (such as the NMDA
receptor), the pathogenic immune response involves cellular
immune mechanisms and irreversible neuronal death. This
neuronal death leads to severe and irreversible neurological
impairment. Highly specific anti-neuronal autoantibodies in the
sera and/or cerebrospinal fluid (CSF) are the key diagnostic
biomarkers of PCD. About 50% of PCD cases are related with
anti-Yo antibodies, also known as CDR2/CDR2L (cerebellar
degeneration-related antigen), making anti-Yo antibodies the
predominant autoantibody associated with PCD among the 37
other anti-neural antibodies described (Table 1), such as anti-
Hu, anti-Tr, anti-Ri, anti-Ma2, anti-P/Q-type calcium channel, or
anti-CV2/CRMP5 (89-91).

The anti-CDR2/CDR2L antibody-associated PCD will be the
main focus of the current article. This type of PCD develops
mostly in female patients with gynecologic (ovarian and breast)
carcinomas that express the Purkinje neuron-specific CDR2
protein (9) and its paralog CDR2L (14), but also in patients
with other types of cancers including endometrial, digestive and
lung (37, 92-95).

EXPRESSION AND ROLE OF CDR2/CDR2L
PROTEINS IN PHYSIOLOGICAL CONTEXT

CDR2 and CDR2L are members of the cerebellar degeneration
related (CDR) protein family. The Cdr2 gene is widely
transcribed and encodes a cytoplasmic leucine zipper protein.
The RNA is expressed in almost all tissues but the protein has
only been found to be expressed in cerebellar Purkinje neurons,
some brainstem neurons, ovarian and mammary tissue, prostate,
testis and spermatogonia (96-99). These results suggest that
the tissue-specific expression of CDR2 is regulated at a post-
transcriptional level.

The biological function of CDR2 remains ill defined, and
that of CDR2L even less known. It has been shown that

CDR?2 inhibits the functions of the oncogene c-Myc, a master
regulator of cellular growth and cellular metabolism, through
its sequestration in the cytoplasm (100). CDR2 interacts
with other proteins involved in signal transduction and gene
transcription such as cell cycle-related proteins, and acid-
activated serine/threonine protein kinase (100-104). A similar
interaction was found with NF-kB, a transcription factor involved
in neuronal development and synaptic plasticity (105); and with
MRGXm, a transcriptional regulator involved in cell growth and
apoptosis (103). These data indicate that CDR2 may be involved
in the regulation of cell cycle, at least in part through interactions
with c-Myec. Since cells display an impaired proliferation capacity
upon CDR2 knockdown, it can be reasoned that CDR2 is
required for appropriate mitotic function (101).

Anti-Yo antibodies react against CDR2 (62 kDa protein
consisting of 454 amino acids) and CDR2L (a CDR2 paralog
consisting of 465 amino acids). CDR2L has a 44.7% sequence
identity with CDR2 and contains three potential coiled-coil
regions (14). In the cerebellum, both CDR2 and CDR2L
are present in the cytoplasm and proximal dendrites of
Purkinje cells (96, 100). Recent data, combining co-staining on
human cerebellar sections and cultured cancer cells, protein
immunoprecipitation and pre-absorption experiments, strongly
suggest that under native conditions CDR2L, rather than or in
addition to CDR2, is the major target of serum and CSF Yo
antibodies (14, 106). However, there is currently no evidence
indicating that immunity toward CDR2L actually causes Purkinje
cell death.

DISRUPTION OF IMMUNE TOLERANCE
AND INITIATION OF THE AUTOIMMUNE
PROCESS IN PCD

Immune Tolerance and PCD

The expression of CDR2 appears tightly restricted to “immune
privileged” sites whereas CDRL2 is transcribed also in the
digestive tract. CDR2 has been found to be poorly immunogenic
even when expressed in tumors (107, 108). During lymphocytes
development in the thymus, tolerance mechanisms delete
most autoreactive T cells with high affinity or redirect them
to a regulatory phenotype (109, 110). Through “ectopic”
expression of a number of tissue-associated self-antigens, the
autoimmune regulator (AIRE) acts as a master regulator
of central T-cell tolerance by preventing the development
of pathogenic autoreactive T cells (111, 112). Interestingly,
transcription of both Cdr2 and Cdr2l has been reported
in thymic medullary epithelial cells (113). Whether this
expression is dependent on AIRE and whether it results
in central T-cell tolerance remains unknown at this time.
In this context, the observed up-regulation of AIRE mRNA
expression in ovarian tumors associated with anti-Yo PCD
as compared to other ovarian tumors is puzzling (114).
Moreover, genes transcriptionally regulated by AIRE are enriched
among those differentially expressed between anti-Yo-associated
vs. control ovarian tumors, although the immunological
consequences of this differential expression is unknown (114).
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TABLE 1 | Main autoantibodies reported in paraneoplastic cerebellar degeneration.

Autoantibodies Target, role, and localization Main associated tumor References
PCD with associated autoantibodies
Anti-Purkinje cell cytoplasmic CDR2 and its paralogue CDR2L, putative neuronal signal Qvarian tumor, breast cancer (12-14)
antibody-type 1 (PCA1) (anti-Yo) transduction proteins, in the cytoplasm of Purkinje cells
ANNA-1 (anti-Hu/HuD) RNA-binding protein, cytoplasmic, neuronal nuclei SCLC, other neuroendocrine tumors (15-17)
Anti-GADB5 Enzyme expressed intracellularly, allowing the conversion Rarely paraneoplastic if not (18-22)
of glutamate to GABA in CNS neurons and pancreatic associated with other neuronal
islet cells autoantibodies: SCLC,
neuroendocrine, thymoma, breast
cancer, non-Hodgkin lymphoma
Anti-Ca/RhoGTPase-activating Also referred to as oligophrenin-like protein, One case with ovarian carcinoma, (23-27)
protein 26 (anti-ARHGAP26) GTPase-activating protein involved in numerous one with history of breast cancer and
pathways (in particular in endocytic pathway). In cytosol malignant melanoma, one with a
and at the membrane of Purkinje cells, stellar cells, B-cell ymphoma, one with prostate
basket cells, Golgi cells and the granular cells in cancer, one with gastric
cerebellum as well as in a subset of neurons in the adenocarcinoma
hippocampus
Anti-glial fibrillary acidic protein Major intermediate filament protein of mature astrocytes, Ovarian teratoma, adrenal carcinoma, (28)
(anti-GFAP) localized in the cytoplasm. and others
Anti-CV2/CRMP5 Cytosolic protein involved in brain ontogenesis by SCLC, thymoma, gynecological (29-32)
relaying semaphorin 3A signaling. Located predominantly cancer
in dendrites of cortical pyramidal neurons, hippocampal
CA1 pyramidal cells, Purkinje cells and oligodendrocytes
Anti-metabotropic glutamate receptor Main glutamate metabotropic receptor at the cell surface Hodgkin’s lymphoma, prostate (33-36)
1 (anti-mGIuR1) of Purkinje cells; but also widely expressed in the CNS adenocarcinoma
Anti-voltage-gated calcium channel Membrane high-voltage threshold-activated cation SCLC (60%) (37-39)
(anti-P/Q-type VGCC +/- anti-N-type channel, mediating P- and Q-type Ca2+ currents.
VGCC) Important role in glutamatergic neurotransmission.
Expressed on Purkinje cells somata and dendrites and
abundantly throughout the CNS
Anti-amphiphysin Thought to regulate exocytosis in synapses and to When not associated with other 40, 41)
control the properties of the membrane associated neuronal autoantibodies: breast
cytoskeleton. It is a cytoplasmic synaptic cancer and lung carcinoma
vesicle-associated protein
Anti-dipeptidyl peptidase-like protein Extracellular regulatory subunit of the Kv4.2 potassium B cell neoplasm in some patients (42-45)
6 (anti-DPPX) channels at the cell surface of neurons
Anti-contactin-associated protein 2 Transmembrane protein. Essential for the clustering of Rarely, thymoma (46-48)
(anti-caspr2) the VGKC subunits Kv1.1 and Kv1.2 at juxtaparanodal
regions of myelinated axons and at the axon hillock.
Highly expressed in the axons of the granule neurons of
the cerebellum
Anti-y-aminobutyric acid B receptor Receptor of the main inhibitory neurotransmitter, Around 50% of cases: SCLC, (49-51)
antibodies (anti-GABADR) localized on the neuronal membrane neuroendocrine tumor
AGNA/ANti-SOX1 Developmental transcription factor; preferentially Lung cancer (52, 53)
expressed in Bergman dlial cell nuclei
Anti-Ma2/Ta (PNMA2) Ma2 could play a role in mRNA biogenesis, localized to Testicular germ-cell tumors. (54-56)
structures that resemble nuclear bodies.
Anti-Ma1 (PNMA1) Ma1 could play a role in mRNA biogenesis, localized to Variable: SCLC and non-small cell (54, 57)
structures that resemble nuclear bodies. lung cancer, colon cancer,
non-Hodgkin lymphoma, breast
cancer
ANNA-2 (Anti-Ri) Neuron-specific RNA-binding proteins, widely express in Breast and gynecological cancer, (58-60)
the CNS SCLC
Anti-Purkinje cell antibody 2 Target antigen not known SCLC (10 cases) 61)
(anti-PCA-2)
ANNA-3 Target antigen not known; localized in the neuronal nuclei SCLC (62)
Anti-Zic4 C2H2-type zinc finger proteins acting as a transcriptional Hodgkin’s lymphoma, SCLC (63, 64)
activator during neurogenesis; in neuronal nuclei.
(Continued)
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TABLE 1 | Continued

Autoantibodies Target, role, and localization Main associated tumor References
Anti-Zic2 C2H2-type zinc finger proteins acting as a transcriptional Mostly associated with anti-Zic4 (65)
activator during neurogenesis; in neuronal nuclei.
Anti-Zic1 C2H2-type zinc finger proteins acting as a transcriptional Always associated with anti-Zlc4 (65)
activator during neurogenesis; in neuronal nuclei.
Anti-Homer protein homolog 3 Linking mGIuR1 and Homer-3; mainly in the cytosol of One lung cancer but only four cases (66, 67)
(anti-Homer-3) Purkinje cells. described
Anti-Sj/inositol 1,4,5-trisphosphate Mediates intracellular Ca2+ release from the ER calcium Five patients described: one breast (68, 69)
receptor (anti-Sj/ITPR1) storage after activation by mGIuR1; mainly located in the cancer and no data available for the
membrane of the ER of Purkinje cells. other four patients
Anti-carbonic anhydrase-related Limit Ca2+ efflux from the ER by reducing the affinity of One melanoma and one ovarian (70, 71)
protein VIII (anti-CARP VIII) ITPR1 for inositol 1,4,5-trisphosphate, in Purkinje cells cancer
(intracellular).
Anti-Tr/delta notch-like epidermal Transmembrane protein involved in the Notch pathway. Hodgkin’s lymphoma (72-76)
growth factor-related receptor Highly expressed in Purkinje cell body and dendrites but
(anti-Tr/DNER) also in the hippocampus and cortex.
Anti-tripartite motif-containing protein Protein involved in axon specification and outgrowth 2 SCLC and one without tumor (77)
46 (anti-TRIM46) during early brain development and in the maintenance
of microtubules. Specifically localized to the proximal
axon.
Anti-tripartite motif-containing protein Protein expressed widely in the CNS and localizes to Lung adenocarcinoma (78)
9 (anti-TRIM9) cytoplasmic bodies that may be involved in axon
guidance.
Anti-tripartite motif-containing protein Expressed in the cytoplasm, exclusively in the Lung adenocarcinoma and melanoma (78, 79)
67 (anti-TRIM67) cerebellum and retina, involved in neuritogenesis.
Anti- glucose-regulated protein 78 Plays a role in proliferation, apoptosis and inflammation; SCLC (80)
(anti-GRP78) expressed on the endothelial cell surface.
Anti-Plasticity-Related Gene 5 Transmembrane protein involved in neurite outgrowth Squamous cell lung carcinoma 81)
and dendritic spines formation; enriched in hippocampus
and cerebellum
Anti-neurochondrin Leucine-rich neuronal cytoplasmic protein probably one uterine cancer (82, 83)
involved in signal transduction, in the nervous system
Anti-septin-5 Guanosine triphosphate (GTP)-binding neural protein non paraneoplastic but only four (84)
involved in neurotransmitter exocytosis cases described
Example of studies with PCD and without identified autoantibodies
Lung, breast, lymphoma, gastronintestinal, ovary cancer (85)
9 patients with PCD and SCLC (65)
one thymic carcinoma (86)
39 cases with lymphoma, non-SCLC and genitourinary cancers 87)

Collectively, these findings suggest that defects in immune
tolerance induction could be implicated in the pathogenesis
of PCD.

Central tolerance is only partial since lymphocytes
capable of recognizing autoantigens are prevalent, even in
healthy individuals (115). Therefore, in order to prevent
deleterious autoimmune reactions, peripheral tolerance
mechanisms are necessary, among which regulatory FOXP3+
CDAT cells play a major role. Break of immune tolerance
resulting in autoimmunity usually requires a failure of
one or several tolerance checkpoints. The autoimmune
response against CDR2/CDR2L antigens in the context of
PCD is likely multifactorial, involving high CDR2/CDR2L
expression in the tumor, a genetic predisposition, and a
productive, chronic immune response toward tumor cells, as
detailed below.

CDR2/CDR2L Protein Expression in Tumor
and T Cells

The tumor inflammatory microenvironment has been suggested
to facilitate the release of intracellular antigens resulting in
abnormal exposure of self-antigens to the immune system;
this provides an explanation for the numerous autoantibodies
produced against intracellular antigens in cancer patients (116).
However, PCD is rare even though all ovarian cancer subtypes,
regardless of their association with anti-Yo antibodies and
PCD, express CDR2/CDR2L (98, 99, 117). Therefore, the mere
expression of CDR2/CDR2L by tumor cells is insufficient to
trigger autoimmunity against Purkinje cells. The low incidence
of PCD may also be linked to the lymphocyte expression of
CDR2 (118).

Recently, it has been shown that ovarian tumors associated
with PCD and anti-Yo antibodies differ from other ovarian

Frontiers in Immunology | www.frontiersin.org

June 2020 | Volume 11 | Article 991


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Yshii et al.

Immunological Bases of PCD

tumors. Indeed, Small and colleagues showed that tumor cells
from all 25 PCD patients with anti-Yo antibodies exhibited
(likely somatic) mutations and/or gains in CDR2 and/or
CDR2L genes, leading to higher protein expression and/or
expression of proteins with missense mutations. This high rate
of genetic alterations is characteristic of tumors from patients
with PCD and anti-Yo antibodies, as they have not been
reported in 841 other ovarian carcinomas (119). Moreover, this
study demonstrates massive infiltration of PCD tumors with
anti-Yo antibodies by activated immune effector cells. This
suggests that genetic alterations in tumor cells trigger immune
tolerance breakdown and initiation of the autoimmune disease.
Comforting this hypothesis, ovarian tumors associated with PCD
and anti-Yo antibodies are characterized by a higher and more
frequent immune cell infiltration, including CD8 T cells, B cells,
plasma cells and mature Lamp+ dendritic cells (DC), known to
be associated with more efficient T cell antitumor response (120).
The characterization of such DC and whether they contribute to
onconeuronal antigen presentation remain to be determined.

Genetic Basis of PCD

The infrequency of anti-Yo antibody-associated PCD among
patients with gynecological cancers could also reflect
predisposing factors such as a genetic susceptibility. Hillary
and colleagues conducted high resolution HLA class I and
class II genotyping in 40 patients with PCD vs. ethnically
matched controls (11). They provided evidence for association
of the DRB1713:01~DQA1*01:03~DQB1%*06:03 haplotype with
ovarian cancer-associated, but not breast cancer-associated,
PCD (present in 9 of 29 cases). As HLA class II molecules
present antigenic peptides to CD4 T cells, the data suggest that
this T cell subset could be a major player in the onset of PCD.
Significant findings were also observed with several HLA class
I alleles, especially within the HLA-C locus (C*03:04, C*04:01,
and C*07:01). These data indirectly suggest the involvement of
CD8T cells or NK cells in PCD pathogenesis. Other genes, in
particular immune-related genes, may be at play. A genome-wide
association study would be greatly beneficial in identifying these
genes which may play varied roles in PCD pathogenesis; albeit,
challenging, given the low prevalence of PCD.

BLOOD-BRAIN BARRIER
TRANSMIGRATION INTO THE
CEREBELLUM

Circulating immune cells have to cross the blood-brain barrier
(BBB) to get into the CNS, involving distinct trafficking
molecules at the surface of the BBB endothelial cells and
on immune cells for the sequential transmigration steps:
tethering, rolling, capture, adhesion and diapedesis (121). Several
surface molecules expressed by T cells, such as P-selectin
glycoprotein ligand-1 (PSGL1), activated leucocyte cell adhesion
molecule (CD6) and integrins, contribute to these steps. PSGL1
bind to P/E-selectin on endothelial cells and mediates the
initial rolling and tethering of CD4 and CD8T cells (122).

Furthermore, the a4f1 integrin interacts with vascular cell
adhesion protein 1 (VCAM 1) to form strong adhesion between
T cells and the endothelium (123, 124). Under inflammatory
conditions, the BBB-endothelial cells up-regulate the expression
of adhesion molecules (selectins and cell adhesion molecules
of the immunoglobulin superfamily) (121). In experimental
autoimmune encephalomyelitis (EAE), a classical animal model
of multiple sclerosis, BBB-endothelial cells express CCL2, CCL19,
and CCL21, which mediate firm arrest of CCR2+ monocytes and
DC as well as CCR7+ CD4 T cells (125). Stimulating chemokine
receptors also results in a conformational change of the cell
surface integrin molecules providing increased affinity for their
ligands (126).

Although cumulative evidence highlights the key role of
CD8T cells in several inflammatory CNS disorders such
as PCD, the molecular cues responsible for trafficking of
CD8T cells into the CNS are less known. Interaction between
PSGL1 and P-selectin contributes to the recruitment of CD8T
cells from multiple sclerosis patients to brain vessels (127).
However, CD8 T-cell transmigration is not affected by blocking
interactions between aLB2/ICAM-1, PECAM-1/PECAM-1, or
CCL2/CCR2 (128). Using a murine model of CNS autoimmune
neuroinflammation, we showed that the migration of cytotoxic
CDS8T cells to the CNS relies on the a4fl-integrin and that
VCAM-1 and JAM-B expressed by BBB endothelial cells are likely
implicated in this process (129). Targeting this pathway of T-
cell trafficking to the CNS may hold promise in neurological
diseases other than multiple sclerosis. Indeed, Natalizumab, a
humanized mAb against a4 integrin, was tested in a patient with
immune checkpoint inhibitor-induced encephalitis resulting in
neurological improvement after 2 months of treatment (130)
and in a few patients with Susac syndrome (131). It is yet to be
determined if the pathogenic immune cells require a4 integrin
expression to penetrate into the cerebellum during PCD.

Regional peculiarities may exist for T and B cell migration
within the CNS. For example, in 2-day-old piglets the cerebellum
was more permeable than the cortical regions to bilirubin
(132). Moreover, it has been suggested that the expression
of P-glycoprotein, a transporter essential in preventing the
BBB penetration of substrates (133), is lower in the BBB of
the cerebellum than in the cortex (134). It could therefore
be proposed that structural or molecular peculiarities of the
cerebellum may contribute to local transmigration of T cells
during PCD.

IMMUNE MECHANISMS OF PCD

PCD is characterized by the selective and extensive loss of
cerebellar Purkinje neurons associated with local inflammatory
infiltrates reported in several studies (7, 135, 136). Depopulation
of Purkinje cell axons and secondary demyelination is also
prevalent. In some patients, immune infiltrates and microglial
activation extend beyond the cerebellum. In the cerebellum
of PCD patients, the inflammatory infiltrates are composed
of CD8T cells, macrophages, and activated microglia that
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can form nodules (137-139). CD4T cells and B cells are
either absent or found in small numbers around blood vessels
(137). No IgG deposition or complement activation is found
in relation to the Purkinje cells (138, 139). In PCD CD8T
cells exhibited an activated phenotype with granzyme B- and
perforin-containing cytolytic granules, which are sometimes
polarized toward the targeted neurons (140, 141). The fact that
Purkinje cells can up-regulate the expression of MHC class I
molecules during an inflammatory process may provide the
opportunity for CD8 T cells to recognize antigens presented by
these neurons (140, 142, 143). We hypothesized that interferon-
y (IFNy) is likely a part of the local inflammatory milieu
as suggested by local up-regulation and nuclear translocation
of phosphorylated STAT1 (143). Pre-clinical data have yet to
show Purkinje cell destruction by T cells specific for PCD-
associated autoantigens. Indeed, Mal-specific Thl CD4T cells
can induce encephalomyelitis but failed to induce neuronal
degeneration (144). However, in mice, CD8 T cells specific for a
model onco-neuronal antigen can kill neurons upon help from
antigen-specific CD4 cells (145), with accumulative evidence
indicating that cytotoxic T cells are likely final mediators of
neuronal injury (146). However, in some instances, complete
elimination of Purkinje cells is found in the absence of immune
cell infiltration, which is reminiscent of burned out lesions (12,
139). Despite these data strongly arguing that CD8T cells are
the final effector cells involved in Purkinje cell demise, definitive
proof is lacking.

A possible direct role of autoantibodies directed against
intracellular target has been evoked in early studies (5, 147).
However, passive transfer of anti-Yo or anti-Hu antibodies,
including through the intracerebro-ventricular route, failed
to transfer disease in animal models (5, 148-151). More
recently, a direct neurotoxic role of autoantibodies was
documented on cerebellar organotypic slice cultures upon
incubation with anti-CDR2/anti-CDR2L or anti-Hu antibodies
(13, 100, 152-154). Collectively, the studies indicate that,
under these experimental conditions, uptake of anti-neuronal
antibodies by neurons is possible and may result in neuronal
death. From a mechanistic standpoint, both human and
rabbit anti-CDR2/CDR2L antibodies applied on cerebellar
organotypic slice culture were rapidly internalized by Purkinje
cells and led to increased expression levels of voltage-
gated calcium channel Cav2.1, protein kinase C gamma
and calcium-dependent protease, calpain-2; this resulted in
the decrease of arborizations of Purkinje cells (13). It was
therefore suggested that this autoantibody internalization causes
deregulation of cell calcium homeostasis. This, in turn, leads
to neuronal dysfunction, ultimately resulting in destruction
of diseased Purkinje neurons (13). Another team highlighted
also on rat cerebellar slice cultures that application of anti-
Yo positive IgG resulted in marked Purkinje cell death
(155). This effect was reversed after adsorption of the anti-
Yo antibodies with their 62kDa target antigen (153). As
neuronal death preceded mononuclear cell infiltration, the
autoantibodies appeared to have a direct pathogenic role.
These data raise the question of whether there is anti-Yo
antibody penetration across the blood-brain-barrier, or from

CSF to tissue, and then inside Purkinje cells in patients
with PCD.

PCD AS A SIDE EFFECT OF CANCER
IMMUNOTHERAPY

As already underlined the occurrence of PCD is infrequent
(85), with about 10 cases/year in France (119). The risk for
paraneoplastic disease appears to increase with application of
immunotherapies for cancer, most notably with use of immune
checkpoint blockers (156, 157). Increasing numbers of cases
of autoimmune encephalomyelitis developing within days after
treatment with anti-PD1 mAb (either as a monotherapy or in
combination with anti-CTLA-4) have been recently reported in
patients harboring melanoma or other types of cancers (130, 158,
159), possibly identifying paraneoplastic neurological disorders
as a side effect of immune checkpoint inhibitors. Moreover,
we recently evaluated, experimentally, the possibility to induce
PCD after CTLA-4 blockade in a mouse model in which a neo-
self-antigen was expressed in both Purkinje cells and implanted
breast tumor cells (146). In this context, an enhanced tumor
control was obtained at the expense of autoimmune PCD. We
showed that the immune checkpoint therapy in this mouse
model of PCD elicits T cell migration into the cerebellum
and subsequent killing of Purkinje cells (146). Therefore,
by blocking an essential inhibitory immunological signal in
the mouse model, it is possible to elicit PCD. Interestingly,
our recent results indicate that while 84% of anti-CTLA-4-
treated mice develop PCD, a much lower proportion of mice
developed PCD upon anti-PD1 mAb therapy (unpublished).
Recently, it was demonstrated that both anti-PD1 and anti-
CTLA-4 antibodies target a subset of tumor-infiltrating T
cell populations, resulting in the expansion of exhausted-like
CD8T cells (160). Remarkably, anti-CTLA-4 mAb, but not
anti-PD1 mADb, modulated the CD4 effector compartment,
specifically inducing the expansion of Thl-like CD4 effector
cells (160). These CD4 effector T cells elicited by anti-CTLA-4
mAb improved anti-tumor responses by enhancing CD8 T cell
infiltration, and cytolytic CD8 activity, demonstrating that PD-1
and CTLA-4 attenuate T cell activation though distinct molecular
and cellular mechanisms.

Building on these observations, it is tempting to hypothesize
that patients developing PCD carry polymorphisms, or that
tumors harbor alterations, in genes related to the immune
regulation pathway. A detailed next-generation sequencing
analysis of ovarian or breast tumors associated with PCD-related
to anti-Yo antibodies and in circulating T cells could explore
whether there are alterations in immune regulation, either locally
or systemically, in patients with PCD. In that respect, the
transcriptomic profile of 12 ovarian cancers from anti-Yo PCD
was compared with public data of 733 control ovarian tumor
transcriptomes from The Cancer Genome Atlas database. A total
of 5,634 genes were differentially expressed between anti-Yo
PCD ovarian tumors and control ovarian tumors; among these
genes, two members of the CD28 family—CTLA4 and ICOS—
were significantly down-regulated, implying that suppressive
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functions of T cells could be altered within the anti-Yo PCD
ovarian tumor microenvironment (114).

OVERALL IMMUNOLOGICAL SCENARIO
FOR THE INITIATION AND DEVELOPMENT
OF PCD (FIGURE 1)

Key questions regarding the site of priming and the antigenic
specificity of the pathogenic cerebellum-infiltrating CD8T
cells remain to be answered. Regarding the site of priming,
pathological studies indicate the presence of moderate to
profound immune infiltrates in the primary tumor or metastases
of PCD-associated tumors (12, 119, 135, 140). Importantly,
these infiltrates were composed of CD8T cells with cytotoxic

potential, B cells, plasmabasts, and DC-LAMP—+ dendritic cells
(119). Intriguingly, those tumor infiltrates could sometimes form
tertiary lymphoid structures, a feature recently associated with
better prognosis and reponse to immune checkpoint blockade
(161, 162). The identification of a high expression of CDR2
and CDR2L within anti-Yo PCD-associated tumors as well as a
very high rate of CDR2 and CDR2L mutations within the tumor
strengthen the hypothesis of local adaptive immune activation
against tumor antigens, mutated or not. A similar scenario has
been described for patients with paraneoplasic scleroderma, in
whom genetic alterations of the POLR3A locus and resulting
T and B cell responses against the POLR3A gene product were
detected in 75% of tumors but were absent from control tumors
(163). In that regard, the identification of CDR2 antigen-specific
CD8T cells in the blood and CSF of PCD patients favors
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FIGURE 1 | Onconeural antigens such as CDR2 and CDR2L, mutated or not, can be the target of an anti-tumor immune response. Moderate to profound immune
infiltrates are found in the primary tumor or metastases of anti-Yo PCD-associated tumors. These infiltrates sometimes form tertiary lymphoid structures. Priming of
onconeural antigen-specific CD4 T cells may occur in the tumor-draining lymph nodes or the tumor itself following presentation by local DCs. Differentiation and
recruitment of tumor antigen-specific cytotoxic CD8 T-cell likely contribute to the partial tumor control described in patients with PCD. B cells and plasma cells are also
found in the tumor. The onconeural antigen-specific T cells reach the CNS after crossing the blood-brain barrier, through a multistep process involving selectins,
integrins, and chemokine receptors. The preferential infiltration of the cerebellum in PCD patients could relate to presentation of the onconeural antigens by local APCs
and/or to regional peculiarities. In the cerebellum of PCD patients, the inflammatory infiltrates are mostly composed of CD8T cells, macrophages, and activated
microglia. Purkinje neurons are naturally expressing onconeural antigen, such as CDR2 and CDR2L, and up-regulate their expression of MHC class | molecules during
an inflammatory process providing the opportunity for CD8T cells to recognize antigens presented by these neurons. Local CD8T cells exhibit an activated phenotype
with granzyme B- and perforin-containing cytolytic granules. They also secrete locally IFNy, which has a number of disease-enhancing properties and, thus, is likely a
key part of PCD pathogenesis. In particular, IFNy increases the expression of MHC class | molecules on Purkinje neurons enhances VCAM1 expression on brain
endothelial cells and elicits secretion of CXCL10, a ligand of CXCR3 expressed on Th1 cells and activated CD8T cells. Although antibodies against intracellular
onconeural antigens do not appear pathogenic in vivo, they could promote antigen presentation to pathogenic T cells.
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the hypothesis that these T cells arise as a consequence of
anti-tumor immunity (9, 164). However, the TCR repertoire
and antigenic specificity of cerebellum-infiltrating CD8 T cells
in PCD are still elusive. Leveraging the latest molecular tools
to address these questions appears to be the next logical
step (4, 165).

Several studies in PCD have focused on CD8T cells, with
much less emphasis given to CD4 T cells. In other context CD4 T
cells orchestrate functional immune responses by coordinating
immune activity (166). CD4 T cells optimize during the priming
the cytotoxic response both in quality and scale, by increasing the
cytotoxic CD8 T cell motility and migratory capacities (166). The
expansion of Thl-like CD4 T cells following blockage of CTLA-
4 improves anti-tumor responses by enhancing CD8 infiltration,
cytotoxic CD8T cells activity, and T cell memory formations
(160). It is tempting to speculate that in PCD antigen-specific
Thl-type CD4T cells are responsible for initiating the disease,
as documented in a rat model (144), and as a consequence, these
CDA4T cells are able to recruit and enhance the cytotoxic CD8
T-cell responses.

We have shown in animal models as well as in cerebellar
samples from PCD patients that IFNy signaling occurs locally
in Purkinje neurons and surrounding cell types (143). Moreover,
CXCL10, an IFNy-induced chemokine, is present at high level in
the CSF of patients with PCD (167). We, therefore, hypothesize
that IFNy stimulates a disease-promoting cascade of events in
the cerebellum and could represent a promising therapeutic
target in PCD. Indeed, autoantigen-reactive CD8T cells (and
maybe other immune cell types) produce IFNy locally, which
has a number of disease-enhancing properties. IFNy increases
the expression of MHC class I molecules on neurons, including
Purkinje cells, which can therefore present self-peptides to the
cytotoxic CD8 T cells, promoting their own destruction (143, 168,
169). In addition, IFNy promotes local immune cell recruitment
by enhancing VCAMI expression on brain endothelial cells
and by eliciting secretion of the chemokine CXCL10, a ligand
of CXCR3 expressed on Thl cells and activated CD8T cells.
Importantly, the levels of CXCLI10, but not those of CCL2, are
elevated in the CSF of PCD patients indirectly suggesting that the
CXCL10/CXCR3 axis may contribute to the trafficking of T cells
into the cerebellum (167).

The role played by activated microglia and microglia
nodules in the disease process is currently unknown. In
Rasmussen encephalitis, microglial nodules have been associated
with neuronal phagocytosis, following CD8T cell-mediated
brain neuron destruction (170). In human PCD, similar to
Rasmussen encephalitis, IFNy-mediated signaling (STAT1
phosphorylation) occurs in microglial cells, which can further
amplify cytokine/chemokine release (143, 170). Further
investigation on the role of microglia as an amplifier of
inflammation and an executor of neuronal death is needed
in PCD.

As already discussed, antibodies against neuronal
autoantigens such as anti-Yo antibodies are extremely useful
diagnostic biomarkers. Their direct pathogenic potential
documented in in vitro models is still unproven in vivo
(5, 13, 149, 153, 171). However, autoreactive B cells could

participate in the development of the disease. They can
uptake (in an antigen-specific manner due to their surface
immunoglobulin), process and present autoantigens to
pathogenic T cells. Their scarcity in the cerebellum would,
however, rather favor an alternative scenario. For instance,
autoantibodies entering the CNS can be up-taken together
with their target antigen by resident antigen-presenting
phagocytes, a phenomenon that enhances the activation
of the incoming effector T cells (172). Therefore, the
autoantibodies could cooperate with the T cells and support local
autoimmune neuroinflammation.

POTENTIAL THERAPEUTIC IMPLICATIONS

To date, treatment of PCD is empirical and usually relies
on 2 pillars: treatment of the underlying cancer and general
immunosuppressive drugs. In the absence of large clinical trials,
most of the therapeutics conclusions come from observational
clinical studies and case reports. Concerning PCD associated
with anti-Yo antibodies, corticoids seem ineffective, whereas
plasma exchange and rituximab may have provided some benefit
(173-176). The efficacy of intravenous immunoglobulins is
controversial: suggested in a small proportion of patients for
some studies (177, 178) but not confirmed in a larger study
(89). Since there is currently no evidence arguing for a direct
role of anti-Yo antibodies in Purkinje cell death, we do not
address here potential therapeutic strategies aiming at reducing
antibodies levels.

Due to the intracellular localization of the CDR2/CDR2L and
Hu antigens, as well as the identification of CD8T cells in close
proximity to neuronal cells, cytotoxic T cells are considered
to be the final effectors responsible for neuronal loss in PCD
(9, 140, 146, 164, 179). These T cells likely contribute to the
tumor control outside of the CNS. Therefore, the conundrum
is how to selectively target the CNS-targeting immune cells
while preserving (as much as possible) the tumor-controlling
counterparts. Uncoupling these two simultaneous immune
responses is, theoretically, possible provided that the molecular
bases of immune cell migration or effector mechanisms at the two
sites differ. It is paramount that the treatment of PCD should be
started as early as possible since Purkinje cells are post-mitotic
cells that do not renew.

The 4Pl integrin is important for both CD4 and CD8T
cell migration to the CNS and a monoclonal antibody targeting
the a4 subunit provides important benefits for the treatment
of persons with multiple sclerosis. Therefore, one approach
could be to initiate anti-a4 integrin therapy early on in the
disease process in order to preserve as many Purkinje neurons
as possible. One conceptual obstacle is that blood-borne T cells
may not be needed to fuel ongoing tissue destruction by tissue-
resident T cells. This may explain why, in our mouse model of
PCD, blocking o4 integrin early in the disease process did not
yield significant benefit (143). Along the same lines, blocking
CXCR3 with either monoclonal antibodies or pharmacological
compounds is tempting, given the evidence of a role for the
CXCL10/CXCR3 axis in PCD. However, to our knowledge, this
approach has not yet reached the clinical setting.
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We argued earlier that IFNy secretion by CD8T cells could
sustain a feed forward loop by rendering Purkinje cells vulnerable
to direct killing by autoantigen-specific CD8 T cells. If IFNYy plays
a non-redundant role in the progression of PCD, this molecule
could be targeted therapeutically. Our recent pre-clinical data
showing that blocking IFNy strongly reduces PCD development
without eliciting tumor growth rebound are encouraging (143).
Moreover, administration of anti-IFNy antibodies has been
tested recently in clinical trials. For instance, Emapalumab, a
fully human monoclonal neutralizing anti-IFNy antibody has
been approved for the treatment of primary hemophagocytic
lymphohistiocytosis, a syndrome of excessive immune activation
and progressive immune-mediated organ damage due to genetic
defects in cell-mediated cytotoxicity (180). Taken together, the
accumulating evidence from human samples and the mouse
model as well as the previous development of approved anti-
IFNy antibody in humans should facilitate the testing of this
strategy in patients with PCD.

CONCLUSION

The precise mechanisms and pathways involved in the
pathogenesis of PCD need to be explored in greater depth.
This can be done with the use of bodily fluids (blood and
CSF) and tissue from PCD patients and further validated in
reductionist mouse models. Key questions remain regarding
the antigenic specificity, phenotype, migration of T and B cells
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