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Abstract: Neurodegenerative diseases (NDDs) affect millions of people worldwide. They develop
due to the pathological accumulation and aggregation of various misfolded proteins, axonal and
synaptic loss and dysfunction, inflammation, cytoskeletal abnormalities, defects in DNA and RNA,
and neuronal death. This leads to the activation of immune responses and the release of the antibodies
against them. Recently, it has become clear that autoantibodies (Aabs) can contribute to demyelination,
axonal loss, and brain and cognitive dysfunction. This has significantly changed the understanding of
the participation of humoral autoimmunity in neurodegenerative disorders. It is crucial to understand
how neuroinflammation is involved in neurodegeneration, to aid in improving the diagnostic and
therapeutic value of Aabs in the future. This review aims to provide data on the immune system’s
role in NDDs, the pathogenic role of some specific Aabs against molecules associated with the most
common NDDs, and their potential role as biomarkers for monitoring and diagnosing NDDs. It is
suggested that the autoimmune aspects of NDDs will facilitate early diagnosis and help to elucidate
previously unknown aspects of the pathobiology of these diseases.

Keywords: neurodegenerative disorders; autoantibodies; biomarkers; pathogenesis; amyloid-β
antibodies; α-Synuclein autoantibodies; Alzheimer’s disease; Parkinson’s disease; anti-myelin basic
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1. Introduction: Neurodegenerative Diseases and the Role of the Immune System

Neurodegenerative diseases (NDDs) are widely recognized as debilitating and incurable
disorders with rising prevalence worldwide, especially within the elderly population [1].
These disorders can be broadly classified according to their main clinical presentation (i.e.,
dementia, motor neuron disease, parkinsonism), the morphological distribution of the
injury (i.e., frontotemporal degenerations, extrapyramidal disorders, spinocerebellar disor-
ders), or their primary molecular abnormality [1,2]. The most commonly encountered NDD
groups include tauopathies, amyloidosis, α-synucleinopathies, proteinopathies associated
with transactivation response DNA-binding protein 43 (TDP-43), etc. [2].

Although NDDs are classically associated with the accumulation of specific proteins
and special neuronal population vulnerability, those disorders share many pathophys-
iologic processes with autoimmune and neoplastic diseases, such as alterations in the
ubiquitin–proteasomal and other systems (i.e., autophagosomal/lysosomal), oxidative
stress, apoptosis, and neuroinflammation [3].

In line with this, neuronal damage in NDDs often occurs in a complicated “battlefield”
among resident and infiltrating immune system cells, their activated surface receptors, and
secreted inflammatory modulators. The concept of the critical role the immune system
plays in the processes of neurodegeneration has been recently confirmed through the
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identification of numerous immune factors associated with the elevated risk of NDDs in
genome-wide studies [4].

Moreover, it has been postulated using research on animal models, which are genet-
ically modified, as well as via longitudinal patient studies, that neuroinflammation and
immune activation in the central nervous system (CNS) develop early in the neurodegener-
ation progression, most likely before large-scale neuronal loss. Microglia, representing the
main CNS-resident macrophage population, are activated, secreting immunomodulatory
mediators in nearly all NDDs [5,6].

The astrocyte is the second glial cell population crucial for neuroprotection and normal
brain physiology. Astrocytes are multifunctional cells developed from the neuroectoderm,
playing critical roles in neuronal circuitry development, synaptic pruning, and metabolism.
When activated by innate immune molecules, neurotransmitters, and hypoxia, astrocytes re-
lease plenty of cell-signaling molecules. Together with microglial secretory products, these
molecules mediate inflammatory mechanisms that can be helpful or harmful in NDDs [7].

A broader view of the neuropathological pathways may suggest that neuroinflamma-
tion is strictly damaging and toxic to intact residing neurons. So, we should alleviate, or at
least suppress, the pathogenic process by targeting it exogenously. However, some animal
studies in NDDs have demonstrated that, on the contrary, pro-inflammatory interventions
may lead to better survival outcomes. These results show that there cannot be such splitting
to neuroinflammation, and a more targeted modulation is favored [4,8].

As there are inflammatory mediators that cause neuronal damage and degeneration,
there are circumstances that limit inflammation. Numerous harmful loop mechanisms have
been observed in the CNS that decrease inflammation. Anti-inflammatory and regulatory
cytokines, such as TGF-β and IL-10, are expressed along with pro-inflammatory mediators.
Inhibitory molecules of inflammatory pathways, including transcriptional modulators
such as activating transcription factor 3 (ATF3), suppressor of cytokine signaling (SOCS),
and nuclear factor erythroid-2-related factor 2 (NRF2), can also be synthesized during the
immune mechanisms involved in neuronal injury [8].

In line with this, the relationship between vitamin D and immunomodulation and
homeostasis maintenance is well established. Cumulative data show that vitamin D
alleviates neurodegeneration. There are many underlying pathophysiology mechanisms
in NDD development where vitamin D could interfere: limiting oxidating stress and
inflammation and inhibiting pathologic protein production and aggregation [9].

Therefore, understanding the immune system involvement in NDDs is a cornerstone
in the potential development of immune-targeted treatment options for these disorders.
At the same time, there is a consensus on the maladaptive response of neuroinflammatory
mechanisms to maintain a neurotoxic environment and cause neuron lesions. However,
the option is still to use recently discovered immune pathways to gain beneficial neuroin-
flammatory actions. A possible therapeutic target seen among these disorders includes
enhancing the function of phagocytic cells to clear protein aggregates (i.e., amyloid beta
(Aβ), α-synuclein). Secondly, the proper expression and modulation of reactive oxygen
species (ROS) via astrocytes using the cytoprotective role of NRF2 target genes would be
hypothesized to ameliorate neurotoxicity. Eventually, properly recruiting adaptive immune
cells from within the CNS and the periphery could be explored as a promising strategy to
promote beneficial CNS immune responses [4].

This review aims to provide data on the immune system’s role in NDDs, the pathogenic
role of some specific Aabs against molecules associated with the most common NDDs, and
their potential role as biomarkers for monitoring and diagnosing NDDs. It is suggested
that the autoimmune aspects of NDDs will facilitate early diagnosis and help to elucidate
previously unknown aspects of the pathobiology of these diseases.

2. Autoantibodies—Biology and Pathogenic Role in Neurodegenerative Diseases

There has been mounting evidence that there may be a potential link between Aabs
and the occurrence and progression of NDDs [10]. The notion that Aabs could participate in
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primary NDDs is not so new. It has long been hypothesized that antibodies directed towards
neuronal surface antigens might be involved in numerous NDDs, like the pathogenesis of
autoimmune encephalitis. Antibodies against proteins such as amyloid β (Aβ), tau, and
alpha-synuclein exist in healthy subjects and patients with NDDs. They could play a role
in physiological responses to prevent accumulation or even exert additional damage [11].
The discovery that antibodies against neuronal antigens can lead to brain dysfunction has
caused a paradigm shift in neurological and psychiatric disorders over the past decades
while offering new diagnostic and therapeutic options. Furthermore, these findings have
enabled the reclassifying of diseases previously attributed to infectious, psychogenic, or
idiopathic origins [12].

Several Aabs previously associated only with acute encephalopathies have been found
in patients with an insidious onset of cognitive impairment and movement disorders
resembling classical NDDs. A progressive anti-LGI1 encephalitis with isolated late-onset
cognitive dysfunction has been described as a treatable imitator of Alzheimer’s disease
(AD) [13]. At the same time, antibodies against voltage-gated potassium channels are
related to an encephalopathy originating as a frontotemporal dementia-like syndrome [14].
A clinical case in 2019 reported a confirmed post-mortem GABAB-receptor encephalitis in a
patient previously considered to have amyotrophic lateral sclerosis (ALS) [15].

A second group of antibodies in NDDs arises secondary to neurodegeneration. It is
currently not entirely established whether they are just bystanders of the degeneration or
essential drivers of pathogenic mechanisms. ALS is characterized by a myriad of deposited
antibodies (i.e., to LRP4) and a strong inflammatory immune response, believed to drive
the process of neurodegeneration further [16,17].

A third category of antibodies renders the line between neurodegenerative and au-
toimmune diseases even thinner. Patients positive for anti-LON5 Aabs manifest with sleep
disorders, involuntary movements, and cognitive deterioration. It was considered a typical
autoimmune disorder until histopathological studies showed the hyperphosphorylated tau
protein deposition as typical for neurodegeneration (in the tau-pathies). These findings
support the theory that some Aabs may be the drivers of neurodegenerations, and the target
interventions suppressing malfunctioning immune pathways could delay the progression
of and/or even prevent NDDs [12,18].

Furthermore, low levels of “smoldering” antibodies have been observed that modulate
synaptic proteins, ion channel expression, and protein aggregation. Although their role is
undoubtedly pathogenic at a molecule level, when they exist as a part of a broad spectrum,
they may not always cause a clinically significant disease. Thus, humoral immunity can be
present or absent in neurodegeneration and slightly change the course of protein misfolding,
deposition, and clearance [19].

Emerging research consistently shows that, given the mentioned effects of neuronal
antibodies and the possibility of smoldering humoral immunity in the CNS, potential
biomarkers for predicting NDD development would be the prevalent combination of
circulating antibodies, their titers in the cerebrospinal fluid (CSF), and their duration [12].

Apart from autoantibodies, toxic protein oligomers may serve as biomarkers for neu-
rodegenerative diseases. Oligomers are soluble protein aggregates that form intermediate
structures during the aggregation of amyloid-like proteins. These oligomers, ranging in
size from dimers to larger forms, have been implicated in neurodegenerative diseases [20].
Studies have shown that certain disease-related oligomers, including those associated with
Alzheimer’s and prion diseases, exhibit direct concentration-dependent cytotoxic effects on
neurons [21]. Some studies suggest that the presence of specific oligomers may precede the
formation of mature fibrillary aggregates, potentially serving as early markers of disease
onset. While having a diagnostic value even earlier in the pathologic process than antibod-
ies, their laboratory identification poses numerous challenges because of their transient
and dynamic nature. Despite these challenges, there is growing interest in identifying
specific oligomeric species as biomarkers for neurodegenerative diseases. The detection of
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disease-specific oligomers in cerebrospinal fluid or blood may provide valuable diagnostic
clues in the earliest stages of disease [22].

It is essential to recognize that not all neurodegenerative diseases may involve an-
tibodies as a part of their pathogenesis. The research in the field of neuro-immunology
is constantly evolving, and new evidence may emerge. As a result, it is challenging to
definitively state that any particular neurodegenerative disease has absolutely no antibody
involvement [23,24].

3. Autoantibodies against Pathology-Related Molecules of the Most Common
Neurodegenerative Diseases

The blood–brain barrier (BBB) protects against exposure to antigens and limits the
infiltration of antibodies (Abs). This is also aided by a meningeal lymphatic vessel (mLV)
system, which prevents Abs from entering the CNS and directs immune cells outside to the
lymph nodes [25,26]. Some NDDs are linked to BBB disintegration, which can lead to the
uncontrolled leakage of neuronal and/or glial proteins and the activation of an abnormal
immune response [27]. As a result, various Aabs are formed that target these proteins and
contribute to brain dysfunction and neurodegeneration. Aabs associated with NDDs can be
assessed in the CSF and blood (serum) of patients with NDDs. Usually, their concentration
in the blood is significantly higher than in the CSF. However, Aabs could enter from the
bloodstream into the nervous system in cases of a disrupted BBB or to be produced locally.
In the following sections of the paper, we explored the localization of different antigens,
the Aabs produced against them, and where the Aabs are located.

Still, in both cases, these Aabs can guide specific stages of the disease and/or associated
comorbidities [28]. Selected Aabs that have been extensively studied, and their potential
role in the specificity of particular NDDs, will be discussed below.

3.1. Amyloid-β Autoantibodies and Microtubule Protein Tau Autoantibodies in Alzheimer’s Disease

An overproduction of beta-amyloid precursor protein (APP) and accumulation of
beta-amyloid protein (β-AP) in the brain are known to be characteristic of AD and related
brain alternations [29]. The first evidence for Aβ Aabs was presented in 1993 and showed a
pathological significance in AD patients [30]. Subsequently, various studies have presented
Aabs in the peripheral circulation of healthy and AD patients, in free form or complex with
Aβ-amyloid peptide [31–34].

Data from studies show that the serum levels of Aβ Aabs in AD patients are lower,
linked to a reduced transfer of Aβ Aabs to blood [34–37]. This leads to the accumulation
and deposition of fibrillary aggregates in the CNS.

Nath et al. found that people with AD have higher levels of Aβ42 Aabs in serum
than patients with multiple sclerosis (MS) [38]. The data indicate that an immune response
(primarily humoral) to beta-amyloid protein (β-AP) can promote neuronal degeneration in
AD patients. Du Y et al. have also investigated whether detecting the presence and different
titers of naturally appearing anti-beta-amyloid antibodies in the CSF of AD patients and
healthy controls is possible [31]. They found that CSF anti-Abeta antibody levels are
significantly reduced in AD patients compared with healthy control subjects. Additionally,
McMahon et al. (2000) reported that exposure to a low pH could lead to Aabs’ partial
denaturation and increased reactivity [39]. In 2020, a random-effect meta-analysis with
1311 AD patients and 1590 healthy individuals was conducted, demonstrating an increase
in Aβ IgG in the blood of AD patients [40]. In the same study, CSF Aβ Aab scores in AD
individuals versus healthy showed no difference.

In addition to Aβ Aabs in AD, tau Aabs have also been found in the sera and CSF of AD
patients and healthy subjects [41–45]. The tau protein has many possible phosphorylation
sites. If these sites are hyperphosphorylated (p-tau) during CFS inflammation in AD
patients, then tangled paired helical and straight filaments are formed, leading to neuronal
damage. Increased p-tau levels (hyperphosphorylated tau protein) in the CSF and neurons
are critical biomarkers of AD [46,47]. The studies on anti-tau antibodies are not as numerous
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as those on anti-Aβ antibodies, but tau Aabs have been found in healthy subjects [44,48]
and children [45].

Various studies have reported lower or higher levels of tau Aabs in the sera of AD
patients and healthy subjects. For example, in a pilot study, Rosenmann et al. reported
increased levels of IgM Abs against p-tau in AD patients [49]. In contrast, Bartos et al.
observed decreased levels of tau-reactive Aabs in the sera of AD patients compared with
controls [41]. In an exploratory study, Klaver et al. tested the IgM and IgG values from AD,
MCI (mild cognitive impairment), and control subjects to p-tau and non-p-tau [43]. They
reported increased binding of IgG to p-tau in MCI subjects compared to AD patients and
healthy controls, and no changes in IgM values to p-tau and non-p-tau.

In contrast with AD patients, anti-tau antibodies in other dementia patients decreased
significantly [42]. In 2015, Hromadkova et al. examined pooled IgG fractions from thou-
sands of healthy donors and showed that they contained anti-tau reactive antibodies [48].
Another study investigated different types of sera Aabs via tau deposition in vitro and
found that these antibodies recognized tau filaments and blocked aggregation [50].

Pathological protein aggregation and misfolding are critical to the pathophysiology of
many neurodegenerative diseases. In Alzheimer’s disease (AD), there is an accumulation
of β-amyloid (Aβ) and tau proteins, which form the characteristic for the disease’s senile
plaques and neurofibrillary tangles [51]. The soluble components of plaques are the beta-
amyloid peptides, which are proteolytic fragments of the transmembrane amyloid precursor
protein, and the building blocks of tangles are comprised of tau protein: a brain-specific,
axon-enriched, microtubule-associated protein. It has been hypothesized for a long time
that amyloid-beta pathology precedes, and is the inducing factor for, tau phosphorylation
and aggregation. Still, new data show that they may co-exist and propel each other from
the earliest stages of disease [51].

Over recent years, an ever-increasing body of evidence has suggested that soluble
forms of Aβ and tau collaborate, regardless of their aggregation into plaques and tangles,
to propel intact neurons into a spiral of death [52]. Moreover, the defining neuronal toxic
features of Aβ necessitate the presence of tau. For example, immediate neuronal death,
delayed neuronal death following abnormal cell cycle re-entry, and impaired synaptic
function are initiated by soluble Aβ types extracellularly and rely on the availability of
soluble tau within the cell cytoplasm [52].

In the so-called Lewy body spectrum disorders—Parkinson’s disease, Parkinson’s
disease with dementia, and dementia with Lewy bodies—there is an accumulation of
insoluble aggregates of a different protein, α-synuclein (α-syn) [53].

Historically, the pathologic differentiation between Alzheimer’s disease and Lewy
body spectrum disorders has been based on the identification of extracellular amyloid-beta
senile plaques and intracellular neurofibrillary tangles in AD versus Lewy bodies and Lewy
neurites in Lewy body spectrum disorders [54]. However, it has been found that, on post-
mortem examination, more than half of AD patients show significant Lewy body pathology.
Not only do those findings represent a novel view of the pathology of well-defined neu-
rodegenerative diseases, but they also showed a tendency of this subpopulation—called
the Lewy body variant of Alzheimer’s disease (AD-LBV)—to exhibit worse rates of cogni-
tive decline and lower overall survival compared to “pure” AD patients [54]. Moreover,
beta-amyloid plaques have been identified in patients who have dementia with Lewy
bodies [55].

Furthermore, the transactive response DNA-binding protein of 43 kDa (TDP-43) is
an intranuclear protein, and cytoplasmic inclusion bodies containing phosphorylated
and truncated forms of TDP-43 are classically identified in amyotrophic lateral sclerosis
(ALS) [56]. In addition, TDP-43 inclusion bodies are found in more than half of AD patients,
most often in the structures of the limbic system and, similarly to the co-deposition of
alpha-synuclein, lead to more rapid rates of cognitive decline when compared to “pure”
AD patients. Furthermore, an association has been found between the most common
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genetic risk factor for AD—apolipoprotein E4 (APOE4)—and increased frequency of TDP-
43 pathology [56].

Despite many studies supporting the significance of Aβ and tau Aabs and their
changes in the sera and CSF of AD and MCI patients, the results are controversial and
require more extensive research. There is a lack of consensus on whether these Aabs have
any protective role (especially tau Aabs) and whether they could influence the disease
spread and cognitive functions.

3.2. α-Synuclein Autoantibodies in Parkinson’s Disease

Alpha-synuclein (α-syn) is a presynaptic protein expressed in various brain regions,
nerve cells, serum, CSF, plasma, and hematopoietic cells [57–61]. In neurons, α-syn is
involved in dopamine synthesis, neurotransmitter release and synaptic plasticity, synaptic
vesicle transport and maintenance of recycling-pool homeostasis, lipid metabolism, and
inducing innate and adaptive immunity [62–66]. When the production and aggregation of
α-syn are disturbed, microglial cells are activated, and the mass secretion of cytokines such
as IL-1β, TNF-α, and IL-6 begins. This is linked to brain atrophy, neurodegeneration, and
impairment to cognitive functions [67,68].

Gathering neuronal α-syn aggregates is a central process in the pathogenesis of Parkin-
son’s disease (PD) [69]. These aggregates are found in the substantia nigra pars compacta in
PD patients but can also be found in different neurons in the CNS and peripheral nervous
system (PNS) [70]. The most extensive and highly structured forms of α-syn aggregate are
Lewy bodies, either dense or diffuse structures [71,72].

Similar to Aβ and tau proteins, local immune mechanisms in the brain are observed
when there is a pathological increase in α-syn. For example, in PD patients, α-syn ag-
gregates in the substantia nigra co-localize with IgG, indicating that a local Aab immune
response is induced [73]. The analysis of α-syn Aabs has varied and is controversial, but
different studies have been conducted. Some reports have found that α-syn Aab levels
remain unchanged [74–76], while others have found that levels are increased [77–79] or de-
creased [80,81]. For example, studies of α-syn Aabs in PD sera and plasma reported higher
levels of α-syn Aabs in PD patients than in healthy subjects [77,78]. Besong-Agbo et al.
said that the levels of α-syn Aabs in PD sera were lower than in healthy controls and AD
patients [80]. Another small study investigated the levels of α-syn Aabs in the sera of PD
patients and healthy subjects [75]. They divided the patients according to the duration of
PD disease (one group with less than 5 years of PD and a second group with more than
10 years of PD). They reported elevated serum levels of α-syn Aabs in both groups of
PD patients compared to healthy subjects. The data also show that the longer the disease
process, the more the activity of the antibodies gradually decreases over time [82]. A study
separated PD patients and controls by gender, showing that the level of α-syn Aabs in PD
patients and healthy male titers was higher than in women [83].

Several studies have also investigated α-syn changes in CSF. Some found increased
Aab levels in CSF in PD patients [78,83], while others reported no differences from healthy
subjects [74,81]. Concentrations of α-syn Aabs were increased in dementia with Lewy
bodies (DLB) and slightly less elevated in AD patients [84].

All these data indicate that the immune response against α-syn in some NDDs can
be influenced by many factors, such as sex, age, stage of the disease, severity, and others.
It has been proposed that these Aabs may also help in diagnosing PD and explaining its
clinical heterogeneity.

3.3. Anti-Myelin Basic Protein (-MBP) and Anti-Myelin Oligodendrocyte Glycoprotein (MOG)
Autoantibodies in Multiple Sclerosis

MS is an autoimmune, demyelinating NDD of the CNS with an unknown pathogenesis
and etiology. The immune system attacks the brain and/or spinal cord, and progressive
white and gray matter degeneration is a part of the disease [85,86].
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Anti-myelin basic protein (-MBP) Aabs have been found to play a pathogenic role in
MS [87]. Such Aabs against MBP have been detected in serum [88–90] and CSF [91–93] in
MS patients. Anti-myelin antibodies may participate in demyelination in MS by activating
the complement system, initiating complement-mediated tissue damage [94–97].

Some studies used healthy subjects as controls and assessed the levels of anti-MBP
antibodies or MBP-immune complexes in normal sera [88,98,99]. Overall, the general
conclusion is that they are absent from the sera of healthy individuals but are found in
the sera of MS patients. However, Hedegaard et al. showed that sera from MS patients
contained MBP-reactive antibodies, and their levels were not significantly different from
the healthy controls [100]. The antibodies in sera from healthy subjects may be considered
natural Aabs, which are harmless [101].

MBP has long been investigated in the pathogenesis of some autoimmune diseases
and NDDs, such as MS. MS is characterized by neuroinflammation, demyelination, and
axonal loss and impairments that could be linked to an anti-MBP immune response, as
well as the presence of anti-myelin antibodies in CSF and serum. This makes it possible to
discuss the possibility of using these anti-myelin Abs as biomarkers for MS.

The myelin oligodendrocyte glycoprotein (MOG) is a surface protein produced by the
oligodendrocytes in the CNS that has a crucial role in maintaining the stability and func-
tioning of myelin sheaths [102]. Research in recent decades has proven that autoimmunity
against MOG exists, mimicking the clinical course of multiple sclerosis and neuromyelitis
optica (NMO). In fact, antibodies against MOG were first discovered in NMO patients that
were seronegative for the aquaporin-4 IgG antibodies characteristic of the disease [102].

A new term has been introduced because of the variety of clinical presentations that
anti-MOG antibodies can exhibit—MOG antibody disease (MOGAD). It encompasses a
wide range of inflammatory demyelinating disorders of the CNS—acute disseminated
encephalomyelitis (ADEM), brainstem or cortical encephalitis, unilateral or bilateral op-
tic neuritis, chronic relapsing inflammatory optic neuropathy, transverse myelitis, and
aquaporin-4 IgG-negative neuromyelitis optica spectrum disorders [103].

3.4. Neurofilament Autoantibodies in AD, PD, MS, and ALS

Neurofilaments (NFs) are found in neurons, especially in large myelinated axons from
the adult CNS and PNS. There are six types, and following their synthesis and assembly,
NFs are transported along the axons [104,105]. Neurons were found to be enriched in pan-
neuronal type IV NFs, which are light (NF-L), middle (NF-M), heavy (NF-H), α-internexin,
and peripherin [106,107].

Moreover, neurofilaments are very important in the growth and stability of axons [108],
for the microtubule content [109], for the preservation of dendritic spine structure and
function, and in the regulation of glutamatergic and dopaminergic synapses [110]. Their
frequent disorganization impairs synaptic plasticity, memory formation, and behavior,
observed in different neuropathologies [111].

In line with this, several studies in NDDs have reported elevated blood levels of NF in
the case of neurological damage [112–114]. Accordingly, finding NF in serum and CSF in
NDD patients may mislead the diagnosis. However, their elevation and the presence of
reactive Abs show a very high possibility of being a precise means of detecting the initial
phase and neurodegeneration. Elevated levels of NF in blood and CSF are known to suggest
axonal damage, which can result from both brain aging and pathological processes [107].

Like Aabs described above, NF Aabs can be detected in the serum and CSF in diseased
and healthy individuals. In 2004, Ehling et al. reported higher sera NF-Aab levels in MS
patients than in controls [115]. In 2013, Fialova et al. used the serum and CSF levels of
anti-NF Aab to follow the MS progression [101]. Other studies have documented that NF
concentrations in CSF and peripheral blood are elevated in individuals with MS [116–122].

Several studies have shown that NF-Aabs could exacerbate the disease in AD patients
and some other NDDs [123–125]. Bartos et al. showed that the serum levels of NF-H Aabs
in AD patients were lower than in healthy subjects [41]. The study by Soussan et al. also
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compares NF-Aab profiles in the serum of healthy individuals and AD patients [126]. An
equal binding of different NF-H isoforms (ventral and dorsal root) was reported in controls,
whereas in AD, the levels of Aabs against ventral NF-H were higher than those against
dorsal NF-H.

Additionally, NF-Aabs were found using the immunofluorescence technique in serum
samples from PD patients [127]. People over 70 years, with or without disease, have
significantly higher levels of antibodies than younger age groups. In addition, two other
studies also revealed increased levels of Aabs in PD [128–130].

Similarly, the ELISA method detected NF Aabs in serum from ALS patients. ALS
patients have higher levels than healthy individuals and those with other diseases [131].
Several more studies confirm elevated NF-Aabs in CSF or serum in ALS patients [131–134].

Since the neurofilament network is disturbed in different neurological diseases, and
neurofilaments are released into the peripheral blood and CSF, they can be detected in
these body fluids. Neurofilaments are highly immunogenic, induce a specific antibody
response, and release Aabs. The levels of NF-Aabs correlate with the onset of various
neurological diseases. Studying their role in the pathogenesis of the conditions and their
use in diagnosing NDDs can be very useful in clinical practice.

A schematic presentation of the described possible mechanisms of autoimmune re-
sponse to pathology-related molecules of the most common neurodegenerative diseases is
shown in Figure 1.
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Figure 1. Possible mechanisms of autoimmune response to pathology-related molecules of the most
common neurodegenerative diseases. Neuroinflammation and neurodegeneration eventually lead to
brain atrophy, accompanied by the production and release of pathologic proteins. The latter serve as
autoantigens for producing autoantibodies via bone marrow, spleen immune cells, etc. The blood–
brain barrier is essential in the process, since the disrupted barrier could allow the transportation of
autoantibodies from the bloodstream to the nervous system and vice versa.

There are also other antibodies presumed to be related to NDDs, such as anti-elastin
antibodies. However, the significance of elastin-derived peptides and their role in NDDs,
and the usefulness of anti-elastin antibodies, remain inconclusive [135].

4. Autoantibodies as Biomarkers for Neurodegenerative Disease Diagnosis

Since NDDs are debilitating diseases that limit the life span and quality of life of
suffering patients, much effort has been made to find reliable biomarkers. The ideal
biomarkers would be helpful for diagnosis, prognosis, and managing patients’ therapeutic
response and follow up. Finding such markers, ideally based on the pathobiology of the
disease, would benefit the application of precision medicine [11]. Some Aabs could be
pathogenetic, and some could participate in debris clearance. However, new translational
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strategies based on “cause and/or effect” are assumed to be needed before the full adoption
of clinical practical biomarkers [136].

We must state that some Aabs against specific molecules (i.e., NDD pathophysiology-
related molecules, etc.) could help in diagnosis. However, some pathology-related
molecules (e.g., neurofilaments) also could be used as biomarkers.

For example, amyloid proteins and their fragments could be employed for diagnosis,
patient stratification, and follow up. However, due to their presence and accumulation
in the brain and CSF, their use is limited to invasive procedures with increased health
risks [11]. In addition to the role of Aabs in NDD diagnosis and management, some new
biomarkers are on the horizon. Gafson et al. discussed the neurofilament proteins as
potential biomarkers involved in the pathogenesis of the diseases and, therefore, probably
suited to serve as markers for neurodegeneration [106].

Similar outcomes were reported by Khalil et al. in 2018. They discussed the role of
neurofilaments in neuroaxonal damage, which could be assessed both in blood and CSF.
Recent research connected neurofilaments to MS, neurodegenerative dementia, stroke,
traumatic brain injury, PD disease, and ALS [107].

Additionally, Hansson et al. used a blood-based assessment of neurofilaments to
distinguish PD from other disorders, which are atypical Parkinsonian disorders. They
confirmed that blood testing is enough for the differential diagnosis of these entities [114].

Zetterberg and Burnham also focused on the blood-based biomarkers for AD, such as
plasma Aβ, plasma tau, plasma neurofilament light, and panels of biomarkers (i.e., pro-
tein biomarkers panel, panels of blood-based biomarker-associated disease phenotypes,
metabolomics, miRNA biomarker panels, exosomes, etc.) [112].

Usually, brain-derived biomarkers are at extremely low concentrations in the blood,
which is one of the challenges when assessing the utility of these biomarkers. However,
CSF is a preferable sample because the biomarkers are at their actual concentration, and
there are few heterophilic antibodies [112]. We must also bear in mind that heterophilic
antibodies unrelated to NDDs could be found in serum and may falsify the results. In
addition, it is vital to include Aabs in a blood-based screening/triage algorithm for primary
care settings to evaluate possible NDDs early, thus identifying useful Aabs in serum and
performing further testing using CSF samples and PET [112].

Similar to these results are the investigations of Yin and Stover, who introduced Aabs
for AD diagnosing and monitoring, considering the qualitative changes in the levels of
these antibodies with disease progression: amyloid-β precursor proteins, τ protein, S100b,
and phospholipid [137].

In addition, the most recent study in the field was conducted by Gao et al., who
investigated the functional and pathological effects of α-synuclein on synaptic SNARE
(Snap receptor) complexes in PDD. However, this biomarker has not been studied enough
and could not be transferred directly to clinical practice [138].

Much more practical is the testing of Aabs for NDDs—they are non-invasive, usually
low-cost, and available in CSF and peripheral blood. Antibodies to different neuronal
proteins are promising biomarkers, studied in clinical trials [12,136,139–143].

One of the most desirable functions of Aabs as biomarkers is to predict the disease.
According to Lesie et al., since Aabs are produced after T and B cell activation, Aabs could
be a marker for pathological process development and predict the likelihood of clinical
symptom development and disease progression [144]. The authors suggested that if Aabs
could measure the disease severity, theoretically, they could help predict disease, especially
for disorders with long preclinical periods and multiorgan involvement. Furthermore, if
the biomarkers could indicate the onset of the disease, one could assume that the disease
could be prevented. Additionally, accurate prediction could help avoid secondary and
tertiary complications of the already-diagnosed illness [144].

However, assessing the sensitivity, specificity, and positive predictive values (PPVs) of
the prediction is essential. The PPV is obtained via dividing the number of Aab-positive pa-
tients who acquire clinical illness by the total number of Aab-positive subjects. Biomarkers’
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prognostic relevance differs in groups with varying levels of risk of developing the disease.
When the illness risk is high, the prediction power is high, but when the risk of develop-
ing disease is low, like in the general population, the predictive power is reduced [145].
However, cross-sectional predictions must be validated in prospective investigations. Re-
searchers rely on cross-sectional data from cases with established clinical illnesses to
provide prediction values. This technique is generally faulty and pertains to illness case
identification rather than prognosis [140].

Although, despite intensive research in the field, establishing biomarkers for NDDs is
still challenging, the hope is that testing Aabs to neuronal antigens could provide specific,
rapid, and affordable means of diagnosing these diseases. However, when Aabs are
produced locally, and the BBB is preserved, these antibodies would not be in sufficient
concentrations in the peripheral blood (sometimes, a colossal discrepancy between blood vs.
CFS levels was found). This informs future research in improving sampling and developing
more sensitive commercially available kits for detection in serum samples.

Another challenge arises when a considerable number of specific Aabs are found in
the blood of healthy subjects, which calls into question the specificity and precision of these
tests. Also, the research has shifted from discussing the Aabs as causing or exacerbating
disease to viewing them as biomarkers for clinical diagnosing [12].

In some cases, NDDs and autoimmune encephalitis have common pathophysiological
and clinical features; thus, antibodies to neuronal surface antigens, for example, could be
linked to neurodegeneration. This makes distinguishing between the various conditions
based on the presence of Aabs challenging [10].

There is also a need for more studies assessing the clinical usefulness of Aabs, their
origin, their mechanisms of production, and their physiological presence (in healthy sub-
jects). Answering these questions will give us the confidence to use certain Aabs in NDDs,
interpret them, and use them for clinical purposes.

After many years of unfortunate outcomes in clinical trials, new monoclonal antibodies
(MAbs) have redefined the therapeutic range for Alzheimer’s disease, and more such
treatments are currently being clinically researched. As of 2023, the FDA approved two
anti-amyloid monoclonal antibodies—aducanumab and lecanemab. Those two antibodies
represent the first disease-modifying treatments for AD, as well as being among the first
disease-modifying treatments for any neurodegenerative disease [146].

In its Phase 3 trial, lecanemab showed significant reductions in cognitive decline
as measured by the Alzheimer’s Disease Assessment Scale’s cognitive subscale (ADAS-
cog) and the Alzheimer’s Disease Cooperative Study (ADCS) Activities of Daily Living
(ADL) measure. Simulation modeling suggests that lecanemab treatment may extend
the mild phases of Alzheimer’s disease dementia by approximately 2.5 years, offering
substantial cost savings and addressing patients’ and families’ priorities of delaying disease
progression, maintaining autonomy, and avoiding increased dependency. It is anticipated
that future disease-modifying therapies will permanently alter the course of Alzheimer’s
disease [147].

These unprecedented groundbreaking therapies come with new demands for the
various stakeholders involved in AD and the care of our elderly population. Anti-amyloid
MAbs represent a milestone to be celebrated, as they establish a new era for addressing the
challenges posed to our most valuable global asset—the human brain [146].

Currently, there is no known disease-modifying drug for the treatment of Parkinson’s
disease and other alpha-synucleinopathies. A recombinant humanized anti-alpha-synuclein
IgG1 monoclonal antibody, Cinpanemab, targeted against aggregated α-synuclein, is cur-
rently in Phase 2 trial [148]. Another high-affinity alpha-synuclein monoclonal antibody,
called MEDI1341, binds both monomeric and aggregated forms and can sequester extra-
cellular alpha-synuclein and decrease its spreading in vivo. This MAb is now in a Phase
1 clinical trial, bringing hopes of finding a progression-modifying treatment for PD and
probably also other synucleopathies [148].
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5. Conclusions

NDDs impact millions globally, arising from protein misfolding, inflammation, and
cellular abnormalities. Emerging evidence shows Aabs contributing to demyelination,
cognitive decline, and altering NDD understanding. Immune system involvement, specific
Aabs against NDD-related molecules, and their potential as diagnostic biomarkers are
explored. NDD autoimmune aspects could enhance early detection and reveal options for
novel treatment.
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Idrisoğlu, H.A. LRP4 antibody positive amyotrophic lateral sclerosis patients display neuropil-reactive IgG and enhanced serum
complement levels. Immunol. Lett. 2018, 203, 54–56. [CrossRef] [PubMed]

18. Landa, J.; Gaig, C.; Planagumà, J.; Saiz, A.; Antonell, A.; Sanchez-Valle, R.; Dalmau, J.; Graus, F.; Sabater, L. Effects of IgLON5
Antibodies on Neuronal Cytoskeleton: A Link between Autoimmunity and Neurodegeneration. Ann. Neurol. 2020, 88, 1023–1027.
[CrossRef]

19. Rocchi, A.; Sacchetti, S.; De Fusco, A.; Giovedi, S.; Parisi, B.; Cesca, F.; Höltje, M.; Ruprecht, K.; Ahnert-Hilger, G.; Benfenati, F.
Autoantibodies to synapsin I sequestrate synapsin I and alter synaptic function. Cell Death Dis. 2019, 10, 864. [CrossRef]

20. Sipe, J.D.; Benson, M.D.; Buxbaum, J.N.; Ikeda, S.; Merlini, G.; Saraiva, M.J.; Westermark, P.; Nomenclature Committee of the
International Society of Amyloidosis. Amyloid fibril protein nomenclature: 2012 recommendations from the Nomenclature
Committee of the International Society of Amyloidosis. Amyloid 2012, 19, 167–170. [CrossRef]

21. Bucciantini, M.; Giannoni, E.; Chiti, F.; Baroni, F.; Formigli, L.; Zurdo, J.; Taddei, N.; Ramponi, G.; Dobson, C.M.; Stefani, M.
Inherent toxicity of aggregates implies a common mechanism for protein misfolding diseases. Nature 2002, 416, 507–511.
[CrossRef] [PubMed]

22. Wells, C.; Brennan, S.; Keon, M.; Ooi, L. The role of amyloid oligomers in neurodegenerative pathologies. Int. J. Biol. Macromol.
2021, 181, 582–604. [CrossRef] [PubMed]

23. Katsinelos, T.; Tuck, B.J.; Mukadam, A.S.; McEwan, W.A. The Role of Antibodies and Their Receptors in Protection Against
Ordered Protein Assembly in Neurodegeneration. Front. Immunol. 2019, 10, 1139. [CrossRef] [PubMed]

24. Lamptey, R.N.L.; Chaulagain, B.; Trivedi, R.; Gothwal, A.; Layek, B.; Singh, J. A Review of the Common Neurodegenerative
Disorders: Current Therapeutic Approaches and the Potential Role of Nanotherapeutics. Int. J. Mol. Sci. 2022, 23, 1851. [CrossRef]
[PubMed]

25. Sun, B.L.; Wang, L.H.; Yang, T.; Sun, J.Y.; Mao, L.L.; Yang, M.F.; Yuan, H.; Colvin, R.A.; Yang, X.Y. Lymphatic drainage system of
the brain: A novel target for intervention of neurological diseases. Prog. Neurobiol. 2018, 163–164, 118–143. [CrossRef] [PubMed]

26. Ahn, J.H.; Cho, H.; Kim, J.-H.; Kim, S.H.; Ham, J.-S.; Park, I.; Suh, S.H.; Hong, S.P.; Song, J.-H.; Hong, Y.-K.; et al. Meningeal
lymphatic vessels at the skull base drain cerebrospinal fluid. Nature 2019, 572, 62–66. [CrossRef] [PubMed]

27. Sweeney, M.D.; Zhao, Z.; Montagne, A.; Nelson, A.R.; Zlokovic, B.V. Blood-Brain Barrier: From Physiology to Disease and Back.
Physiol. Rev. 2019, 99, 21–78. [CrossRef]

28. Kheirkhah, R.; DeMarshall, C.; Sieber, F.; Oh, E.; Nagele, R.G. The origin and nature of the complex autoantibody profile in
cerebrospinal fluid. Brain Behav. Immun. Health. 2020, 2, 100032. [CrossRef]

29. Hampel, H.; Hardy, J.; Blennow, K.; Chen, C.; Perry, G.; Kim, S.H.; Villemagne, V.L.; Aisen, P.; Vendruscolo, M.; Iwatsubo, T.; et al.
The Amyloid-β Pathway in Alzheimer’s Disease. Mol. Psychiatry 2021, 26, 5481–5503. [CrossRef]

30. Gaskin, F.; Finley, J.; Fang, Q.; Xu, S.; Fu, S.M. Human antibodies reactive with beta-amyloid protein in Alzheimer’s disease.
J. Exp. Med. 1993, 177, 1181–1186. [CrossRef]

31. Du, Y.; Dodel, R.; Hampel, H.; Buerger, K.; Lin, S.; Eastwood, B.; Bales, K.; Gao, F.; Moeller, H.J.; Oertel, W.; et al. Reduced levels
of amyloid beta-peptide antibody in Alzheimer disease. Neurology 2001, 57, 801–805. [CrossRef] [PubMed]

32. Weksler, M.E.; Relkin, N.; Turkenich, R.; LaRusse, S.; Zhou, L.; Szabo, P. Patients with Alzheimer disease have lower levels of
serum anti-amyloid peptide antibodies than healthy elderly individuals. Exp. Gerontol. 2002, 37, 943–948. [CrossRef] [PubMed]

33. Baril, L.; Nicolas, L.; Croisile, B.; Crozier, P.; Hessler, C.; Sassolas, A.; McCormick, J.B.; Trannoy, E. Immune response to Abeta-
peptides in peripheral blood from patients with Alzheimer’s disease and control subjects. Neurosci. Lett. 2004, 355, 226–230.
[CrossRef] [PubMed]

34. Qu, B.X.; Gong, Y.; Moore, C.; Fu, M.; German, D.C.; Chang, L.Y.; Rosenberg, R.; Diaz-Arrastia, R. Beta-amyloid auto-antibodies
are reduced in Alzheimer’s disease. J. Neuroimmunol. 2014, 274, 168–173. [CrossRef] [PubMed]

35. Brettschneider, S.; Morgenthaler, N.G.; Teipel, S.J.; Fischer-Schulz, C.; Bürger, K.; Dodel, R.; Du, Y.; Möller, H.J.; Bergmann, A.;
Hampel, H. Decreased serum amyloid β1-42 autoantibody levels in Alzheimer’s disease, determined by a newly developed
immuno-precipitation assay with radiolabeled amyloid β1-42 peptide. Biol. Psychiatry 2005, 57, 813–816. [CrossRef] [PubMed]

36. Lv, J.; Yao, Z.; Quan, W.; Cao, Z.; Xu, J.; Luo, J. Low avidity and level of serum anti-Abeta antibodies in Alzheimer disease.
Alzheimer Dis. Assoc. Disord. 2006, 20, 127–132.

37. Sohn, J.H.; So, J.O.; Hong, H.J.; Kim, J.W.; Na, D.R.; Kim, M.; Kim, H.; Nam, E.; Ha, H.J.; Kim, Y.H.; et al. Identification of
autoantibody against beta-amyloid peptide in the serum of elderly. Front. Biosci. (Landmark Ed.) 2009, 14, 3879–3883. [CrossRef]

38. Nath, A.; Hall, E.; Tuzova, M.; Dobbs, M.; Jones, M.; Anderson, C.; Woodward, J.; Guo, Z.; Fu, W.; Kryscio, R.; et al. Autoanti-
bodies to amyloid beta-peptide (Abeta) are increased in Alzheimer’s disease patients and Abeta antibodies can enhance Abeta
neurotoxicity: Implications for disease pathogenesis and vaccine development. Neuromolecular Med. 2003, 3, 29–40. [CrossRef]

39. McMahon, M.J.; O’kennedy, R. Polyreactivity as an acquired artefact, rather than a physiologic property, of antibodies: Evidence
that monoreactive antibodies may gain the ability to bind to multiple antigens after exposure to low pH. J. Immunol. Methods
2000, 241, 1–10. [CrossRef]

https://doi.org/10.1371/journal.pone.0089596
https://www.ncbi.nlm.nih.gov/pubmed/24586901
https://doi.org/10.1016/j.imlet.2018.09.011
https://www.ncbi.nlm.nih.gov/pubmed/30227179
https://doi.org/10.1002/ana.25857
https://doi.org/10.1038/s41419-019-2106-z
https://doi.org/10.3109/13506129.2012.734345
https://doi.org/10.1038/416507a
https://www.ncbi.nlm.nih.gov/pubmed/11932737
https://doi.org/10.1016/j.ijbiomac.2021.03.113
https://www.ncbi.nlm.nih.gov/pubmed/33766600
https://doi.org/10.3389/fimmu.2019.01139
https://www.ncbi.nlm.nih.gov/pubmed/31214163
https://doi.org/10.3390/ijms23031851
https://www.ncbi.nlm.nih.gov/pubmed/35163773
https://doi.org/10.1016/j.pneurobio.2017.08.007
https://www.ncbi.nlm.nih.gov/pubmed/28903061
https://doi.org/10.1038/s41586-019-1419-5
https://www.ncbi.nlm.nih.gov/pubmed/31341278
https://doi.org/10.1152/physrev.00050.2017
https://doi.org/10.1016/j.bbih.2019.100032
https://doi.org/10.1038/s41380-021-01249-0
https://doi.org/10.1084/jem.177.4.1181
https://doi.org/10.1212/WNL.57.5.801
https://www.ncbi.nlm.nih.gov/pubmed/11552007
https://doi.org/10.1016/S0531-5565(02)00029-3
https://www.ncbi.nlm.nih.gov/pubmed/12086704
https://doi.org/10.1016/j.neulet.2003.10.071
https://www.ncbi.nlm.nih.gov/pubmed/14732472
https://doi.org/10.1016/j.jneuroim.2014.06.017
https://www.ncbi.nlm.nih.gov/pubmed/25022335
https://doi.org/10.1016/j.biopsych.2004.12.008
https://www.ncbi.nlm.nih.gov/pubmed/15820240
https://doi.org/10.2741/3496
https://doi.org/10.1385/NMM:3:1:29
https://doi.org/10.1016/S0022-1759(00)00196-4


Antibodies 2023, 12, 81 13 of 17

40. Li, X.-W.; Li, X.-X.; Liu, Q.-S.; Cheng, Y. Blood and Cerebrospinal Fluid Autoantibody to Aβ Levels in Patients with Alzheimer’s
Disease: A Meta-Analysis Study. J. Mol. Neurosci. 2020, 70, 1208–1215. [CrossRef]

41. Bartos, A.; Fialová, L.; Švarcová, J. Lower Serum Antibodies Against Tau Protein and Heavy Neurofilament in Alzheimer’s
Disease. J. Alzheimer’s Dis. 2018, 64, 751–760. [CrossRef] [PubMed]

42. Bartos, A.; Fialová, L.; Švarcová, J.; Ripova, D. Patients with Alzheimer disease have elevated intrathecal synthesis of antibodies
against tau protein and heavy neurofilament. J. Neuroimmunol. 2012, 252, 100–105. [CrossRef]

43. Klaver, A.C.; Coffey, M.P.; Bennett, D.A.; Loeffler, D.A. Specific serum antibody binding to phosphorylated and non-
phosphorylated tau in non-cognitively impaired, mildly cognitively impaired, and Alzheimer’s disease subjects: An exploratory
study. Transl. Neurodegener. 2017, 6, 32. [CrossRef] [PubMed]

44. Krestova, M.; Hromadkova, L.; Bilkova, Z.; Bartos, A.; Ricny, J. Characterization of Isolated Tau-Reactive Antibodies From the
Ivig Product, Plasma of Patients with Alzheimer’s Disease and Cognitively Normal Individuals. J. Neuroimmunol. 2017, 313,
16–24. [CrossRef] [PubMed]

45. Kuhn, I.; Rogosch, T.; Schindler, T.I.; Tackenberg, B.; Zemlin, M.; Maier, R.F.; Dodel, R.; Kronimus, Y. Serum titers of autoantibodies
against α-synuclein and tau in child- and adulthood. J. Neuroimmunol. 2018, 315, 33–39. [CrossRef] [PubMed]

46. Skillbäck, T.; Farahmand, B.Y.; Rosén, C.; Mattsson, N.; Nägga, K.; Kilander, L.; Religa, D.; Wimo, A.; Winblad, B.; Schott, J.M.; et al.
Cerebrospinal fluid tau and amyloid-β1-42 in patients with dementia. Brain 2015, 138, 2716–2731. [CrossRef]

47. Kolarova, M.; García-Sierra, F.; Bartos, A.; Ricny, J.; Ripova, D. Structure and pathology of tau protein in Alzheimer disease. Int. J.
Alzheimer’s Dis. 2012, 2012, 731526. [CrossRef]

48. Hromadkova, L.; Kolarova, M.; Jankovicova, B.; Bartos, A.; Ricny, J.; Bilkova, Z.; Ripova, D. Identification and characterization
of natural antibodies against tau protein in an intravenous immunoglobulin product. J. Neuroimmunol. 2015, 289, 121–129.
[CrossRef]

49. Rosenmann, H.; Meiner, Z.; Geylis, V.; Abramsky, O.; Steinitz, M. Detection of circulating antibodies against tau protein in its
unphosphorylated and in its neurofibrillary tangles-related phosphorylated state in Alzheimer’s disease and healthy subjects.
Neurosci. Lett. 2006, 410, 90–93. [CrossRef]

50. Pascual, G.; Wadia, J.S.; Zhu, X.; Keogh, E.; Kükrer, B.; van Ameijde, J.; Inganäs, H.; Siregar, B.; Perdok, G.; Diefenbach, O.; et al.
Immunological memory to hyperphosphorylated tau in asymptomatic individuals. Acta Neuropathol. 2017, 133, 767–783.
[CrossRef]

51. Fein, J.A.; Sokolow, S.; Miller, C.A.; Vinters, H.V.; Yang, F.; Cole, G.M.; Gylys, K.H. Co-localization of amyloid beta and tau
pathology in Alzheimer’s disease synaptosomes. Am. J. Pathol. 2008, 172, 1683–1692. [CrossRef] [PubMed]

52. Bloom, G.S. Amyloid-β and Tau: The Trigger and Bullet in Alzheimer Disease Pathogenesis. JAMA Neurol. 2014, 71, 505–508.
[CrossRef] [PubMed]

53. Selkoe, D.J. Cell biology of protein misfolding: The examples of Alzheimer’s and Parkinson’s diseases. Nat. Cell Biol. 2004, 6,
1054–1061. [CrossRef] [PubMed]

54. Marsh, S.E.; Blurton-Jones, M. Examining the mechanisms that link β-amyloid and α-synuclein pathologies. Alzheimer’s Res. Ther.
2012, 4, 11. [CrossRef] [PubMed]

55. McKeith, I.G.; Dickson, D.W.; Lowe, J.; Emre, M.; O’Brien, J.T.; Feldman, H.; Cummings, J.; Duda, J.E.; Lippa, C.; Perry, E.K.; et al.
Diagnosis and management of dementia with Lewy bodies: Third report of the DLB Consortium. Neurology 2005, 65, 1863–1872,
Erratum in Neurology 2005, 65, 1992. [CrossRef] [PubMed]

56. Meneses, A.; Koga, S.; O’leary, J.; Dickson, D.W.; Bu, G.; Zhao, N. TDP-43 Pathology in Alzheimer’s Disease. Mol. Neurodegener.
2021, 16, 84. [CrossRef] [PubMed]

57. Borghi, R.; Marchese, R.; Negro, A.; Marinelli, L.; Forloni, G.; Zaccheo, D.; Abbruzzese, G.; Tabaton, M. Full length alpha-synuclein
is present in cerebrospinal fluid from Parkinson’s disease and normal subjects. Neurosci. Lett. 2000, 287, 65–67. [CrossRef]
[PubMed]

58. Mori, F.; Tanji, K.; Yoshimoto, M.; Takahashi, H.; Wakabayashi, K. Demonstration of alpha-synuclein immunoreactivity in
neuronal and glial cytoplasm in normal human brain tissue using proteinase K and formic acid pretreatment. Exp. Neurol. 2002,
176, 98–104. [CrossRef]

59. El-Agnaf, O.M.A.; Salem, S.A.; Paleologou, K.E.; Cooper, L.J.; Fullwood, N.J.; Gibson, M.J.; Curran, M.D.; Court, J.A.; Mann,
D.M.A.; Ikeda, S.-I.; et al. Alpha-synuclein implicated in Parkinson’s disease is present in extracellular biological fluids, including
human plasma. FASEB J. 2003, 17, 1945–1947. [CrossRef]

60. Miller, D.W.; Hague, S.M.; Clarimon, J.; Baptista, M.; Gwinn-Hardy, K.; Cookson, M.R.; Singleton, A.B. Alpha-synuclein in blood
and brain from familial Parkinson disease with SNCA locus triplication. Neurology 2004, 62, 1835–1838. [CrossRef]

61. Barbour, R.; Kling, K.; Anderson, J.P.; Banducci, K.; Cole, T.; Diep, L.; Fox, M.; Goldstein, J.M.; Soriano, F.; Seubert, P.; et al. Red
blood cells are the major source of alpha-synuclein in blood. Neurodegener. Dis. 2008, 5, 55–59. [CrossRef] [PubMed]

62. Perez, R.G.; Waymire, J.C.; Lin, E.; Liu, J.J.; Guo, F.; Zigmond, M.J. A role for α-synuclein in the regulation of dopamine
biosynthesis. J. Neurosci. 2002, 22, 3090–3099. [CrossRef] [PubMed]

63. Galvagnion, C. The Role of Lipids Interacting with α-Synuclein in the Pathogenesis of Parkinson’s Disease. J. Park. Dis. 2017, 7,
433–450. [CrossRef] [PubMed]

64. Scott, D.; Roy, S. A-Synuclein inhibits intersynaptic vesicle mobility and maintains recycling-pool homeostasis. J. Neurosci. 2012,
32, 10129–10135. [CrossRef] [PubMed]

https://doi.org/10.1007/s12031-020-01528-5
https://doi.org/10.3233/JAD-180039
https://www.ncbi.nlm.nih.gov/pubmed/29966192
https://doi.org/10.1016/j.jneuroim.2012.08.001
https://doi.org/10.1186/s40035-017-0100-x
https://www.ncbi.nlm.nih.gov/pubmed/29204273
https://doi.org/10.1016/j.jneuroim.2017.09.011
https://www.ncbi.nlm.nih.gov/pubmed/29153604
https://doi.org/10.1016/j.jneuroim.2017.12.003
https://www.ncbi.nlm.nih.gov/pubmed/29306403
https://doi.org/10.1093/brain/awv181
https://doi.org/10.1155/2012/731526
https://doi.org/10.1016/j.jneuroim.2015.10.017
https://doi.org/10.1016/j.neulet.2006.01.072
https://doi.org/10.1007/s00401-017-1705-y
https://doi.org/10.2353/ajpath.2008.070829
https://www.ncbi.nlm.nih.gov/pubmed/18467692
https://doi.org/10.1001/jamaneurol.2013.5847
https://www.ncbi.nlm.nih.gov/pubmed/24493463
https://doi.org/10.1038/ncb1104-1054
https://www.ncbi.nlm.nih.gov/pubmed/15516999
https://doi.org/10.1186/alzrt109
https://www.ncbi.nlm.nih.gov/pubmed/22546279
https://doi.org/10.1212/01.wnl.0000187889.17253.b1
https://www.ncbi.nlm.nih.gov/pubmed/16237129
https://doi.org/10.1186/s13024-021-00503-x
https://www.ncbi.nlm.nih.gov/pubmed/34930382
https://doi.org/10.1016/S0304-3940(00)01153-8
https://www.ncbi.nlm.nih.gov/pubmed/10841992
https://doi.org/10.1006/exnr.2002.7929
https://doi.org/10.1096/fj.03-0098fje
https://doi.org/10.1212/01.WNL.0000127517.33208.F4
https://doi.org/10.1159/000112832
https://www.ncbi.nlm.nih.gov/pubmed/18182779
https://doi.org/10.1523/JNEUROSCI.22-08-03090.2002
https://www.ncbi.nlm.nih.gov/pubmed/11943812
https://doi.org/10.3233/JPD-171103
https://www.ncbi.nlm.nih.gov/pubmed/28671142
https://doi.org/10.1523/JNEUROSCI.0535-12.2012
https://www.ncbi.nlm.nih.gov/pubmed/22836248


Antibodies 2023, 12, 81 14 of 17

65. Cheng, F.; Vivacqua, G.; Yu, S. The role of α-synuclein in neurotransmission and synaptic plasticity. J. Chem. Neuroanat. 2011, 42,
242–248. [CrossRef] [PubMed]

66. Allen Reish, H.E.; Standaert, D.G. Role of α-synuclein in inducing innate and adaptive immunity in Parkinson disease. J. Park.
Dis. 2015, 5, 1–19. [CrossRef] [PubMed]

67. Pandey, M.K. The Role of Alpha-Synuclein Autoantibodies in the Induction of Brain Inflammation and Neurodegeneration in
Aged Humans. Front. Aging Neurosci. 2022, 14, 902191. [CrossRef] [PubMed]

68. Stephenson, J.; Nutma, E.; Van Der Valk, P.; Amor, S. Inflammation in CNS neurodegenerative diseases. Immunology 2018, 154,
204–219. [CrossRef]

69. Simon, D.K.; Tanner, C.M.; Brundin, P. Parkinson Disease Epidemiology, Pathology, Genetics, and Pathophysiology. Clin. Geriatr.
Med. 2019, 36, 1–12. [CrossRef]

70. Chahine, L.M.; Beach, T.G.; Adler, C.H.; Hepker, M.; Kanthasamy, A.; Appel, S.; Pritzkow, S.; Pinho, M.; Mosovsky, S.;
Serrano, G.E.; et al. Central and peripheral α-synuclein in Parkinson disease detected by seed amplification assay. Ann. Clin.
Transl. Neurol. 2023, 10, 696–705. [CrossRef]

71. Schulz-Schaeffer, W.J. The synaptic pathology of α-synuclein aggregation in dementia with Lewy bodies, Parkinson’s disease and
Parkinson’s disease dementia. Acta Neuropathol. 2010, 120, 131–143. [CrossRef] [PubMed]

72. Irizarry, M.C.; Growdon, W.; Gomez-Isla, T.; Newell, K.; George, J.M.; Clayton, D.F.; Hyman, B.T. Nigral and cortical Lewy bodies
and dystrophic nigral neurites in Parkinson’s disease and cortical Lewy body disease contain alpha-synuclein immunoreactivity.
J. Neuropathol. Exp. Neurol. 1998, 57, 334–337. [CrossRef] [PubMed]

73. Orr, C.F.; Rowe, D.B.; Mizuno, Y.; Mori, H.; Halliday, G.M. A possible role for humoral immunity in the pathogenesis of
Parkinson’s disease. Brain 2005, 128, 2665–2674. [CrossRef] [PubMed]

74. Heinzel, S.; Gold, M.; Deuschle, C.; Bernhard, F.; Maetzler, W.; Berg, D.; Dodel, R. Naturally occurring alpha-synuclein
autoantibodies in Parkinson’s disease: Sources of (error) variance in biomarker assays. PLoS ONE 2014, 9, e114566. [CrossRef]
[PubMed]

75. Woulfe, J.M.; Duke, R.; Middeldorp, J.M.; Stevens, S.; Vervoort, M.; Hashimoto, M.; Masliah, E.; Chan, P.; Di Monte, D.A.;
Langston, J.W.; et al. Absence of elevated anti-alpha-synuclein and anti-EBV latent membrane protein antibodies in PD. Neurology
2002, 58, 1435. [CrossRef] [PubMed]

76. Smith, L.M.; Schiess, M.C.; Coffey, M.P.; Klaver, A.C.; Loeffler, D.A. A-Synuclein and anti-α-synuclein antibodies in Parkinson’s
disease, atypical Parkinson syndromes, REM sleep behavior disorder, and healthy controls. PLoS ONE 2012, 7, e52285. [CrossRef]
[PubMed]

77. Yanamandra, K.; Gruden, M.A.; Casaite, V.; Meskys, R.; Forsgren, L.; Morozova-Roche, L.A. A-Synuclein Reactive Antibodies as
Diagnostic Biomarkers in Blood Sera of Parkinson’s Disease Patients. PLoS ONE 2011, 6, e18513. [CrossRef]

78. Horvath, I.; Iashchishyn, I.A.; Forsgren, L.; Morozova-Roche, L.A. Immunochemical Detection of α-Synuclein Autoantibodies
in Parkinson’s Disease: Correlation between Plasma and Cerebrospinal Fluid Levels. ACS Chem. Neurosci. 2017, 8, 1170–1176.
[CrossRef]

79. Bryan, T.; Luo, X.; Forsgren, L.; Morozova-Roche, L.A.; Davis, J.J. The robust electrochemical detection of a Parkinson’s disease
marker in whole blood sera. Chem. Sci. 2012, 3, 3468–3473. [CrossRef]

80. Besong-Agbo, D.; Wolf, E.; Jessen, F.; Oechsner, M.; Hametner, E.; Poewe, W.; Reindl, M.; Oertel, W.H.; Noelker, C.; Bacher, M.; et al.
Naturally occurring α-synuclein autoantibody levels are lower in patients with Parkinson disease. Neurology 2013, 80, 169–175.
[CrossRef]

81. Maetzler, W.; Berg, D.; Synofzik, M.; Brockmann, K.; Godau, J.; Melms, A.; Gasser, T.; Hörnig, S.; Langkamp, M. Autoantibodies
against amyloid and glial-derived antigens are increased in serum and cerebrospinal fluid of Lewy body-associated dementias.
J. Alzheimer’s Dis. 2011, 26, 171–179. [CrossRef] [PubMed]

82. Gruden, M.A.; Sewell, R.D.; Yanamandra, K.; Davidova, T.V.; Kucheryanu, V.G.; Bocharov, E.V.; Bocharova, O.A.; Polyschuk,
V.V.; Sherstnev, V.V.; Morozova-Roche, L.A. Immunoprotection against toxic biomarkers is retained during Parkinson’s disease
progression. J. Neuroimmunol. 2011, 233, 221–227. [CrossRef] [PubMed]

83. Akhtar, R.S.; Licata, J.P.; Luk, K.C.; Shaw, L.M.; Trojanowski, J.Q.; Lee, V.M. Measurements of auto-antibodies to α-synuclein in
the serum and cerebral spinal fluids of patients with Parkinson’s disease. J. Neurochem. 2018, 145, 489–503. [CrossRef] [PubMed]

84. Koehler, N.K.; Stransky, E.; Shing, M.; Gaertner, S.; Meyer, M.; Schreitmüller, B.; Leyhe, T.; Laske, C.; Maetzler, W.; Kahle, P.; et al.
Altered serum IgG levels to α-synuclein in dementia with Lewy bodies and Alzheimer’s disease. PLoS ONE 2013, 8, e64649.
[CrossRef] [PubMed]

85. Mey, G.M.; Mahajan, K.R.; DeSilva, T.M. Neurodegeneration in multiple sclerosis. Wiley Interdiscip. Rev. Syst. Biol. Med. 2023,
15, e1583. [CrossRef]

86. Sandi, D.; Fricska-Nagy, Z.; Bencsik, K.; Vécsei, L. Neurodegeneration in Multiple Sclerosis: Symptoms of Silent Progression,
Biomarkers and Neuroprotective Therapy-Kynurenines Are Important Players. Molecules 2021, 26, 3423. [CrossRef] [PubMed]

87. Pette, M.; Fujita, K.; Kitze, B.; Whitaker, J.N.; Albert, E.; Kappos, L.; Wekerle, H. Myelin basic protein-specific T lymphocyte lines
from MS patients and healthy individuals. Neurology 1990, 40, 1770. [CrossRef]

88. O’Connor, K.C.; Chitnis, T.; E Griffin, D.; Piyasirisilp, S.; Bar-Or, A.; Khoury, S.; Wucherpfennig, K.W.; A Hafler, D. Myelin
basic protein-reactive autoantibodies in the serum and cerebrospinal fluid of multiple sclerosis patients are characterized by
low-affinity interactions. J. Neuroimmunol. 2003, 136, 140–148. [CrossRef]

https://doi.org/10.1016/j.jchemneu.2010.12.001
https://www.ncbi.nlm.nih.gov/pubmed/21167933
https://doi.org/10.3233/JPD-140491
https://www.ncbi.nlm.nih.gov/pubmed/25588354
https://doi.org/10.3389/fnagi.2022.902191
https://www.ncbi.nlm.nih.gov/pubmed/35721016
https://doi.org/10.1111/imm.12922
https://doi.org/10.1016/j.cger.2019.08.002
https://doi.org/10.1002/acn3.51753
https://doi.org/10.1007/s00401-010-0711-0
https://www.ncbi.nlm.nih.gov/pubmed/20563819
https://doi.org/10.1097/00005072-199804000-00005
https://www.ncbi.nlm.nih.gov/pubmed/9600226
https://doi.org/10.1093/brain/awh625
https://www.ncbi.nlm.nih.gov/pubmed/16219675
https://doi.org/10.1371/journal.pone.0114566
https://www.ncbi.nlm.nih.gov/pubmed/25470145
https://doi.org/10.1212/WNL.58.9.1435
https://www.ncbi.nlm.nih.gov/pubmed/12011302
https://doi.org/10.1371/journal.pone.0052285
https://www.ncbi.nlm.nih.gov/pubmed/23284971
https://doi.org/10.1371/journal.pone.0018513
https://doi.org/10.1021/acschemneuro.7b00063
https://doi.org/10.1039/c2sc21221h
https://doi.org/10.1212/WNL.0b013e31827b90d1
https://doi.org/10.3233/JAD-2011-110221
https://www.ncbi.nlm.nih.gov/pubmed/21593566
https://doi.org/10.1016/j.jneuroim.2010.12.001
https://www.ncbi.nlm.nih.gov/pubmed/21239064
https://doi.org/10.1111/jnc.14330
https://www.ncbi.nlm.nih.gov/pubmed/29500813
https://doi.org/10.1371/journal.pone.0064649
https://www.ncbi.nlm.nih.gov/pubmed/23741358
https://doi.org/10.1002/wsbm.1583
https://doi.org/10.3390/molecules26113423
https://www.ncbi.nlm.nih.gov/pubmed/34198750
https://doi.org/10.1212/WNL.40.11.1770
https://doi.org/10.1016/S0165-5728(03)00002-X


Antibodies 2023, 12, 81 15 of 17

89. Berger, T.; Rubner, P.; Schautzer, F.; Egg, R.; Ulmer, H.; Mayringer, I.; Dilitz, E.; Deisenhammer, F.; Reindl, M. Antimyelin
antibodies as a predictor of clinically definite multiple sclerosis after a first demyelinating event. N. Engl. J. Med. 2003, 349,
139–145. [CrossRef]

90. Angelucci, F.; Mirabella, M.; Frisullo, G.; Caggiula, M.; Tonali, P.A.; Batocchi, A.P. Serum levels of anti-myelin antibodies in
relapsing-remitting multiple sclerosis patients during different phases of disease activity and immunomodulatory therapy.
Dis. Markers 2005, 21, 49–55. [CrossRef]

91. Olsson, T.; Baig, S.; Hojeberg, B.; Link, H. Antimyelin basic protein and antimyelin antibody-producing cells in multiple sclerosis.
Ann. Neurol. 1990, 27, 132–136. [CrossRef]

92. Reindl, M.; Linington, C.; Brehm, U.; Egg, R.; Dilitz, E.; Deisenhammer, F.; Poewe, W.; Berger, T. Antibodies against the myelin
oligodendrocyte glycoprotein and the myelin basic protein in multiple sclerosis and other neurological diseases: A comparative
study. Brain 1999, 122, 2047–2056. [CrossRef]

93. Warren, K.G.; Catz, I.; Johnson, E.; Mielke, B. Anti-myelin basic protein and anti-proteolipid protein specific forms of multiple
sclerosis. Ann. Neurol. 1994, 35, 280–289. [CrossRef] [PubMed]

94. Sospedra, M.; Martin, R. Immunology of multiple sclerosis. Annu. Rev. Immunol. 2005, 23, 683–747. [CrossRef]
95. Tran, G.T.; Hodgkinson, S.J.; Carter, N.; Killingsworth, M.; Spicer, S.T.; Hall, B.M. Attenuation of experimental allergic en-

cephalomyelitis in complement component 6-deficient rats is associated with reduced complement C9 deposition, P-selectin
expression, and cellular infiltrate in spinal cords. J. Immunol. 2002, 168, 4293–4300. [CrossRef] [PubMed]

96. Rus, H.; Cudrici, C.; Niculescu, F. C5b-9 complement complex in autoimmune demyelination and multiple sclerosis: Dual role in
neuroinflammation and neuroprotection. Ann. Med. 2005, 37, 97–104. [CrossRef] [PubMed]

97. Gay, F.W. Early cellular events in multiple sclerosis. Intimations of an extrinsic myelinolytic antigen. Clin. Neurol. Neurosurg.
2006, 108, 234–240. [CrossRef]

98. Coyle, P.K.; Procyk-Dougherty, Z. Multiple sclerosis immune complexes: An analysis of component antigens and antibodies.
Ann. Neurol. 1984, 16, 660–667. [CrossRef]

99. Geffard, M.; Boullerne, A.; Brochet, B. Seric immune complexes in multiple sclerosis do not contain MBP epitopes. Brain Res. Bull.
1993, 30, 365–368. [CrossRef]

100. Hedegaard, C.J.; Chen, N.; Sellebjerg, F.; Sørensen, P.S.; Leslie, R.G.Q.; Bendtzen, K.; Nielsen, C.H. Autoantibodies to myelin basic
protein (MBP) in healthy individuals and in patients with multiple sclerosis: A role in regulating cytokine responses to MBP.
Immunology 2009, 128 (Suppl. S1), e451–e461. [CrossRef]

101. Villar, L.; Garcia-Barragan, N.; Espiño, M.; Roldán, E.; Sadaba, M.; Gómez-Rial, J.; Gonzalez-Porque, P.; Alvarez-Cermeno, J.
Influence of oligoclonal IgM specificity in multiple sclerosis disease course. Mult. Scler. J. 2008, 14, 183–187. [CrossRef]

102. Ambrosius, W.; Michalak, S.; Kozubski, W.; Kalinowska, A. Myelin Oligodendrocyte Glycoprotein Antibody-Associated Disease:
Current Insights into the Disease Pathophysiology, Diagnosis and Management. Int. J. Mol. Sci. 2020, 22, 100. [CrossRef]
[PubMed]

103. Jarius, S.; Paul, F.; Aktas, O.; Asgari, N.; Dale, R.C.; de Seze, J.; Franciotta, D.; Fujihara, K.; Jacob, A.; Kim, H.J.; et al. MOG
encephalomyelitis: International recommendations on diagnosis and antibody testing. J. Neuroinflammation 2018, 15, 134.
[CrossRef] [PubMed]

104. Mak, G.; Menon, S.; Lu, J.Q. Neurofilaments in neurologic disorders and beyond. J. Neurol. Sci. 2022, 441, 120380. [CrossRef]
[PubMed]

105. Perrot, R.; Berges, R.; Bocquet, A.; Eyer, J. Review of the multiple aspects of neurofilament functions and their possible contribution
to neurodegeneration. Mol. Neurobiol. 2008, 38, 27–65. [CrossRef] [PubMed]

106. Gafson, A.R.; Barthélemy, N.R.; Bomont, P.; Carare, R.O.; Durham, H.D.; Julien, J.P.; Kuhle, J.; Leppert, D.; Nixon, R.A.;
Weller, R.O.; et al. Neurofilaments: Neurobiological foundations for biomarker applications. Brain 2020, 143, 1975–1998. [Cross-
Ref] [PubMed]

107. Khalil, M.; Teunissen, C.E.; Otto, M.; Piehl, F.; Sormani, M.P.; Gattringer, T.; Barro, C.; Kappos, L.; Comabella, M.; Fazekas, F.; et al.
Neurofilaments as biomarkers in neurological disorders. Nat. Rev. Neurol. 2018, 14, 577–589. [CrossRef] [PubMed]

108. Gentil, B.J.; Tibshirani, M.; Durham, H.D. Neurofilament dynamics and involvement in neurological disorders. Cell Tissue Res.
2015, 360, 609–620. [CrossRef] [PubMed]

109. Bocquet, A.; Berges, R.; Frank, R.; Robert, P.; Peterson, A.C.; Eyer, J. Neurofilaments bind tubulin and modulate its polymerization.
J. Neurosci. 2009, 29, 11043–11054. [CrossRef]

110. Schwartz, M.L.; Shneidman, P.S.; Bruce, J.; Schlaepfer, W.W. Stabilization of neurofilament transcripts during postnatal develop-
ment. Brain Res. Mol. Brain Res. 1994, 27, 215–220. [CrossRef]

111. Yuan, A.; Nixon, R.A. Specialized roles of neurofilament proteins in synapses: Relevance to neuropsychiatric disorders. Brain Res.
Bull. 2016, 126, 334–346. [CrossRef] [PubMed]

112. Zetterberg, H.; Burnham, S.C. Blood-based molecular biomarkers for Alzheimer’s disease. Mol. Brain 2019, 12, 26. [CrossRef]
[PubMed]

113. Novakova, L.; Axelsson, M.; Velayudhan, L.; Rabinovici, G.D.; Miller, B.; Pariante, C.; Nikkheslat, N.; Resnick, S.M.; Tham-
bisetty, M.; Schöll, M.; et al. A multicentre validation study of the diagnostic value of plasma neurofilament light. Nat. Commun.
2021, 12, 3400. [CrossRef]

https://doi.org/10.1056/NEJMoa022328
https://doi.org/10.1155/2005/826817
https://doi.org/10.1002/ana.410270207
https://doi.org/10.1093/brain/122.11.2047
https://doi.org/10.1002/ana.410350307
https://www.ncbi.nlm.nih.gov/pubmed/7510098
https://doi.org/10.1146/annurev.immunol.23.021704.115707
https://doi.org/10.4049/jimmunol.168.9.4293
https://www.ncbi.nlm.nih.gov/pubmed/11970970
https://doi.org/10.1080/07853890510007278
https://www.ncbi.nlm.nih.gov/pubmed/16026117
https://doi.org/10.1016/j.clineuro.2005.11.005
https://doi.org/10.1002/ana.410160607
https://doi.org/10.1016/0361-9230(93)90266-E
https://doi.org/10.1111/j.1365-2567.2008.02999.x
https://doi.org/10.1177/1352458507082046
https://doi.org/10.3390/ijms22010100
https://www.ncbi.nlm.nih.gov/pubmed/33374173
https://doi.org/10.1186/s12974-018-1144-2
https://www.ncbi.nlm.nih.gov/pubmed/29724224
https://doi.org/10.1016/j.jns.2022.120380
https://www.ncbi.nlm.nih.gov/pubmed/36027641
https://doi.org/10.1007/s12035-008-8033-0
https://www.ncbi.nlm.nih.gov/pubmed/18649148
https://doi.org/10.1093/brain/awaa098
https://doi.org/10.1093/brain/awaa098
https://www.ncbi.nlm.nih.gov/pubmed/32408345
https://doi.org/10.1038/s41582-018-0058-z
https://www.ncbi.nlm.nih.gov/pubmed/30171200
https://doi.org/10.1007/s00441-014-2082-7
https://www.ncbi.nlm.nih.gov/pubmed/25567110
https://doi.org/10.1523/JNEUROSCI.1924-09.2009
https://doi.org/10.1016/0169-328X(94)90003-5
https://doi.org/10.1016/j.brainresbull.2016.09.002
https://www.ncbi.nlm.nih.gov/pubmed/27609296
https://doi.org/10.1186/s13041-019-0448-1
https://www.ncbi.nlm.nih.gov/pubmed/30922367
https://doi.org/10.1038/s41467-021-23620-z


Antibodies 2023, 12, 81 16 of 17

114. Hansson, O.; Janelidze, S.; Hall, S.; Magdalinou, N.; Lees, A.J.; Andreasson, U.; Norgren, N.; Linder, J.; Forsgren, L.; Constanti-
nescu, R.; et al. Blood-based NfL: A biomarker for differential diagnosis of parkinsonian disorder. Neurology 2017, 88, 930–937.
[CrossRef] [PubMed]

115. Ehling, R.; Lutterotti, A.; Wanschitz, J.; Khalil, M.; Gneiss, C.; Deisenhammer, F.; Reindl, M.; Berger, T. Increased frequencies of
serum antibodies to neurofilament light in patients with primary chronic progressive multiple sclerosis. Mult. Scler. J. 2004, 10,
601–606. [CrossRef] [PubMed]

116. Fialová, L.; Bartos, A.; Švarcová, J.; Zimova, D.; Kotoucova, J.; Malbohan, I. Serum and cerebrospinal fluid light neurofilaments
and antibodies against them in clinically isolated syndrome and multiple sclerosis. J. Neuroimmunol. 2013, 262, 113–120. [CrossRef]
[PubMed]

117. Amor, S.; van der Star, B.J.; Bosca, I.; Raffel, J.; Gnanapavan, S.; Watchorn, J.; Kuhle, J.; Giovannoni, G.; Baker, D.;
Malaspina, A.; et al. Neurofilament light antibodies in serum reflect response to natalizumab treatment in multiple sclerosis.
Mult. Scler. J. 2014, 20, 1355–1362. [CrossRef] [PubMed]

118. Kuhle, J.; Barro, C.; Disanto, G.; Mathias, A.; Soneson, C.; Bonnier, G.; Yaldizli, Ö.; Regeniter, A.; Derfuss, T.; Canales, M.; et al.
Serum neurofilament light chain in early relapsing remitting MS is increased and correlates with CSF levels and with MRI
measures of disease severity. Mult. Scler. J. 2016, 22, 1550–1559. [CrossRef]

119. Disanto, G.; Barro, C.; Benkert, P.; Naegelin, Y.; Schädelin, S.; Giardiello, A.; Zecca, C.; Blennow, K.; Zetterberg, H.;
Leppert, D.; et al. Serum Neurofilament light: A biomarker of neuronal damage in multiple sclerosis. Ann. Neurol. 2017, 81,
857–870. [CrossRef]

120. Novakova, L.; Zetterberg, H.; Sundström, P.; Axelsson, M.; Khademi, M.; Gunnarsson, M.; Malmeström, C.; Svenningsson, A.;
Olsson, T.; Piehl, F.; et al. Monitoring disease activity in multiple sclerosis. Using serum neurofilament light protein. Neurology
2017, 89, 2230–2237. [CrossRef]

121. Barro, C.; Benkert, P.; Disanto, G.; Tsagkas, C.; Amann, M.; Naegelin, Y.; Leppert, D.; Gobbi, C.; Granziera, C.; Yaldizli, Ö.; et al.
Serum neurofilament as a predictor of disease worsening and brain and spinal cord atrophy in multiple sclerosis. Brain 2018, 141,
2382–2391. [CrossRef] [PubMed]

122. Piehl, F.; Kockum, I.; Khademi, M.; Blennow, K.; Lycke, J.; Zetterberg, H.; Olsson, T. Plasma neurofilament light chain levels in
patients with MS switching from injectable therapies to fingolimod. Mult. Scler. 2018, 24, 1046–1054. [CrossRef] [PubMed]

123. Lu, X.Y.; Chen, X.X.; Huang, L.D.; Zhu, C.Q.; Gu, Y.Y.; Ye, S. Anti-alpha-internexin autoantibody from neuropsychiatric lupus
induce cognitive damage via inhibiting axonal elongation and promote neuron apoptosis. PLoS ONE 2010, 5, e11124. [CrossRef]
[PubMed]

124. Oron, L.; Dubovik, V.; Novitsky, L.; Eilam, D.; Michaelson, D.M. Animal model and in vitro studies of anti neurofilament
antibodies mediated neurodegeneration in Alzheimer’s disease. J. Neural. Transm. Suppl. 1997, 49, 77–84. [PubMed]

125. Stubbs, E.B.; Lawlor, M.W.; Richards, M.P.; Siddiqui, K.; Fisher, M.A.; Bhoopalam, N.; Siegel, G.J. Anti-neurofilament antibodies
in neuropathy with monoclonal gammopathy of undetermined significance produce experimental motor nerve conduction block.
Acta Neuropathol. 2003, 105, 109–116. [CrossRef] [PubMed]

126. Soussan, L.; Tchernakov, K.; Bachar-Lavi, O.; Yuvan, T.; Wertman, E.; Michaelson, D.M. Antibodies to different isoforms of
the heavy neurofilament protein (NF-H) in normal aging and Alzheimer’s disease. Mol. Neurobiol. 1994, 9, 83–91. [CrossRef]
[PubMed]

127. Elizan, T.S.; Casals, J.; Yahr, M.D. Antineurofilament antibodies in postencephalitic and idiopathic Parkinson’s disease. J. Neurol.
Sci. 1983, 59, 341–347. [CrossRef] [PubMed]

128. Karcher, D.; Federsppiel, B.S.S.; Lowenthal, F.D.; Frank, F.; Lowenthal, A. Anti-neurofilament antibodies in blood of patients with
neurological diseases. Acta Neuropathol. 1986, 72, 82–85. [CrossRef]

129. Kronimus, Y.; Albus, A.; Balzer-Geldsetzer, M.; Straub, S.; Semler, E.; Otto, M.; Klotsche, J.; Dodel, R.; Landscape Consortium;
Mengel, D. Naturally Occurring Autoantibodies against Tau Protein Are Reduced in Parkinson’s Disease Dementia. PLoS ONE
2016, 11, e0164953. [CrossRef]

130. Liu, T.W.; Chen, C.M.; Chang, K.H. Biomarker of Neuroinflammation in Parkinson’s Disease. Int. J. Mol. Sci. 2022, 23, 4148.
[CrossRef]

131. Couratier, P.; Yi, F.H.; Preud’homme, J.L.; Clavelou, P.; White, A.; Sindou, P.; Vallat, J.M.; Jauberteau, M.O. Serum autoantibodies
to neurofilament proteins in sporadic amyotrophic lateral sclerosis. J. Neurol. Sci. 1998, 154, 137–145. [CrossRef] [PubMed]
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